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Curve/Probabilistic Fitting of Damage Metrics for Al-7075
Materials Behavior by Using Electromechanical Impedance Method

Highlights

«» The behavior of constrained piezoelectric wafer active sensor (PWAS)/Al-7075 was investigated.

< Itis aimed to compensate for the temperature effect using EFS and curve/probabilistic fitting.
Graphical Abstract

The behavior of the constrained piezoelectric sensor/Al-7075 has been investigated at varying temperatures.

Performing experimental and
numerical study af varying
temperatures for constrained
pvieraelectric sensor/AL-TOTS

Compensating these results and
_—Y| calculating the damage metrics

Curve/Probabilistic fitting of the
damage metrics

Figure 1. Flowchart of the study
Aim
This study aims to observe the behavior of the constrained piezoelectric sensor/Al-7075 at varying temperatures using

the experimental and finite element method. In addition, it is aimed to compensate for the temperature effect after the
experimental and numerical results are obtained.

Design & Methodology

In this study, the behavior of the constrained piezoelectric sensor/Al-7075 was studied at varying temperatures by
using the experimental and finite element method. After experimental and numerical studies, it is aimed to compensate
for the temperature effect using a compensation algorithm and curve/probabilistic fitting.

Originality
The numerical studies for the behavior of the constrained piezoelectric sensor/Al-7075 at varying temperatures are

limited in the literature. All the experimental and numerical results are compensated for the temperature effect and
analyzed using curve/probabilistic fitting for the first time.

Findings

It has been observed that as the temperature decreases, the frequency shifts to the right (increases) and the amplitude
increases. This change has been compensated by using EFS. Three damage metrics decreased significantly after
compensation. The best curves for RMSD, MAPD and CCDM were Richards, Exponential Association 3, and
Sinusoidal curves, respectively, for non-compensated results. Johnson SB distribution for RMSD, MAPD and Error

distribution for CCDM were the most appropriate distributions for experimental compensated damage metrics.
Experimental and simulation results are close to each other.

Conclusion

In this study, Al-7075 sample was chosen for the experimental research, considering these structures exposed to
varying ambient temperatures. A finite element model considering the temperature effect on the piezoelectric sensor
and Al-7075 sample was proposed. The behavior of the constrained piezoelectric sensor/Al-7075 for varying
temperatures has been investigated. EMI technique has great potential, much work is being done to resolve several
problems. Future studies should focus more on real structures to identify critical problems using the EMI technique
because most of the researches are conducted under laboratory conditions.
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ABSTRACT

The purpose of structural health monitoring is to provide information by making a simultaneous diagnosis of the status of the
structure. Despite aging, environmental conditions and unforeseen circumstances, the construction should remain as specified in
the design. Changing the environmental conditions causes the sensor and the host structure to change material properties. It is
essential to take into account environmental conditions to prevent misdiagnosis. Therefore, the real cause of the change can be
determined.

In this study, the behavior of constrained piezoelectric wafer active sensor (PWAS)/Al 7075 was investigated by using
electromechanical impedance method (EMI) under changing environmental conditions. Numerical studies on this material in the
literature are limited and all the experimental/ numerical results are compensated for the temperature effect and analyzed using
curve/probabilistic fitting approach for the first time. The sample used in the experimental work was modeled in ANSY'S finite
element program. In the experimental and numerical results, it has been observed that as the temperature decreases, the frequency
shifts to the right and the amplitude increases. The experimental and simulation results were nearly the same. The temperature
effect was compensated using the compensation algorithm for experimental and numerical studies. The results were compared
using damage metrics. The experimental results were analyzed using a curve/probabilistic fitting approach.

Keywords: Structural health monitoring, piezoelectric sensors, electromechanical impedance method, temperature effect,
damage metrics, curve fitting.

Elektromekanik Empedans Yontemi Kullanilarak Al-
7075 Malzeme Davranisi I¢cin Hasar Metriklerinin
Egrisel / Olasiliksal Tahmini

0z

Yapisal saglik izlemenin amaci, yapinin durumunun es zamanli teshisini yaparak bilgi saglamaktir. Yaslanmaya, ¢evresel kosullara
ve Ongoriillemeyen kosullara ragmen yapi tasarimda belirtildigi gibi kalmalidir. Cevresel kosullarin degistirilmesi, sensér ve
eklendigi yapinin malzeme 6zelliklerini degistirmesine neden olur. Yanls teshisi 6nlemek igin ¢evresel kosullar1 dikkate almak
o6nemlidir. Bu sayede, degisimin gergek nedeni belirlenebilir.

Bu caligmada degisen g¢evresel kosullar altinda sinirlandirilmis piezoelektrik sensoriin (PWAS)/Al davranisi elektromekanik
empedans (EMI) yontemi kullanilarak aragtirilmistir. Literatiirde bu materyal iizerinde yapilan sayisal ¢alismalar sinirlidir. Tiim
deneysel / sayisal sonuglar sicaklik etkisi i¢in telafi edilmistir ve ilk kez egri/olasiliksal tahmin yaklagimi kullanilarak analiz
edilmistir. Deneysel ¢alismada kullanilan numune ANSYS sonlu elemanlar programinda modellenmistir. Deneysel ve sayisal
sonuglarda sicaklik azaldikca frekansin saga dogru kaydig: ve genligin arttig1 gézlenmistir. Deneysel ve sayisal sonuglarin yakin
oldugu belirlenmistir. Sicaklik etkisi, deneysel ve sayisal caligmalar i¢in telafi algoritmasi kullanilarak telafi edilmistir. Sonuglar
hasar metrikleri kullanilarak karsilastirilmistir. Deneysel sonuglar bir egri/olasiliksal tahmin yaklasimi kullanilarak analiz
edilmistir.

Anahtar Kelimeler: Yapisal saghk izleme, piezolektrik sensorler, elektromekanik empedans yontemi, sicaklik etkisi, hasar

metrikleri, egri uydurma.

1. INTRODUCTION differences in strength between structures. The difference
Due to loading and environmental influences, there js  ¢an be considered to be undamaged if the threshold is

constant deterioration in strength after the construction of ~ Pelow a specific value. Due to specific reasons, such as
mechanical, space and aviation structures. At the time of ~ Overload, changing environmental conditions, or fatigue,

construction, it is impossible to provide consistent quality ~ the difference may cause the damage to occur above the
and strength for these structures. Therefore, there are threshold limit if it increases. If the difference rises above

- : the threshold value, the component cannot fulfill its task
esogts‘g',”a\s(gfzjg I(ucégej%’:]dt'pg Author) within the structure. Damage and failure are interrelated
posta: glueogu.edu. terms and vary from structure to structure. For example,
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the failure threshold limit in aviation structures is much
lower than in buildings [1].

Structural health monitoring (SHM) is a process in which
specific strategies are applied to determine the damage’s
location/size and the remaining life of the structure after
the damage has occurred. With SHM, the response of the
structural system or components under different loading
and environmental conditions is continuously measured.
SHM is used to monitor and assess the status and
abnormalities of structures and components in the
working situation during and after unexpected situations,
due to damage [2].

SHM includes observing the dynamic response of the
system with the help of sensors at regular intervals and
determining the current state of operation using statistical
analyzes. In the long run, this process is regularly
updated to provide information on whether or not the
output of the process is performing its predetermined
functions. After non-deterministic events such as
earthquakes, SHM is used for rapid status scanning and
aims to provide reliable information on the integrity of
the structure in real-time [3].

A successful SHM design requires the recognition and
integration of the various components. The definition of
health and performance metrics is the first component
that needs basic knowledge. Unexpected situations can
be encountered in buildings and structures. These
situations emphasize the importance of automated health
monitoring systems. These automated systems provide
improving the performance of the buildings and
structures with an excellent benefit/cost ratio and long-
term benefits [1]

There are many studies within the scope of piezoelectric
material characterization in structural monitoring in the
literature. Hooker [4] experimentally investigated the
temperature changes of the piezoelectric charge constants

(ds; and dg, ) of piezoelectric ceramics PZT 4, PZT

5A, PZT 5H between -150 °C and 250 °C and relative
thermal expansion between 25 °C and 600 °C. All of the
materials assessed in this study have suitable properties
for use in aviation applications. They concluded that it is
more important to consider when selecting materials for
the applications where low temperature (i.e., <-50 °C) or
high temperature (i.e., > 150 °C) characteristics that
various properties of the material considerably deviate
from room temperature behavior. Grisso and Inman [5]
investigated the slope of the susceptance at varying
temperatures. Sepehry et al. [6] presented a theoretical
model considering piezoelectric wafer active sensor
(PWAS) and Al 2024 material properties at different
temperatures to determine the behavior of Al 2024 with
PWAS at different temperatures. Experiments were
carried out at 25 °C to 50 °C temperature range to
validate the model. They indicated that theoretical and
experimental studies are compatible. As a result of
experimental and theoretical studies, it has been obtained
that the real part of the impedance decreases because the
increasing temperature changes the material properties of

PWAS and it has been observed that natural frequency
shifts horizontally to the left due to the change of the
aluminum  material  properties with increasing
temperature. Freitas et al. [7] found piezoelectric,
mechanical and elastic properties of (0.6) BiFeOs- (0.4)
PbTiO; ceramics focusing on high-temperature

applications. Piezoelectric coefficients, 05

(piezoelectric voltage constant) and d31 (piezoelectric

charge constant) are as high as other commercial piezo
ceramics at room temperature with increasing
temperature; these coefficients are stable at temperature
(20 °C - 100 °C and 250 °C - 300 °C). They have
concluded that the piezoelectric constants can be used as
transducers and actuators for high-temperature
applications due to their thermal stability at high
temperatures. Gupta et al. [8] developed and
experimentally validated a new draft for active structural
vibration control using PZT 5H patches at high
temperatures. The control law is derived by taking into
account the wvariation of the piezoelectric stress

coefficient (&;;) and the dielectric constant ( £55) with
temperature in the piezoelectric equations. Since the
dependence of &; and &;; parameters on the

temperature is analytically unknown, they have
determined the temperature change of these parameters
by curve fitting using experimentally measured data at
high temperatures. Experiments have been carried out in

cases where the variation of the &, and &3, parameters

for the active vibration control plate between 25 °C and
75 °C is considered and neglected. The active vibration

control has concluded that &;; and &£;; parameters can

be sustained at high temperatures when the temperature
change is taken into consideration, while their
performance cannot be sustained if they are neglected.
Bukhari et al. [9] determined the temperature change of

the piezoelectric charge constant d15 at cryogenic

temperatures (between 0 K and 300 K) for different
ceramics (PZT, LiNbOs, and PMN-PT). This change is
almost linear for PZT, LiNbOj3 has the smallest dis and

PMN-PT has the largest d,; value at room temperature.

They determined that the d,; values for LiNbOs and

PMN-PT at the lowest temperatures are about 6% and
8%, respectively. Applications such as accurate stress

measurement and calibration depend on the d,;

parameter and temperature. As a result of this study, it
was stated that the change in temperature was nearly the
same, in LiNbO;3; and other ceramics, the change was
particularly great at low temperatures. Baptista et al. [10]
studied the effect of temperature on electromechanical
impedance signals in SHM. Zou et al. [11] investigated
the amplitude of the signals detected at varying
temperatures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C)
by introducing harmonic signals at different frequencies
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(1-10-100-1000 Hz). Artificial neural network
algorithms and optimization algorithms are widely
common in structural health monitoring applications [12-
13]. Rabelo et al. [14] offered a statistical model for
damage detection at varying temperatures (-10 °C to 60
°C) on Al 2024-T3 plates. Wandowski et al. [15]
investigated the effect of temperature change on the real
part of impedance (resistance) for damaged and
undamaged states of carbon fiber reinforced polymers.
Xu et al.[16] proposed a spectral element method to
predict admittance by considering the effect of
temperature on the piezoelectric sensor and structure
attached to the surface. Haider et al. [17] found the
material properties of the circular piezoelectric sensor at
varying temperatures (50 °C - 250 °C). Rezvani et al. [18]
compared four different methods to identify the damages
in the structures. A steel beam with constant rectangular
cross-section was used to compare these methods. It was
obtained that the proposed methods can detect the
damages easily. In terms of FEM modeling, there are
several studies in the literature. Tseng and Wang [19]
performed both experimental and numerical studies to
two concrete beam structures, which resulted in increased
root mean square deviation (RMSD) values when crack
damage increased and closer to PZT transducers. Yang et
al.[20] used ANSYS to apply the Electromechanical
Impedance (EMI) technique to several models, including
joining layers on an aluminum beam, and it was found
that a perfect fit compared to experimental data up to
1000 kHz. The authors also simulated the EMI technique
in the frequency range from 30-60 °C to 400 kHz and
simulation results fit well with experimental results. Lim
and Soh [21] studied the use of EMI technique to estimate
the remaining fatigue life of the aluminum structure via
ANSYS 12.1. While characterizing crack lengths during
their studies, they stated that correlation coefficient
deviation metric (CCDM) results showed better results
than RMSD. Hamzeloo et al. [22] studied the EMI
method to perform both experiments and simulations
using ABAQUS on aluminum and steel samples. The test
samples were hollow cylinders of different thicknesses,
and the test was carried out in the frequency range of 10
to 40 kHz. Via RMSD metric, the results showed that the
increase in damage does not always increase the RMSD
values.

By using appropriate SHM methods, situations that
cannot be detected in the early stages is appropriately
determined, thus contributing to the development of
countries' economies. Appropriate precautions can be
taken if damage or cracks are detected early in the
process before the building is unable to function. The
collapse of bridges, tall buildings and other essential
structures, accidents caused by train tracks, and accidents
that occur in air crafts prevent the economic growth of
the country and cause human resources to be lost at the
same time. Constructions are designed for a specific
lifetime, and it is assumed that during this time, the build
is functioning correctly. With the help of appropriate
SHM methods, it is possible to make considerable

savings by increasing the lifetime of the structure and
increasing its maintainability [1].

In this study, the behavior of the constrained
piezoelectric sensor/Al 7075 at varying temperatures was
studied by using the experimental and finite element
method considering the effect of environmental
conditions. The reason for selecting aluminum is that Al
7075 is widely used in aviation applications and exposed
to varying ambient temperatures during operation. After
experimental and numerical studies, it is aimed to
compensate for the temperature effect by using a
compensation algorithm. Numerical studies on this
material in the literature are limited and this is the
motivation of the study. Also, all the experimental and
numerical results are compensated for the temperature
effect and analyzed using curve/probabilistic fitting for
the first time. This work will contribute to damage
control of the aviation structures in the industry. The
study includes five parts. In the second section,
experimental and numerical methods are given. Then,
experimental/numerical results are explained, and
temperature compensation is presented. After that, the
experimental results are analyzed using
curve/probabilistic fitting. In the end, the conclusion
section is given.

2. EXPERIMENTAL and NUMERICAL METHOD
2.1. Experimental Method

Al 7075 sample was used in the experimental study. The
sample used in the experiments is given in Fig.1. The
dimensions of the sample were 30x30x3 mm. In the next
step, impedance measurements of the samples were
performed, at room temperature using Keysight E4990A
impedance analyzer. Impedance measurements of the
samples at varying temperatures were performed using
the ARTICO LFE140 laboratory cooler (Fig.2).
Experimental measurements were carried out with a
temperature from -10 °C to -45 °C at 5 °C intervals.

Figure 1. Al-7075 sample
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Figure 2. Cooler

Aluminum is widely used in aircraft parts, space and
defense industry applications. In aviation applications,
aircraft are subjected to varying ambient temperatures
ranging from -55 °C to 80 °C [14]. Generally, aircraft
body parts are lower than 0°C, so -10 °C to -45 °C
temperature interval is taken into consideration in this
study.

A 10x10x0.5 mm piezoelectric sensor was bonded to the
Al 7075 using M-Bond 200 adhesive. Then one of the
probes was attached to the piezoelectric sensor soldered
wire, while the other wasnotattached to the
plate directly. This problem was solved with the help of
the magnet of a copper cable. Fig. 3 shows the binding of
the probes to the Al 7075 sample. After the probes were
attached, measurements of the real part impedance data
were performed at room temperature. In these
measurements, the frequency range was 2 kHz-80 kHz in
1000 steps.

|

— ¢

Figure 3. Attaching probes to the sample (Al 7075)

2.2. Numerical Method

In this section, the behavior of the constrained
piezoelectric sensor at varying temperatures was

modeled using ANSYS multi-physics software. SOLID5
element was used for PWAS. SOLID45 element was
used for aluminum. According to Yang’s study [20], the
effect of the adhesive layer can be neglected, so this
effect was not taken into account.

Material properties of the piezoelectric sensor at room
temperature were entered into the ANSYS program using
the data published by PI Ceramic, the manufacturer of the
sensors supplied for the experimental study, on the
internet [23]. The data obtained from the manufacturer
cannot be directly entered into the ANSY'S program. The
necessary conversions should be made to the ANSYS
program, as suggested in Imaoka [24]. Using these
transformations, the manufacturer's data (25 °C) of the
PIC255 piezoelectric sensor were entered into the
ANSY'S program.

2.2.1. Stiffness / compliance matrix
Elastic compliance (S ) is defined as the strain that occurs
in the result of the unit stress applied to the piezoelectric

material in directions 11 and 33. Also, it can be defined
as the inverse of the elastic modulus [25].

N7
=
N
N
R
w
o

N
w )
ML
w [EN
w(./) %
@ w
o O
o O O O

o IS

0 0 0 0 s,

o O O O O

o O O
o
o
o
w
~
i

[SE} matrix is closely related to the modulus of

elasticity, shear modulus and Poisson's ratio (Egs.1-6).

1 1)
EX = g = EY
)
(oL
Sz
1 @)
G =——
T
1 4)
Gy, :S_E_ Gy,
44
SlEz = NU,, (_SlEl) ®)
SlEs: NUy, (_39:53)2 NU,, ©)
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Sge and sf4values are not available in the

manufacturer's data. These values are calculated using
Egs. 7- 8.

se = 2(s5— 55) @)

S = 2(s5 - s5) ®)
In literature, there is no function or graphics related to the
temperature change of these values of the PIC255
piezoelectric sensors. Therefore, these values were
determined using equations.

The change of the Poisson's ratio with temperature is
neglected and is assumed to be independent of the
direction (NU,, =NU,, =NU,,=v= 0.34). The

relationship between the shear modulus and the elastic
modulus is defined in Egs. 9-10.

E
va = X

[2 @+ v)]

E
G,=G, =—Z
“T e T2 1+ )]
The variation of the elastic modulus with temperature is
given in Eq.11 [26].

e, (1)=k, - DE

©)

(10)

P 160 4
Epis Young's modulus at the reference temperature,

(1)

Ep(T) is Young's modulus at the measured

temperature, T is the ambient temperature, T0 is the
reference temperature, p represents the piezoelectricity.
The reference temperature is 25 °C. Elastic modules at
the reference temperature were calculated using the
values of SlE1 and S3E3 supplied by the manufacturer for

the PIC255 piezoelectric sensor. Using Eq.11, the elastic
modulus of the PIC255 piezoelectric sensor at
temperatures ranging from 0 °C to -45 °C at 5 °C
intervals were calculated.

Once the modulus of elasticity has been determined, the
shear modulus is calculated for varying temperatures
using Egs. 9 and 10. The shear modules are calculated for
the varying temperatures. Using Egs.l -8, all the

parameters in the [SE] matrix were determined for

varying temperatures. This data will then be used to
determine the conductivity matrix to be calculated and

the piezoelectric matrix [e] related to the stress / electric

field.
2.2.2. Piezoelectric charge constants
Piezoelectric materials are identified by three

piezoelectric charge constants asd,,, dyand d,. The

matrix [d] was created by taking the parameters dgl,

dy;and  dj from  the catalog values of the
manufacturer’s. ) )
0 0 da
0 0 da
[d ] =0 0 das
0 0 0
0 dis O
|dis 0 0

In the ANSYS program, the matrix [6] is the matrix that

relates the mechanical stress to the electric field. Using
Eq.12, the manufacturer's data has been made available
for the ANSYS program.

[e]= [s°]"[d]

-1
Using the recalculated [SE] matrices at different

(12)

temperatures, the [e] matrices were calculated for

varying temperatures. The matrix [d] was defined
identically for all temperatures and is shown below.

[0 0 -180]
0 0 -180
[ d ] _ 0 0 400
0 0 0
0 550 0
550 0 0 |
The [e] matrix generated for 25 © C is given below.
0 0 ~7.53378 |
0 0 —7.53378
[ e] _ 0 0 14.19998
0 0 0
0 9.912232 0
10912232 0 0 |

2.2.3. Dielectric constants

The relative dielectric constant is the ratio of the amount
of load the piezoelectric element can store to the amount
of load stored in the vacuum (&, = 8.85x102 F/m) [27].
The manufacturer data for piezoelectric materials are
enle, andeyle,. The temperature-dependent

function of the relative dielectric constants is derived
from the plot of these values changed with temperature.
Fig. 4 shows the percentage change of relative dielectric
constants with respect to temperature.
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300

200

100

100

Temperature (C)

Figure 4. Change of relative dielectric constants according to
the temperature [28]

The functions of the relative dielectric constants derived
from the temperature dependence were given in Eqgs.13-
14.

&,/ & =0.0103T%+ 3.4885T + 15854
&, =0.011T% + 3.6999T + 16815

(13)

(14)

The coefficient of determination value (r?) in the two
derived equations is 0.99. In these equations, T

represents temperature. The values of &, /&, and
Eqq / &, are calculated for the varying temperatures.

The parameters of &,/&, and &y, /& cannot be

entered directly into the ANSYS program from the
manufacturer's catalog values. The manufacturer's data

was defined by the matrix[gT } .

enl e, 0 0
[ET ] =l 0 glg O
0 0 emlg,

Eq. 15 has been used to adapt the manufacturer's data to
the ANSY'S program.

[°)=["]-[a] [s*]"[d]

The I:SS } matrix generated for 25 °C is shown below.

(15)

1033.986 0 0
[gs ] - 0 1033.986 0
0 0 801.7345

. L T .
After recalculating [S ] and [8 }matrlces for

different temperatures, [88] matrices were created for

varying temperatures using Eqg. 15.
2.2.4. Density

The equation proposed in Jyoti’s study [26] was used to
calculate the change in density at varying temperatures
(Eq. 16).

yo,
p:—o 3 (16)
[(1+aaT)|
o  (Coefficient of thermal expansion) of the

piezoelectric sensor has a value ranging from 4x10°
(1/K) to 8x108 (1/K) for the manufacturer. Since « is
defined as the average thermal expansion coefficient in
Eq. 16, « value is assumed to be 6x10 6 (1/K). The
calculated density values are entered into the ANSYS
program without any conversion while developing
models for varying temperatures.

2.2.5. The elasticity modulus of samples with
piezoelectric sensors added at varying
temperatures

Eq. 17 is used for the change of the elasticity module with
temperature [29].

E(T)= Eo+g—$(T T)=E,+A(T-T,) an

E, is Young's modulus at the reference temperature, E

is Young's modulus at the measured temperature, T is
the ambient temperature, TO is the reference temperature,

and £ represents the linear change of the Young module

with temperature. The temperature-dependent function
of the elastic modulus is given in Eq.18.

E(T)=(-4x10"°)T?-0.0398T +69.936 (18

T represents the ambient temperature in °C, and E (T )

represents the elasticity modulus at T temperature in
GPa. After this function is substituted in Eq.17, the
elastic modulus is calculated.

2.2.6. Damping ratio

In this study, the damping ratio was determined by using
viscous damping principles. In viscous damping, the
mass product factor value is 0, the /S (stiffness product
factor) value is greater than 0, and the constant damping
ratio value is 0 [30]. Stiffness product factor value is
calculated using Naillon equations. In Egs.19-20, the
suggested equations are given [31]

1
ﬂ—me

(19)
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(20)

@ is the angular velocity in the largest mode (Hz) and
Qnm is the mechanical quality factor. The Qmvalue is

given as 80 in the PIC 255 piezoelectric sensor
manufacturer's data. @ value was determined as the
result of an experimental study at 25 °C.

2.2.7. Effective frequency shift (EFS)

Effective frequency shift (EFS) is a simple method to
compensate for the effect of temperature and can be
applied in a wide variety of configurations under various
conditions. By comparing the impedance obtained
according to the temperature change with the reference
impedance, the frequency shift is performed by forming
the loop until the minimum correlation coefficient
deviation metric (CCDM) index is obtained. In the
calculations, the curves are shifted to the left (until the
maximum cross-correlation is obtained) to compensate
for this, as the fall of the temperature causes the
impedance graphs to shift to the right. The equation of
effective frequency shift is given in Eq.21.

Re( Zcorr,i ) = Re(ZZ,iiAf )+ Av

w=2rf

(21)
Re( Zcorr'i) represents the real part of the corrected

real impedance value, Re(Z )ii Af s the real

2,i+Af
impedance value measurement (shifted by Af), A,

represents the average of the difference of the real
impedance values between the two signals.

While eight different temperature levels were used in the
experimental study, ten different temperature levels were
used in the numerical study. RMSD, MAPD (mean
absolute percentage deviation) and CCDM were used as
damage metrics. EFS algorithm was applied, and
temperature compensation was performed according to
the CCDM metric.

3. EXPERIMENTAL AND NUMERICAL
RESULTS

In this section, the effect of temperature on the
constrained piezoelectric sensor was investigated by
using experimental and finite element methods. The
temperature effect was compensated for by using a
compensation algorithm.

3.1. Experimental Results

Impedance measurements of the Al 7075 sample were
performed at different temperatures. Measurements
taken at room temperature as reference and
measurements carried out for other temperatures were
compared according to this reference measurement.

Fig. 5 shows the impedance measurement results of Al
7075 at room temperature. In Fig.5, it is clear that the
mode amplitude at 26828 Hz is larger than the mode
amplitude at 57045 Hz. Thus, experiments focused on the
first mode. It was performed in 1000 steps in the

frequency range of 20 kHz-30 kHz. Fig. 6 shows the
results obtained from experimental studies at different
temperatures. Compared to room temperature
measurements, the frequency shifts to the right and the
amplitude increases as the temperature drops.
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Figure 5. Impedance measurements of Al 7075 sample at
25 °C (Experimental)

Real Z (Ohm)

Frequency (Hz)

Figure 6. Impedance measurements of Al 7075 sample at
varying temperatures (Experimental)

3.2. Numerical Results

The material properties of the piezoelectric sensor and Al
7075 were defined in the ANSYS program. For the
damping rate, the mass product factor value was 0, the
constant damping ratio was 0, and for £ value, Egs. 19
and 20 were used. The frequency value in the largest
mode was set at 26746 Hz in the experimental run at 25
°C. After substituting this value in the Eq. 20, the [
value was determined as 7.44x107 using Eq.19.

The applied voltage value is 0 and 0.5 V, respectively.
The number of steps is chosen as 1000, and the frequency
range is chosen as 2 kHz-80 kHz, and results are obtained
as seen in Fig. 7.
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Figure 7. Impedance values of the Al-7075 sample at 25°C
(Numerical)

Simulation studies for 25 °C and other temperatures were
carried out 15 kHz -25 kHz frequency range as the first
mode amplitude larger than the second mode (Fig. 7). For
25 °C, solutions for different mesh numbers were
repeated, and the appropriate cell structure was
determined by comparison with  experimental
measurements at 25 °C. The behavior of Al 7075 was
examined at temperatures ranging from 0 °C to -45 °C at
5 °C intervals after the appropriate mesh number was
determined.

The simulation studies were compared with experimental
results using 1625, 5500, 11625 meh numbers. The
optimal mesh number was 5500 (4500x1000) chosen at
25 °C when considering the optimum solution time
according to different trial simulation studies. 4500
(30x30x5) represents the number of mesh on the plate,
and 1000 (10x10x10) represents the number of mesh on
the sensor. The selected mesh structure of the specimen
was given in Fig.8.

Figure 8. The mesh structure of Al 7075 with a piezoelectric
sensor

The simulation results for temperatures ranging from 0
°C to -45 °C at 5 °C intervals using the 4500x1000 cell
structure were shown in Fig.9. As seen in the Figure, as
the temperature decreases, the frequency shifts to the
right and the amplitude value also increases.

120

25°C

Real Z (Ohm)

15000 L7000 19000 21000
Frequency (Hz)

Figure 9. Impedance values of the Al-7075 sample at varying
temperatures (Numerical)

-
A
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3.3. Experimental / Numerical Results in terms of
Damage Metrics (non-compensated and
compensated)

Non-compensated experimental results by two damage
metrics were given in Figs. 10-11. When the results are
examined, it is seen that the damage metrics increase as
the temperature difference increases. RMSD values
range from 0.5 to 2. MAPD values are between 6-11.
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1.00
0.50 I I
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Temperature (°C)
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Figure 10. RMSD damage metric values of experimental
results at different temperature values (non-
compensated)
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=
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Figure 11. MAPD damage metric values of experimental
results at  different  temperatures  (non-
compensated)

CCDM metrics before and after compensation were

given in Fig.12. These metrics decrease significantly

after compensation.

488



CURVE/PROBABILISTIC FITTING OF DAMAGE METRICS FOR Al-7075 MATERIALS BEH... Politeknik Dergisi, 2021; 24 (2) : 481-494

CCDM
=]
I

W Nor-compansated

mCompansated

05
03
HHI
o A_ Hm HE | I
-10 -15 -20 -25 -30 -35 -40 -45

Temperaturas {* C)

Figure 12. CCDM metrics before and after compensation with

hybridized EFS/Genetic algorithm (Experimental)
Compensated experimental results were shown in Figs.
13-14, according to two damage metrics. RMSD values
are between 0.25- 1.5. MAPD values range from 6 to 10.
After the experimental results have been compensated,
the damage metrics have decreased.
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Figure 13. RMSD damage metric values of experimental
results at different temperatures(compensated)
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Figure 14. MAPD damage metric values of experimental

results at different temperatures (compensated)
Numerical results of non-compensated three damage
metrics were given in Figs. 15-16. When the results are
examined, the damage metrics increase as the
temperature difference increases.
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Figure 15. RMSD damage metric values of simulation results
at different temperatures (non-compensated)
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Figure 16. MAPD damage metric values of simulation results

at different temperatures (non-compensated)
CCDM metrics before and after compensation were
given in Fig.17. These metrics decrease significantly
after compensation.
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Figure 17. CCDM metrics before and after compensationwith

hybridized EFS/Genetic algorithm (simulation)
The numerical results were shown in Figs. 18-19 with
two damage metrics. Compensated damage metrics show
a decline compared to the non-compensated damage
metric values.
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Figure 18. RMSD damage metric values of simulation results
at different temperatures (compensated)
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Figure 19. MAPD damage metric values of simulation results
at different temperatures (compensated)
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In Figs. 20-21, experimental and simulated compensated
impedance graphs are given, respectively. Compared to
the figures before, the graphs shift to the left.

Since the linear variation coefficient of the elasticity
module is not defined in the literature for Al 7075, the
function of the temperature is taken into consideration

after the function is derived from the graph. Therefore,

. there are differences between experimental and

- numerical studies.

300 ,s.c | When all the results are analyzed, the real impedance
250 10| graphs shift to the right with the temperature decrease. As
E ) sec| the temperature change increases, the frequency shift
< 2 | increases. These graphics have been compensated by
o 150 __,sec| shifting them to the left. The values of damage metrics
e o0 m | have decreased since they were compensated. In this

__ | context, it has been found that the results are consistent

50 ‘ \ _40( with the literature studies [6,10,15-17].

0 —-45°C
20000 ffz;“‘; 28000 30000 4. CURVE/PROBABILISTIC FITTING of
requency .
o DAMAGE METRICS
Figure 20. Impedance graphs compensated at different At this stage of the study, curve / probabilistic fitting was
teEmperf"‘t”retS I'” the 20-30 kHz frequency band  herformed using experimentally obtained error metrics.
(Experimental) In the first step, curve fitting was applied for the damage
——250¢ metric data that was not compensated. The independent
120 —0°C variable was selected as temperature and the RMSD,
-5°C MAPD and CCDM metrics were used as dependent
g -10°C 1 variables. CURVEEXPERT software was used in the
S — | analysis. The results are given in Tables 1-2. The best
> :‘”E curves for RMSD, MAPD, and CCDM were Richards,
o __ s | Exponential Association 3, and Sinusoidal curves,
—_355( respectively.
Lc000 17000 19000 21000 23000 5000 €| Since the data is expected to be temperature independent
I P.rke;[uenc_v EHZ) o — %1 after compensation, the probabilistic fitting has been
- performed for this data. EASYFIT software was used in
Figure 21. Impedance g.raph compensated at different the analysis. Kolmogorov-Smirnov and Anderson-
temperatures in the 15-25 kHz frequencyband  Darling tested 56 different distributions by means of the
(simulation)
Table 1. Curve fitting for error metrics
Curves of | R%std.error Curves of | R%std.error Curves of | R?/std.error
RMSD MAPD CCDM
1.Richards 0.9982/2.38e-2 1.Exponential 0.99/1.51e-1 1.Sinusoidal 0.999/4.8e-3
Association 3
2.Reciprocal 0.9981/2.40e-2 2.Rational 0.99/1.57e-1 2.Gaussian 0.994/5.47¢-3
Quadric model
3.Rational 0.9982/2.45e-2 3.Heat capacity | 0.99/1.68e-1 3.Rational 0.995/5.4e-3
model model
4.Ratkowsky 0.9975/2.53e-2 4.Ratkowsky 0.99/1.72e-1 4.Richards 0.995/5.33e-3
model model
Table 2. Parameters for the best curves
Curves Curve equation Parameters
Richards y=a(1+ePox)ld a=2.1b=9.5 ¢=-2.25¢-1 d=7.43
Exponential Association 3 y=a(b-e¥) a=8.48 b=1.37 c=-4.9e-2
Sinusoidal y=a+bcos(cx+d) a=5.14e-1 b=3.2e-1 c=5.66e-2
d=-3.27
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tests for distribution. The results are given in Table 3. In
addition, the results of the distribution suitability tests are
given in Appendices 1-3. Johnson SB distribution for
RMSD, MAPD and Error distribution for CCDM were
the most appropriate distributions. In Figure 23, Johnson
SB probabilistic distribution for RMSD is shown. The
Johnson SB equations are given below (Egs. 22-23).

f0) = mam e (30 +0l(5)) ()
z=2% (23)

The Error function equations are given below (Egs. 24-
27).

decreased significantly after compensation. Therefore, it
has been determined that there are no defects in the
structure. The best curves for RMSD, MAPD and
CCDM were Richards, Exponential Association 3, and
Sinusoidal curves, respectively for non-compensated
results. Johnson SB distribution for RMSD, MAPD and
Error distribution for CCDM were the most appropriate
distributions for experimental compensated damage
metrics.

Experimental and simulation results are close to each
other. Simulation studies are also considered to be
sufficient when there is no possibility of experimental
work. In later work, studies can be performed by

f(x)x_=#C10_1exp (=leozl®) (24)  selecting a wider range of temperatures. Experiments and
zZ="— (25)  simulations can be repeated for different sizes of
3 specimens so that it can be determined whether or not the
Co = (@)1/2 (26) size effect is significant. Furthermore, by studying the
0 — 1 ' !
() behavior of defective samples at varying temperatures,
o = keo (27)  two effects can be evaluated together.
2r@)
Table 3. Probabilistic fitting of damage metrics (The best probabilistic curves)
RMSD Parameters MAPD Parameters ccpMm | Parameters
oo y o k.
# -continuous shape # -continuous shape -continuous
parameter=0.12 parameter=-0.961 shape
& _continuous shape @ - continuous shape parameter=100
1 Johnson parameter=0.5 1.Johnson parameter=0.69 1. Y _continuous
SB 4 _continuous scale SB 4 _continuous scale Error scarllem {er=0.06446
parameter=1.167 parameter=5.82 parameter=;.
g . ) : . . K _continuous
= -continuous location = -continuous location location
parameter=0.25 parameter=4.18 parameter=0.10125

ptions  Tool  Window  Help
S h H|PPOODI ® 3

Figure 23. Johnson SB distribution for RMSD

5. CONCLUSIONS

In this study, Al 7075 sample was chosen for the
experimental research, considering these structures
exposed to varying ambient temperatures. Also, a finite
element model considering the temperature effect on the
piezoelectric sensor and Al 7075 sample was proposed.
The behavior of the constrained piezoelectric
sensor/Al7075 for varying temperatures has been
investigated. It has been observed that as the temperature
decreases, the frequency shifts to the right (increases) and
the amplitude increases. This change has been
compensated by using EFS Three damage metrics

EMI technique has great potential, a lot of work is being
done to resolve several problems. Future studies should
focus more on real structures to identify critical problems
using the EMI technique because most of the researches
are conducted under laboratory conditions. Continuous
research and advances in computer technologies will
bring new solutions and ideas. Also, Artificial neural
network approach can be integrated into EMI.
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APPENDICES
A.1.Goodness of Fit - Details/RMSD
Johnson SB [#28]
Kolmogorov-Smirnov
Sample Size=8
Statistic=0.11096
P-Value=0.99969
a
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0.01

Critical Value
0.35831

0.40962

0.45427
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0.54179
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No

No

No
Anderson-Darling
Sample Size=8
Statistic=0.14633
Rank

a

0.2
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0.02

0.01

Critical Value
1.3749

1.9286

2.5018

3.2892

3.9074

Reject?

No
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No

No
A.2.Goodness of Fit - DetailssMAPD
Johnson SB [#30]
Kolmogorov-Smirnov
Sample Size=8
Statistic=0.14144

P-Value=0.98937
a

0.2

0.1

0.05

0.02

0.01

Critical Value
0.35831

0.40962

0.45427

0.50654
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Reject?
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No
Anderson-Darling
Sample Size=8
Statistic=0.17222
a
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Critical Value
1.3749

1.9286

2.5018

3.2892
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Reject?
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A.3. Goodness of Fit - DetailssyCCDM
Error [#9]
Kolmogorov-Smirnov
Sample Size=8
Statistic=0.14725
P-Value=0.98408
a

0.2

0.1

0.05

0.02
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0.01 0.1
Critical Value 0.05
0.35831 0.02
0.40962 0.01
0.45427 Critical Value
0.50654 1.3749
0.54179 1.9286
Reject? 2.5018
No 3.2892
No 3.9074
No Reject?
No No

No No
Anderson-Darling No
Sample Size=8 No
Statistic=0.2047 No

a

0.2
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