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ABSTRACT

The present contribution focuses on vibration-based damage detection of laminated
composite beams using integrated piezoceramic patches and frequency indicators. The
latter are assessed via three-dimensional fully coupled piezoelectric finite element
parametric analyses on the damage key parameters under different mechanical and
electrical conditions, and for all types of vibration modes. It is found that squared
frequency change factors’ performances are much better, as damage indicators, than
simple frequency change ones; moreover, open-circuit frequency—based damage
indicators’ performances are found to be similar to short-circuit ones. The obtained
results can be further used, for example, for training artificial neural networks for the
guantification of the analyzed damage types (crack and delamination).

1. INTRODUCTION

Vibration-based damage detection (VBDD) for structural health monitoring (SHM) is
a well-established technique for passive (Sinou 2009) and active (Huang et al. 2010)
structures. However, except few works (Jian et al. 1997, Penn et al. 1999, Tan and
Tong 2004, Yam et al. 2004, Benjeddou 2006, Benjeddou et al. 2006, Qiao et al. 2007,
Al-Ajmi and Benjeddou 2008), the use of piezoceramic transducers as sensors or/and
actuators was mainly limited to Lamb waves (see for example lhn et al. 2008)- and
impedance (see for example Giurgiutiu et al. 2011)-based high frequency approaches.
It is then the objective of the present contribution to focus on low-frequency VBDD for
piezoelectric laminated composite beams. Hence, frequency damage indicators, other
than the classical simple frequency change (Tan and Tong 2004), are here explored via
parametric analyses on the damage key parameters (position, length, depth) and on
various mechanical (clamped-free, CF; clamped-supported, CS; clamped-clamped,
CC; supported—supported, SS) and electrical (short—circuit, SC; open—circuit, OC)
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conditions. For this purpose, three-dimensional (3D) piezoelectric fully coupled finite
element (FE) analyses are used for assessing the effects of these parameters and
conditions on the proposed VBDD indicators performance for all types of vibration
modes (bending, membrane and torsion). The damage is modeled as a removal of
material (RM), simulating a crack (Qiao et al. 2007), and as inclusion of a soft layer
(ISL) of Teflon® material, simulating a delamination (Yam et al. 2004).

The added values of the present work to the authors’ earlier ones and to the current
state of the art of VBDD of composite structures with piezoelectric patches are: (i) use
of 3D fully coupled piezoelectric FE models instead of one-dimensional (1D) models
that do not model explicitly the beam width; (ii) considering all mode types (bending,
membrane and torsion) instead of transverse bending ones only as previously retained;
(i) considering most mechanical boundary conditions (BC) and not only the popular CF
or SS ones; (iv) investigation of a new OC frequency-based damage indicator;

Hence, hereafter, frequency damage indicators are first discussed; then, simple and
squared frequency-change factor (FCF) indicators are analyzed first under fixed RM
and ISL damage characteristics; next, they are assessed through FE parametric
analyses under RM and ISL varied damage characteristics of hybrid carbon/graphite
fiber reinforced polymer (CFRP/GFRP) composite laminated beams with symmetrically
integrated pair of piezoceramic (PZT-5A) patches under four (CF, CS, CC, SS)
mechanical and two (SC, OC) electrical conditions. Finally, conclusions and
perspectives are given as a closure.

2. FREQUENCY-BASED DAMAGE INDICATORS

A qualitative way to track damage presence in a structure is to compare tabulated
damage frequencies (fq) to healthy ones (f;) of the vibrating structure as considered in
Penn et al. (1999) for controlled delaminated (created by placing inter-ply Teflon®
polyimide release film pieces) unidirectional (UD) GFRP cantilever plates using
piezoelectric polymer (PVDF) sensors.

A quantitative detection was considered earlier, in Jian et al. (1997), through
graphical representations, versus mode number, of this frequencies ratio (FR) indicator

FR =0 L
f
h

It's worthy to notice that in these experimental analyses (Jian et al. 1997, Penn et al.
1999) no indication was given on the electric conditions (SC or OC) applied to the
electrodes of piezoelectric sensors bonded to the vibrating composite plates.

Later, in Tan and Tong (2004), the following percent frequencies change (FC) was
used for delamination detection of composite beams using piezoceramic (PZT) sensors

FC (%) =1ooxfdf—_fh=1oox (‘;—d—l) )
h h

Here (Tan and Tong 2004) also, no indication was given on the electric conditions
applied to the electrodes strips made on the piezoelectric sensors surfaces.
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First consideration of the electric conditions applied on the electrodes of the
piezoelectric actuators or sensors was proposed by Benjeddou et al. (2006), for
piezoelectric hybrid CFRP/GFRP laminated composite cantilever beams, through this
percent frequency change factor (FCF) that uses damaged and healthy frequencies
under SC patches’ electrodes

FCF,. (%)=100x (Tse)n =(fc)a )(hf_)( fsedd _100(1- FRy.) (3)
sc/h

Notice in eq. (3) the opposite sign to Eqg. (2); it is motivated by the fact that the
damage generally reduces the frequencies (Yam et al., 2004); hence this definition is
expected to provide mostly positive values of the damage presence indicator.

A new OC FCF damage indicator is here proposed in order to investigate the
piezoelectric effect (present under OC conditions) influence on the simple FCF

FCF, (%)leOx—( foc)(hf‘§foc)d =100x (1- FRy,) (4)
oc/h

This indicator is to be compared to above SC FCF one, as given in Eq. (3), that
inherently does not show the piezoelectric effect.

Later, in Al-Ajmi and Benjeddou (2008), new indicators using squared frequencies
under SC and OC patches’ electrodes were proposed as follows, respectively

FCFZ (%) =100 (1) — () =100x (1- FRE 5
% (06) =100 -0 L0 ~100(1- R (5)

sc/h

2
oc/h

FCF2 (<%>)—1oox—(f°2°)h_(fozc)d =—=100x (1- FR} (6)

oc - f - 0C
The last four VBDD indicators, as defined in Eq. (3) — Eg. (6), will be assessed on
the same piezoelectric hybrid laminated composite beam benchmark, but under various
mechanical and electrical BC. Also, all mode types will be considered thanks to the use
of a 3D fully coupled piezoelectric FE model with the help of ANSYS® commercial code.

3. DAMAGE INFLUENCE ON MODAL PROPERTIES AND INDICATORS

The benchmark used for the assessment of above frequency-based damage indicators
is that proposed in Benjeddou et al. (2006); it consists of a 32-ply symmetric laminated
composite beam with dimensions L x B x H = 200 x 20 x 4 mm® and symmetric
stacking sequence of [04/90g/04]s, where bold plies are made of GFRP, while the others
are in CFRP. Two piezoceramic (PZT-5A) patches, polarized along their thickness and
of dimensions La x B x H, = 25 x 20 x 0.5 mm?®, are placed in replacement of bottom
and top four 90°-plies at the length position of X, = 22.5 mm from the beam left end.
The sketched geometrical model shown in Fig. 1 is meshed using 3D quadratic (20
nodes) elastic (displacement) SOLID191 and fully coupled piezoelectric SOLID226
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(displacement-potential) FE for composite and piezoelectric layers, respectively,
according to the subdivisions summarized in Table 1; this leads to a FE mesh of 4480
elements and 21879 nodes. Materials data are given in Appendix A. The geometric and
FE model are shown in Fig. 2.

z :ﬁ
[ [ H
XV L1 + La + LZ »
Fig. 1 Smart hybrid laminated beam sketch (red: PZT-5A, green: GFRP, gray: CFRP)
Table 1 3D FE discretization of the smart hybrid healthy laminate composite beam
Healthy beam Geometric Dimension (mm) Number of Size of elements
parameter elements (mm)
Host composite Ly 10 4 25
La 25 10 25
Lo 165 66 25
B 20 8 25
H 4 1 1
PZT La 25 10 25
Ba 20 8 25
Hp 0.5 1 0.5

Fig. 2 Smart hybrid laminated composite beam (a) geometric and (b) FE 3D models

Two types of damages are considered; the first simulates a notch or crack, and is
modeled by the removal of corresponding material, while the second simulates a
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delamination and is modeled by an inclusion of a soft layer made of a thin Teflon® film.
The corresponding geometrical sketches are shown in Fig. 3, while their FE mesh
details are provided in Table 2, leading to 4432 elements and 21747 nodes for the RM
model, and 4480 elements and 21879 nodes for the ISL one; they are shown in Fig. 4.
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(b) Delaminated (ISL: [X4 Lg Hq] = [80 5 1] mm) beam

Fig. 3 Damaged hybrid composite beam (red: PZT-5A, green: GFRP, gray: CFRP)

Table 2 3D FE discretization of the damaged smart hybrid composite beam

Damaged beam Geometric Dimension (mm) Number of Size of elements
parameter elements (mm)
Host composite Ly 10 4 25
La 25 10 25
Lo 42.5 17 25
Ls 1175 47 25
B 20 8 25
H 4 1 05,1
PZT La 25 10 25
Ba 20 8 25
Hp 0.5 1 0.5
Notched (RM) Lg 5 2 25
damage Bqg 20 8 2.5
Hd 1.5 3 0.5
Delamination Ly 5 2 2.5
(ISL) damage Bd 20 8 2.5
Hqg 1 2 0.5
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(@) RM 3D geometric model

(c) ISL 3D geometric model (d) ISL 3D FE model

Fig. 4 Damaged hybrid composite beam (a,c) geometric and (b,d) FE 3D models

The FE simulations have been conducted for the healthy and damage (RM and ISL)
smart hybrid laminated composite beam under four mechanical BC (CF, CS, CC, SS)
and two electric conditions (SC, OC). The obtained results are shown in Table 3, where
bold values indicate electromechanically uncoupled modes since there is no difference
between SC and OC values (tenth or hundredth Hz differences are only numerical).
Worthy to mention that clamping is obtained by fixing the FE three displacements
(translations) degrees of freedom (DOF) to zero values, while simply-supported
condition is modeled here by letting free only the axial displacement (translation) DOF.
From the results, it can be observed that (i) only the RM damage changes the modes
types for only the CF BC; (ii) the modes’ electromechanical coupling is not affected by
the damage since the healthy uncoupled x-y in-plane bending and torsion modes
remain uncoupled for the damaged (RM and ISL) beams; hence, only the transverse (x-
z) bending modes are coupled and affected by the damage; (iii) in contrary to the RM
damage model, the ISL one does not affect the mode order and type; care should be
then taken when using RM model for the damage simulation under CF BC since it
affects the modes types and order (see modes 2, 3, 7, 8 of this case); (iv) the CS, CC
and SS BC have different modes’ types than the CF one; besides, the SS BC case has
different 3 and 4™ modes’ types than CS and CC BC which have the same modes'’
types; hence, it appears clearly that the popular numerical CF and analytical SS BC are
not the best ones for studying theoretically (numerically or analytically) the VBDD
performance in 3D modeling which is the realistic way of simulating actual damaged
structures which have intrinsically a 3D response; the best BC from this point of view
are then CS and CC, with a preference to the latter due to its practical interest.

1055



Table 3 First 8 frequencies (Hz) of healthy and damaged smart hybrid composite beams

Mode Healthy frequencies (Hz) RM frequencies (Hz) ISL frequencies (Hz)
BC order Type SC oC Type SC oC Type SC ocC
CF 1 fl 95.264 | 96.048 fl 92.711 | 93.429 fl 95.793 | 96.456

f, 574.05 | 574.06 fo 560.41 | 562.20 f, 580.25 | 580.25
f2 576.25 | 577.84 fy 570.93 | 570.94 fo 580.41 | 581.79
t 841.67 | 841.67 t* 820.15 | 820.16 t 839.14 | 839.14
f3 1555.6 | 1555.9 f 1531.5 | 1531.9 fo 1560.3 | 1560.6
t2 2530.2 | 2530.2 t? 2548.0 | 2548.0 t2 2546.8 | 2546.8
f2 2901.7 | 2901.7 fo 2894.3 | 2896.4 fo 2924.5 | 2924.5
fo 29345 | 2936.4 fo 2904.6 | 2904.6 fo 2941.5 | 2943.2

Cs f, 406.49 | 408.09 fo 402.72 | 404.45 fl 409.28 | 410.65
f2 1270.2 | 1271 f2 1235.8 | 1236.6 f2 1277.0 | 1277.6
tt 1668.8 | 1668.8 tt 1664.4 | 1664.4 t 1674.7 | 1674.7
fy 2088.9 | 2088.9 f, 2089.9 | 2089.9 fy 2104.3 | 2104.3
f2 2547 | 2547.7 £2 2536.2 | 2537.0 fo 2548.4 | 2549.1
t? 3353.7 | 3353.7 t2 3330.2 | 3330.2 t? 3360.8 | 3360.8
fa 4219.5 | 4227.9 fa 4080.7 | 4088.3 fo 4249.7 | 4257.1
t3 5028.6 | 5028.7 t3 4937.6 | 4937.6 t3 5021.1 | 5021.2
cC fo 584.2 | 585.91 fl 573.99 | 575.87 fo 589.01 | 590.48
f2 1548.4 | 1548.7 f2 1522.8 | 1523.1 f?2 1552.9 | 1553.2
tt 1777.8 | 1777.8 tt 1778.0 | 1778.0 t 1785.9 | 1785.9
fy 2666.7 | 2666.7 fy 2677.6 | 2677.6 fy 2689.2 | 2689.2
f2 2917.1 | 2919 f2 2879.0 | 2881.0 f2 2923.7 | 2925.3
t? 3544.3 | 3544.4 t2 3499.1 | 3499.1 t? 3545.8 | 3545.9
£l 4685.1 | 4696.1 fl 4558.9 | 4568.3 fa 4715.2 | 4725.0
t3 5288.2 | 5288.3 t3 5208.1 | 5208.2 t? 5288.0 | 5288.1
SS fl 253.92 | 254.1 fe 242.78 | 242.93 fe 255.31 | 255.46

fe | 98859 | 991.32 | f. | 974.80 | 977.20 | f: | 992.04 | 994.34
fy, | 1470.6 | 1470.6 fy | 14702 | 14702 | fy | 1480.2 | 1480.2
t 1587.7 | 1587.7 t | 15885 | 15885 | t | 1595.0 | 1595.0
f2 21715 | 2181.8 f3 2133.2 | 2144.4 fo 2184.3 | 2192.9
t* 3088.8 | 3088.9 | t* | 3038.0|3038.0 | t* |3087.9 |3087.9
fo | 38084 | 38276 | f: | 37052 |37221| f. |3838.5 |3855.4
t 4558.4 | 4558.4 | 44955 | 44955 | | 4570.2 | 4570.3

| NI O O [ W N| PO N|O| O | W N PO N[O O Ml W| N | O N|O| O | W N

Processing SC and OC frequency results of Table 3 provides SC and OC FCF (Egs. 3
and 4) and squared FCF (Egs. 5 and 6) ones given in Table 4. The latter indicates for
FCF indicators that: (i) due to the more structural degradation, RM indicators have
much higher values than ISL ones, although both of them remain low (less than 5%);
(i) RM indicators are mostly positive, while ISL ones are mostly negative, indicating
that in contrary to the RM damage which decreases the healthy frequencies (see Eq. 3),
the ISL damage increases the healthy frequencies (Eg. 4); (iii) OC and SC indicators
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highest values (in bold) are obtained for transverse bending modes under all BC for RM
damage, but for the first membrane mode for the ISL damage under all BC, except the
SS case; (iv) SC and OC FCF maximum values can be different for the RM damage
model but are the same for the ISL one.

Table 4 First 8 modes FCF damage indicators (%) of the smart hybrid composite beams

Damage model RM ISL
Mode FCF (%) Squared FCF (%) FCF (%) Squared FCF (%)
BC type SC ocC SC ocC SC ocC SC ocC
CF fl 2.68 2.73 5.29 5.38 -0.55 -0.42 -1.11 -0.85
fxly 0.54 0.54 1.08 1.08 -1.08 -1.08 -2.17 -2.17
f2 2.75 2.71 5.42 5.34 -0.72 -0.68 -1.45 -1.37
tt 2.56 2.55 5.05 5.04 0.30 0.30 0.60 0.60
f2 1.55 1.54 3.07 3.06 -0.30 -0.30 -0.60 -0.60
t2 -0.70 -0.70 -1.41 -1.41 -0.66 -0.66 -1.32 -1.32
fxzy -0.10 -0.10 -0.20 -0.20 -0.78 -0.78 -1.58 -1.58
fl 1.37 1.36 2.72 2.70 -0.24 -0.23 -0.48 -0.46
Cs fl 0.93 0.89 1.85 1.77 -0.69 -0.63 -1.38 -1.26
f2 2.71 2.71 5.34 5.34 -0.53 -0.52 -1.07 -1.04
tt 0.26 0.26 0.53 0.53 -0.35 -0.35 -0.71 -0.71
fxly -0.05 -0.05 -0.09 -0.09 -0.74 -0.74 -1.48 -1.48
f2 0.42 0.42 0.85 0.84 -0.05 -0.05 -0.11 -0.11
t2 0.70 0.70 1.40 1.40 -0.21 -0.21 -0.42 -0.42
f2 3.29 3.30 6.47 6.49 -0.71 -0.69 -1.44 -1.39
t3 1.81 1.81 3.59 3.59 0.15 0.15 0.30 0.30
CcC fl 1.75 1.71 3.46 3.40 -0.82 -0.78 -1.65 -1.57
f2 1.65 1.65 3.28 3.28 -0.29 -0.29 -0.58 -0.58
tt -0.01 -0.01 -0.02 -0.02 -0.45 -0.45 -0.91 -0.91
fxly -0.41 -0.41 -0.82 -0.82 -0.84 -0.84 -1.69 -1.69
f2 1.31 1.30 2.59 2.59 -0.23 -0.21 -0.45 -0.43
t2 1.27 1.28 2.53 2.54 -0.04 -0.04 -0.08 -0.08
£l 2.69 2.72 5.31 5.37 -0.64 -0.61 -1.29 -1.23
t3 151 151 3.01 3.01 0.00 0.00 0.01 0.01
SS fl 4.39 4.39 8.58 8.60 -0.55 -0.53 -1.10 -1.07
f2 1.39 142 2.77 2.83 -0.35 -0.30 -0.70 -0.61
fxly 0.03 0.03 0.05 0.05 -0.65 -0.65 -1.31 -1.31
tt -0.05 -0.05 -0.10 -0.10 -0.46 -0.46 -0.92 -0.92
f2 1.76 1.71 3.50 3.40 -0.59 -0.51 -1.18 -1.02
t2 1.64 1.65 3.26 3.27 0.03 0.03 0.06 0.06
£l 2.71 2.76 5.35 5.44 -0.79 -0.73 -1.59 -1.46
t3 1.38 1.38 2.74 2.74 -0.26 -0.26 -0.52 -0.52

For the squared FCF, it is found that these indicators are much more performant
(having much higher values) for indicating both RM and ISL damages than the FCF

1057



ones; they are then retained for the subsequent parametric analyses; therefore, since
SC and OC values are found to be close to each other, focus is made mainly on SC
squared FCF in order to get reference with earlier 1D results (Benjeddou et al. 2006).

3. DAMAGE DETECTION INDICATORS PARAMETRIC ASSESMENT
In order to check the validity of above obtained results for fixed MR and ISL damage

characteristics of [X4 Lg Hg] = [80 5 1.5] mm and [80 5 1] mm, respectively, these
parameters are varied according to the values summarized in Table 5.

Table 5 Damage characteristics variations for the parametric analysis of damaged smart hybrid composite beams

Model | parameters X4 (Mm) La (mm) Hg (mm)
case Xq/L Lg/L Ha/H
RM 1 60 5 10 15 20 0.5 1 15
0.3 0.025 | 0.05 | 0.075 | 0.1 | 0.0125 | 0.25 | 0.375
2 60 | 80 | 100 | 120 | 140 | 160 5 0.5 1 1.5
03/]04)]05]06]07]0.8 0.025 0.0125 | 0.25 | 0.375
3 60 | 80 | 100 | 120 | 140 | 160 5 10 15 20 15
03]04]05|06]07]08]|0.025]|0.05]|0075]|0.1 0.375
ISL 1 60 (fixed) 5 10 15 20 0.5 1
0.3 0.025 1 0.05 | 0.075 | 0.1 | 0.0125 | 0.25
2 60 | 80 | 100 | 120 | 140 | 160 5 (fixed) 0.5 1
0.3/04] 05|06 | 07]0.8 0.025 0.0125 | 0.25
3 60 | 80 | 100 | 120 | 140 | 160 5 10 15 20 1
03]04]05]|06]07]08]0.025]|0.05]0.075]0.1 0.25

The 3D simulations are then conducted under the previously investigated four
mechanical BC of the damaged hybrid composite beams and two electric conditions on
the patches electrodes. It's worth noticing that, for the ISL damage model, the number
and thickness of Teflon® layers vary in terms of the damage geometric characteristics.
Due to the space limitation, only the first mode CF BC related SC squared FCF results,
for normalized damages characteristics (Xq/L, Lg/L, Hg/H), are shown for the RM and
ISL in Fig. 5. The latter indicates that: (i) for all parametric analysis cases, RM damage
is much more influential on the SC FCF indicator than does the ISL one; (ii) for a fixed
damage position (case 1), SC FCF indicator increases for both damages when
increasing the latters’ length and height, but more rapidly for the former than for the
latter; (iii) for fixed damage length (case 2) and thickness (case 3), SC FCF indicator
behaves oppositely for RM and ISL damages when varying the damages positions; it is
higher for RM at the beam root, while it is lower for ISL at this position.

Maximum reached squared FCF values for both damages’ models, four BC and two
electric conditions are summarized in Table 6. It can be noticed that: (i) RM induced
squared FCF is much higher than ISL one; (ii) maximum values are obtained for the CF
BC for both damage models but with different values and for different modes and
damages characteristics; SC and OC squared FCF reach the same maximum values
and for the same modes, except for ISL under CF.
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Fig. 5 SC squared FCF parametric analysis for mode 1 of CF hybrid composite beams
Table 6 Damage characteristics of maximum reached squared FCF indicators
Damage | Indicator Characteristics CF CSs CC SS
RM SC [X4q, Ld, Hdl [140 20 1.5] [100 20 1.5] [100 20 1.5] [100 20 1.5]
(%, mode) (24.04; 6) (19.08; 6) (20.64; 6) (20.07; 6)
ocC [Xd, La, Hd] [140 20 1.5] [100 20 1.5] [100 20 1.5] [100 20 1.5]
(%, mode) (24.04; 6) (19.08; 6) (20.64; 6) (20.07; 6)
ISL SC [X4d, Ld, Hdl [160 20 1] [120 20 1] [100 20 1] [100 20 1]
(%, mode) (-7.02; 3) (-6.26; 4) (-6.58; 4) (-5.28; 3)
ocC [Xd, La, Hd] [160 20 1] [120 20 1] [100 20 1] [100 20 1]
(%, mode) (-6.54; 1) (-6.27; 4) (-6.58; 4) (-5.28; 3)
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4. CONCLUSIONS

This contribution presented short-circuit (SC) and open-circuit (OC) simple and squared
frequency change factors (FCF) for the damage detection in hybrid laminated
composite beams using piezoceramic patches integrated in a symmetrical configuration.
The structural damage was modeled using removal of material (RM), simulating a notch
or crack, and inclusion of soft layer (ISL), simulation a delamination The proposed
damage indicators performance analysis was investigated using three-dimensional fully
coupled piezoelectric finite elements (FE) under four mechanical boundary conditions
and for varying damage geometric characteristics (position, length and height). It was
found that the squared FCF are much more performant than the classical simple ones;
also, both damage indicators were found to be much more influenced by varying the
RM model characteristics than the ISL ones; besides, it was shown that the popular
numerical cantilever and analytical simple support boundary conditions (BC) are not
suitable for investigating theoretically frequency-based RM damage detection since in
these cases, changes of modes order and type occur, rendering the obtained results
specific and not generalizable to other BC; it is then recommended for numerical
analysis, to prefer clamped-clamped BC for these and for practical reasons. As an
extension of the present work, modal energy-based damage indicators have been
explored; for space limitation, corresponding results will be presented separately.
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APPENDIX A

Table 7 Materials properties

Elastic E. (GPa) E> (GPa) E3 (GPa) G2 (GPa) (313 (GPa) Gz3 (GPa) V12 Vi3 Vo3
CFRP

(M553/914) 270 5.54 5.54 3.87 3.87 8 0.36 | 0.36 0.45
GFRP

(G837/914) 80.6 80.9 80.9 5.1 5.1 11 0.3 0.3 0.45
Teflon® 1.6 1.6 1.6 0.6 0.6 0.6 0.35 | 0.35 0.35
PZT-5A 61 61 53.2 22.59 21.1 21.1 0.35 | 0.35 0.38

Piezoelectric | es; (C/m®) | ez (C/m?) | ess (C/IM®) | eis (C/Im®) | ez (C/MY) =) e, | <, =

A A g | (pF/m)

PZT-5A -7.21 -7.21 15.11 12.32 12.32 915 915 | 777 | 8.854
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