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Abstract. Inspection and specificity of the intactness of multi-layer and small-size parts like copper-clad steel rod is a hard task 
and requires high accuracy. The intactness of these parts is crucial due to their importance. One of the inspection methods for 
these parts is using ultrasonic waves. The scattering phenomenon occurs when these waves impact curved shape bodies under a 
special condition. The ultrasonic scattering waves contain a lot of information from the physical conditions and mechanical 
properties of the part. However, using these waves requires high accuracy and attention due to their complexity. One result of the 
ultrasonic scattering waves is the far-field backscattered frequency spectrum, form function. For the first time in this research, the 
form function of a copper-clad steel rod that is immersed in water is calculated using the finite element method (FEM) available in 
the commercial ABAQUS software. For validating the proposed model, the simulation results are compared with analytical and 
experimental results in the normalized frequency range of 4  Ka  10. A good agreement is observed between the three methods 
at the resonance frequencies, and in the overall form of obtained form function. Furthermore, the effects of the two most common 
defects in these rods, i.e., the corrosion and interfacial disbond between the clad and steel rod, is studied. Results show that this 
method can properly specify the corrosion percentage and location, and also the length and location of the interfacial disbond 
defect.  

Keywords: Ultrasonic waves; Finite element method; Scattering; Form function; Corrosion; Surface interfacial disbond. 

1. Introduction 

Increasing the resistance and decreasing the cost are two opposite needs in modern industry. The cladding has considerably 
solved this problem, such that in addition to a considerable increase in useful properties of the parts, including a decrease in the 
corrosion tendency, increasing the mechanical resistance and conductance, etc. the production cost of them is also decreased. A 
quick and common inspection of industrial multi-layered parts with no damages to them has always been under the attention of 
scientists and researchers. The ultrasonic waves are one of the methods used for inspecting complex structures [1-4]. However, 
using this method involves special complexities when the part dimensions are small, such as the steel rods with copper-clad. Since 
the ultrasonic wave field is influenced by the geometrical features and physical properties of the scatterer body, the study of these 
waves provides the properties inspection and survey of the part under ultrasonic radiation.  

One pieces of information obtained from the ultrasonic wave field is the far-field backscattered frequency spectrum, or form 
function [5]. These diagrams are evaluated using Resonance Acoustic Spectroscopy (RAS). Faran [6] analytically investigated the 
wave scattering from the isotropic sphere or cylinder immersing in the water. Flex et al. [7] and Garan et al. [8] studied interference 
of the surface waves around the elastic body, and the formation of standing waves. The mathematical model for calculating the 
form function of the sonic waves from transverse isotropic cylinders immersed in the fluid was proposed by Honarvar and Sinclair 
[9] using the normal mode expansion. Ripoche et al. [10] invented the first experimental method based on the method of 
identification and isolation of resonance. Using the reflection echo of the wave, as the reference frequency spectrum in the method 
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of identification and isolation of resonance, was proposed by Sodagar et al. [11] using the short pulse waves. Using this reference 
spectrum, the inconsistency between the scattering signal and reference frequency spectrums in large-diameter rods, which 
caused a lack of accuracy and decrease in the effective frequency range of the form function, is solved. Jamali et al. [12] studied the 
scattering equations of a Functionally Graded Materials (FGMs) cylinder using the state-space method and normal mode expansion. 
Romanov and Tolokonnikov [13] analytically calculated the sonic’s waves scattering field from a rigid cylinder with a non-uniform 
elastic coating and immersing in an ideal fluid. Shi et al. [14] in 2018 investigated the wave scattering from an elastic sphere 
immersing in the water and placed in a rigid cylindrical space with an infinite length.  

Inspection of multi-layered and small-sized parts like copper-clad steel rods is a hard and complex task. One of the inspection 
methods for these parts is using the ultrasonic waves scattered from bodies. The form function is one of the important data 
available in the scattering response of bodies under the radiation of the ultrasonic waves. Correct calculation of the form function 
is valuable due to the worthwhile information that this function contains. Because using this diagram, the inspection of the part 
under ultrasonic waves exposure is provided. The finite element method (FEM) is used as one of the solvers for complex engineering 
problems due to its high robustness and capability. Nowadays, the runtime of this method is decreased by technology development 
and the method is widely used in engineering problems. For the first time in this research, the form function of a copper-clad steel 
rod that is immersed in water is calculated using the FEM available in the commercial ABAQUS software. In recent years, 
researchers have investigated the effects of energy and surface parameters on the structure’s behavior, and they have observed 
the significant effect of these factors on mechanical behavior of structure [15]. The protective clad corrosion and interfacial disbond 
between the rod and clad are the two most common defects of the steel rods with the copper-clad. For this reason, the effects of 
the location of the interfacial disbond between the rod and clad, and its arc length, and also the effects of the location and 
percentage of the clad corrosion on the field of the backscattered ultrasonic wave are studied in this research.  

2. Ultrasonic Resonance Spectrum Theory 

When the wave impacts the interface of two bodies with different mechanical properties, phenomena such as refraction, 
reflection, and mode conversion may occur. If the interface of two bodies is curved, not necessarily circular, the scattering 
phenomenon occurs under a special condition. According to the frequency spectrum resonance scattering theory, besides the 
smooth background, the backscattering from the elastic body contains valleys and peaks that coincide with the resonance 
frequencies of the body. The information embedded in the frequency spectrum of the scattered wave is studied using the ultrasonic 
resonance spectrum theory. In this method, a broadband ultrasonic wave is radiated to the body. At the moment of the sound wave 
impact on the interface of two bodies, surface waves are formed around it. If even one of the natural frequencies of the reflecting 
body were present in the incident wave frequency domain, these waves would have constructive interference leading to the 
standing wave formation. In this case, the body acts as a wave generator source that radiates energy to the surrounding.  

In this paper, the experimental condition for the scattering of the ultrasonic waves from a copper-clad steel cylinder that is 
immersing in water is simulated using the FEM. The experimental study and evaluation of the resonance spectrum are possible 
using the quasi-harmonic and short-pulse method. The single frequency wave is used in the quasi-harmonic method. While a 
broadband short-pulse wave is sent to the objective is used in the short-pulse method. Due to the less runtime of the short-pulse 
method, it is used in this paper. In this method, the elastic body goes under a short-pulse incident wave with a wide frequency 
bandwidth. Based on this condition, the transfer function of the measurement system influences the received frequency spectrum 
and the frequency spectrum of the scattered wave is a combination of the one from the transducer, measurement system, and that 
from the backscattering waves produced by the elastic body. The resonance frequencies of the elastic body are identified by 
removing the measurement system frequency spectrum from that of the backscattering.  

The frequency spectrum of the reflecting echo [6] is used as the reference spectrum in the modified short pulse Method of 
Identification and Isolation of Resonances (MIIR) technique instead of the reflected spectrum from a rigid and low diameter cylinder 
[16]. The form function is obtained by omitting the frequency spectrum of the measurement system from that of the received signal 
and drawing the obtained spectrum with respect to the normalized frequency Ka, where K = w/c is the wave number, w is the 
angular frequency, c is the wave speed in the water environment and a is the cylinder radius. The equation for calculating the form 
function of the elastic cylinder is given by Eq. (1) [6]:   
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3. FEM Simulation 

In the FEM, the problems are analyzed based on dividing the body into smaller parts, each part is called an “element”. In other 
words, by putting the results of elements together in FEM, the response of the governing equations of the problem is obtained. 
Nowadays, the runtime of this method is decreased by technology development and the method is widely used in engineering 
problems, including wave propagation. The explicit and implicit methods provide solving the FE equations. The explicit method is 
used in this paper for investigating the scattering phenomenon due to the dynamic basis of the wave propagation, small-time 
steps, and a high number of nodes.    

The studied part is a copper-clad steel cylinder with an infinite length and circular cross-section which is immersed in the 
water. Force, pressure, or displacement exertions are some methods for modeling the piezoelectric effect, the wave generation, in 
the FEM. In this research, the pressure exertion method is used for modeling the piezoelectric. Equation (3) is used for calculating 
the exerted pressure value by placing the normal transducer on the part, using the pulse form [17]: 
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where f is the excitation frequency in Hz, N number of excitation signal cycles and t is the excitation time. The radiant wave in this 
research has 2 cycles, and its center frequency is 1 MHz. The time signal of the sent wave and its frequency spectrum are shown 
in Fig. 2 and Fig. 3, respectively. 

The dimensions of the part and the way of locating the ultrasonic probe are shown in Fig. 1. The infinite length condition of the 
cylinder is met by selecting the four-node plane strain element (CPE4R). The existence of reflected waves from the walls in the 
received signal hardens the interpretation of the results. To prevent interference of the reflected waves from walls and scattering 
waves, the 4-node linear plane strain one-way infinite quadrilateral element (CINPE4) is used at the walls. Figure 4 shows the way 
of using finite and infinite elements. The water in this paper is modeled as a quasi-elastic state. The incompressibility of water is 
satisfied by setting the Poisson’s ratio to a value of around 0.5. Furthermore, a small Young’s modulus and very small shear and 
large bulk modulus are devoted to the water. Table 1 shows the mechanical properties of the materials. Because of using the explicit 
solver of the ABAQUS software, the minimum time step for making sure that the solution is convergent is obtained using the 
following equation:  

min
cr

l
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t t

c
∆ ≤∆ =  (4) 

in which ��� and �� are the smallest sizes of the element and longitudinal wave speed in the body, respectively. To use a good 
shape function for accurate calculation of related parameters, and preventing the solution divergence, the size of the element is 
determined based on the smallest wavelength, ���, given by Eq. (5) [18]: 
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min 20
l

λ
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In this research, the size of the element is 21, 84, and 64 micrometers for the water, steel, and copper-clad, respectively. 
  

 

Fig. 1. Schematic of the coated cylinder geometrical structure embedded in the water. 

 

Fig. 2. The radiant wave with the frequency of 1MHz and cycle number of N = 2. 

 

Fig. 3. The frequency spectrum of the radiant wave. 
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Table 1. The mechanical properties and elastic constants of materials. 

Material Density (Kg/m3) Young module (Pa) Poisson ratio 

Steel 7800 208e9 28٠0 

Water 1000 2999.99954346217 0.499999771731086 

Copper 8940 110e9 33٠0 

4. Numerical Results 

4.1 Validation 

The accuracy of the numerical model is evaluated by comparing the form function of the copper-clad steel cylinder obtained 
from the FEM with those from analytical and experimental [19] results. The form function is calculated using a normal transmitter-
receiver probe on the copper-clad steel cylinder immersed in the water. Figure 2 and Fig. 3 show the sent pulse and its equivalence 
in the frequency field. The sent pulse has a central frequency of 1MHz and bandwidth of 0.5-1.5MHz. Therefore, the results are 
valid in the normalized frequency, Ka, range of 3 to 10. Figure 5 shows the way of ultrasonic wave propagation in water, and Fig. 6 
shows the scattering of the wave after impinging on the copper-clad steel cylinder. The received signal and its corresponding 
reflecting echo are shown in Fig. 7. Furthermore, the frequency spectrum of the backscattered signal and received reflection echo 
are depicted in Fig. 8. The form function of the cylinder is calculated using the information given by Fig. 8 in Eq. (1). The resonance 
frequencies are represented using the (n,l) index, where n indicates the wavenumber, which is half of the nodes number around 
the cylinder at the constant frequency and standing wave state, and l represents the wave kind around the cylinder. l = 1 represents 
the pseudo-Rayleigh waves, and l = 2,3,… represents the whispering gallery waves. The proposed model is validated by comparing 
this form function with those calculated using the analytical and experimental methods (see Fig. 9). As observed, an excellent 
agreement is observed between the results in terms of the overall form of the form function and the location of the resonance 
frequencies. Furthermore, the values of the normalized frequencies in the results of current research are compared with those of 
the previous experimental works in Table 2.  

 

Fig. 4. The locating structure of the elements in FEM. 

  

Fig. 5. Propagation of the ultrasonic waves in water. Fig. 6. Scattering of the ultrasonic waves after impacting the copper-
clad steel rod is immersed in water. 
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Fig. 7. The backscattering time signal from the copper-clad steel cylinder is immersed in water. 

 

Fig. 8. The frequency spectrum of the backscattering time signal and reflection echo from the copper-clad steel cylinder immersed in water. 

 

Fig. 9. The form function of the copper-clad steel cylinder immersed in water using the FEM, analytical and experimental [19] methods. 

4.2. Interfacial disbond defect between the clad and cylinder  

In this section, the effects of the interfacial disbond defect between the clad and cylinder on the backscattering wave field is 
evaluated. In finite element model, the disbond effect zone between two surfaces has no constraint. However, the remaining 
surfaces with full bond between two objects are connected by tie constraint. The received signal and presence of this defect are 
analyzed using the modified short pulse MIIR technique. The effects of the length and location of this defect on the far-field 
backscattered frequency spectrum is investigated.  

Table 2. Value of the normalized resonance frequency of the form function of the copper-clad steel cylinder immersed in water using the FEM and 
experimental [19] methods. 

(2,2) (3,1) (1,2) (2,1) Mode number (n,l) 

8.28 7.47 5.83 5.01 Resonance frequency (Ka) using experimental method [18] 

8.5464 7.6998 6.0345 4.9784 Resonance frequency (Ka) using finite element method(present) 
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Fig. 10. Schematic and position of the interfacial disbond between the steel cylinder and copper-clad. 

 

Fig. 11. The form function of the copper-clad steel rod immersing in water using the FEM in the intactness and existence of the front-wall 
interfacial disbond defect. 

 

Fig. 12. Variation of the normalized resonance frequency due to the existence of the front-wall interfacial disbond defect. 

(2,1) (1,2) (3,1) (2,2)

0.27mm length front-wall interfacial disbond 0.0007 -0.0178 -0.0152 -0.0207

0.406mm length front-wall interfacial disbond 0.013 -0.0711 -0.0508

0.811mm length front-wall interfacial disbond -0.1364 -0.2598 0.0097

1.217mm length front-wall interfacial disbond -0.2008 0.1494 -0.0129 0.2524

1.622mm length front-wall interfacial disbond -0.1574 -0.49 0.0592

2.434mm length front-wall interfacial disbond -0.2516 -0.0284
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Table 3. Value of the normalized resonance frequency due to the existence of the front-wall interfacial disbond defect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

4.2.1 Front-wall interfacial disbond defect 

In this section, the front-wall interfacial disbond defect and the effects of its arc length on the form function are studied. The 
schematic of these defects' positions is shown in Fig. 10a. The effects of the arc length of this defect on the wave field is evaluated. 
After analysis of the received signal and using the short pulse MIIR technique, the form function in the presence of this defect is 
drawn and compared with the form function of the intact coated cylinder (Fig. 11). Figure 12 shows the variation of the normalized 
frequencies with different arc lengths of this defect. Table 3 shows the accurate value of these normalized frequencies as the arc 
length is increased. The location of the (2,1) frequency mode in this defect for the defect length below 0.811mm is not considerably 
changed compared to the one for the intact coated steel cylinder. However, the location of this mode is decreased sharply with an 
increase of the defect length up to the 0.811mm value. Further increase of the length above this value leads to no considerable 
change in the location of this mode and finally, this mode cannot be specified as the defect length reaches its maximum value. 
Value of the (1,2) frequency mode has a descending trend as the length of the defect is increased up to 0.811mm. At this value, the 
location of this mode is increased sharply and is decreased again after that. The location of the (3,1) normalized frequency mode 
is not changed considerably as the defect length is increased up to 1.622mm, at which specifying the amount of this mode is not 
possible. With a further increment of the defect length of this mode and reaching its maximum value, this mode is specified again 
but its value is sharply decreased. Furthermore, the (2,2) mode cannot be specified as the defect length is increased up to 0.406mm. 
After 0.406mm, the value of this mode is increased sharply up to 1.217mm after which the mode value is decreased again. 

4.2.2. Side-wall interfacial disbonding defect 

The side-wall interfacial disbond defect and the effects of its arc length on the received signal are studied in this section. The 
schematic of these defects' positions is shown in Fig. 10b. The effects of the arc length of this defect on the location of the 
normalized frequencies of the form function is evaluated. 

The received signal is processed using the short pulse MIIR technique and then the form function of these models is drawn. 
The form function in the presence of these defects is compared with the one corresponding to the intact coated cylinder in Fig. 13. 
Figure 14 shows the variation of the normalized frequencies with the arc length of this defect relative to the intact state. The 
accurate values of these normalized frequencies are calculated in Table 4. 

Location of the (2,1) frequency mode is first decreased as the defect length increases but is considerably increased at the defect 
length of 0.811mm. Above this value, the location of this mode is again decreased by the defect length increase. The (1,2) mode is 
first decreased a little but is highly increased when the defect length reaches 0.811mm. This mode is increased with the further 
increase of the defect length above 0.811mm. The (3,1) mode is also decreased a little with the defect length up to 0.811mm at 
which it is increased. This mode is decreased with the further increase of the defect length, but at the maximum defect length of 
2.434, the value of this mode is increased sharply. The (3,1) frequency mode is not changed considerably as the defect length is 
increased up to 0.811mm, at which this mode cannot be specified anymore. 
 
 

 

Fig. 13. The form function of the copper-clad steel rod immersing in water using the FEM in case of the intact cylinder and existence of the side-wall 
interfacial disbond defect. 

Mode number (n,l) (2,1) (1,2) (3,1) (2,2) 

Resonance frequency (ka) without defect 4.9784 6.0345 7.6998 8.5464 

Resonance frequency (ka) when there is a .27mm 
length front-wall between cladding and rod 

4.9791 6.0167 7.6846 8.5257 

Resonance frequency (ka) when there is a .406mm 
length front-wall between cladding and rod 

4.9914 5.9574 7.6490 Not detect 

Resonance frequency (ka) when there is a .811mm 
length front-wall between cladding and rod 

4.8420 5.7747 7.7095 Not detect 

Resonance frequency (ka) when there is a 1.217mm 
length front-wall between cladding and rod 

4.7776 6.1839 7.6869 8.7988 

Resonance frequency (ka) when there is a 1.622mm 
length front-wall between cladding and rod 

4.8210 5.5445 Not detect 8.6056 

Resonance frequency (ka) when there is a 2.434mm 
length front-wall between cladding and rod 

Not detect Not detect 7.4482 8.5180 
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Table 4. Value of the normalized resonance frequency due to the existence of the side-wall interfacial disbond defect. 

Mode number (n,l) (2,1) (1,2) (3,1) (2,2) 

Resonance frequency (ka) without defect 4.9784 6.0345 7.6998 8.5464 

Resonance frequency (ka) when there is a .27mm 
length side-wall disbond between cladding and rod 

4.9717 6.0405 7.6911 8.5802 

Resonance frequency (ka) when there is a .406mm 
length side-wall 

disbond between cladding and rod 
4.9560 6.0496 7.6666 8.5655 

Resonance frequency (ka) when there is a .811mm 
length side-wall 

disbond between cladding and rod 
5.5722 6.1374 7.8754 8.5197 

Resonance frequency (ka) when there is a 1.217mm 
length side-wall 

disbond between cladding and rod 
5.2060 6.1254 7.8423 Not detect 

Resonance frequency (ka) when there is a 1.622mm 
length side-wall disbond between cladding and rod 

5.1986 6.2305 7.8006 Not detect 

Resonance frequency (ka) when there is a 2.434mm 
length side-wall disbond between cladding and rod 

5.1382 6.6818 8.4138 Not detect 

 
 
 
 

 

Fig. 14. Variation of the normalized resonance frequency due to the existence of the side-wall interfacial disbond defect. 
 
 
 
 
4.2.3. Back-wall interfacial disbonding defect 

In this section, the effects of the interfacial disbond defect at the back-wall of the cylinder and also the effects of its arc length 
on the form function are studied. The schematic and position of these defects are shown in Fig. 10c. Furthermore, the effects of the 
arc length of this defect on the values of the normalized frequencies of the form function is evaluated. Like the previous models, 
the received signal of these models is also studied and their form function is plotted. The form function in the presence of these 
defects is compared with the one corresponding to the intact coated cylinder in Fig. 15. Furthermore, figure 16 shows the variation 
of the non-dimensional frequencies with the arc length of this defect, relative to the intact cylinder state. The accurate values of 
these normalized frequencies are presented in Table 5. As observed in Table 5 and Fig. 16, the location of the (2,1) frequency mode 
is increased sharply up to the defect length of 0.811mm and is decreased after that. The (1,2) mode is first decreased but is sharply 
increased when the defect length reaches 0.811mm. Then this mode is decreased again with the further increase of the defect 
length up to 1.217mm, reaching the same value as its initial one, corresponding to the intact condition of this mode. Value of the 
(3,1) frequency mode has an ascending trend as the length of the defect is increased up to 0.811mm and is decreased after that. 
The maximum jump in this mode occurs when the defect length reaches its maximum value. The location of the (2,2) frequency 
mode is not changed considerably in the presence of this defect regardless of its arc length amount. Only when the defect length 
reaches its maximum value, the location of this mode cannot be determined anymore. 

(2,1) (1,2) (3,1) (2,2)

0.27mm length side-wall interfacial disbond -0.0067 0.006 -0.0087 0.0338

0.406mm length side-wall interfacial disbond -0.0224 0.0151 -0.0332 0.0191

0.811mm length side-wall interfacial disbond 0.5938 0.1029 0.1756 -0.0267

1.217mm length side-wall interfacial disbond 0.2276 0.0909 0.1425

1.622mm length side-wall interfacial disbond 0.2202 0.196 0.1008

2.434mm length side-wall interfacial disbond 0.1598 0.6473 0.714
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Fig. 15. The form function of the copper-clad steel rod immersing in water using the FEM in case of the intact rod and existence of the back-wall 
interfacial disbond. 

 

 

Fig. 16. Variation of the normalized resonance frequency due to the existence of the back-wall interfacial disbond. 

Table 5. Value of the normalized resonance frequency due to the existence of the back-wall disbond. 

Mode number (n,l) (2,1) (1,2) (3,1) (2,2) 

Resonance frequency (ka) without defect 4.9784 6.0345 7.6998 8.5464 

Resonance frequency (ka) when there is a .27mm length back-wall disbond 
between cladding and rod 

4.9752 6.0270 7.6993 
 

8.5599 

Resonance frequency (ka) when there is a .406mm length back-wall 

disbond between cladding and rod 
4.9664 6.0058 7.7019 8.5476 

Resonance frequency (ka) when there is a .811mm length back-wall 

disbond between cladding and rod 
5.4519 6.1952 7.7429 8.5673 

Resonance frequency (ka) when there is a 1.217mm length back-wall disbond 
between cladding and rod 

5.2062 6.1068 7.7320 8.5666 

Resonance frequency (ka) when there is a 1.622mm length back-wall disbond 
between cladding and rod 

5.1823 
6.0262 

 
7.7209 8.5152 

Resonance frequency (ka) when there is a 2.434mm length back-wall disbond 
between cladding and rod 

5.1938 6.0412 7.9499 Not detect 

(2,1) (1,2) (3,1) (2,2)

0.27mm length back-wall interfacial disbond -0.0032 -0.0075 -0.0005 0.0135

0.406mm length back-wall interfacial disbond -0.0012 -0.0287 0.0021 0.0012

0.811mm length back-wall interfacial disbond 0.4735 0.1607 0.0431 0.0209

1.217mm length back-wall interfacial disbond 0.2278 0.0723 0.0322 0.0202

1.622mm length back-wall interfacial disbond 0.2039 -0.0083 0.0211 -0.0312

2.434mm length back-wall interfacial disbond 0.2154 0.0067 0.2501

-0.1

0

0.1

0.2

0.3

0.4

0.5

Mode number
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Fig. 17. Schematic and position of the Corrosion defect in the cylinder clad 

 

Fig. 18. The form function of the copper-clad steel rod immersing in water using the FEM in case of the intact cylinder and existence of the front-
wall corrosion defect. 

 

Fig. 19. Variation of the normalized resonance frequency due to the existence of the front-wall corrosion defect. 
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 front-wall corrosion percentage is %10 0.0364 0.0295 0.0396 0.0517
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Table 6. Value of the normalized resonance frequency due to the existence of the side-wall corrosion defect. 

Mode number (n,l) (2,1) (1,2) (3,1) (2,2) 

Resonance frequency (ka) when there is no defect in the 
rod 

4.9784 6.0345 7.6998 8.5464 

Resonance frequency (ka) when 10 percent of front-wall 
cladsrod is distroyed due to correision 

5.0148 6.0640 7.7394 8.5981 

Resonance frequency (ka) when 50 percent of front-wall 
cladsrod is destroyed due to corrosion 

5.1504 6.1778 7.8730 8.7829 

Resonance frequency (ka) when 90 percent of front-wall 
cladsrod is distroyed due to correision 

5.2780 6.2302 8.0844 8.9131 

Table 7. Value of the normalized resonance frequency due to the existence of the side-wall corrosion defect. 

Mode number (n,l) (2,1) (1,2) (3,1) (2,2) 

Resonance frequency (ka) when there is no defect in the rod 4.9784 6.0345 7.6998 8.5464 

Resonance frequency (ka) when 10 percent of side-wall cladsrod is 
destroyed due to corrosion 

4.9834 6.0440 7.7323 8.5632 

Resonance frequency (ka) when 50 percent of front side-wall 
cladsrod is destroyed due to corrosion 

5.0338 6.0553 7.8970 Not detect 

Resonance frequency (ka) when 90 percent of front side-wall 
cladsrod is destroyed due to corrosion 

5.0982 6.1000 8.0604 Not detect 

 

Fig. 20. The form function of the copper-clad steel rod immersing in water using the FEM in case of the intact cylinder and the existence of the side-
wall corrosion defect. 

 

 

Fig. 21. Variation of the non-dimensional resonance frequency due to the existence of the side-wall corrosion defect. 
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side-wall corrosion percentage is %10 0.005 0.0095 0.0325 0.0168

side-wall corrosion percentage is %50 0.0554 0.0208 0.1972
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4.3. Corrosion defect in the cylinder clad 

The corrosion defect is of the most common defects of the coated cylinders. In this research, the effects of the clad corrosion 
on the backscattered ultrasonic wave is studied. For this purpose, the effects of the corrosion percentage and location on the results 
obtained from the wave field are investigated.  

4.3.1. Front-wall corrosion defect 

The schematic and position of this defect are shown in Fig. 17a. In this section, the effects of the corrosion percentage, at the 
front-wall, on the wave behavior is evaluated. Using the deconvolution of the received signal, the form function of these models is 
also drawn. The form function of these models is drawn in Fig. 18. Values of the normalized frequencies of form functions in the 
presence of this defect and their variation relative to the intact cylinder are presented in Table 6 and Fig. 19, respectively. Results 
show that amount of all frequency modes in this defect is increased with the corrosion amount. 

4.3.2 Side-wall corrosion defect 

Figure 17b shows the schematic and position of this defect. The goal of this model is to evaluate the behavior of the ultrasonic 
wave field in the presence of this defect and the effects of the corrosion percentage on the results. The form functions of these 
models are calculated after performing the mathematical operations and calculations on the received signal (see Fig. 20). For a 
better evaluation of the results, the normalized frequencies of the form functions in the presence of this defect and their variations 
relative to those obtained from the intact cylinder are shown in Table 7 and Fig. 21, respectively. 

Location of frequency modes of (2,1),(1,2), and (3,1) is increased with the corrosion amount. Value of the (2,2) mode is increased 
in case the corrosion percentage is %10. With the further increase and reaching the %50 corrosion and above, it is impossible to 
specify the location of this mode.   

 

Fig. 22. The form function of the copper-clad steel rod immersing in water using the FEM in the intactness state and existence of the back-wall 
corrosion defect. 

 

Fig. 23. Variation of the normalized resonance frequency due to the existence of the back-wall corrosion defect. 
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back-wall corrosion percentage is %10 0.023 0.0204 0.0178 -0.0218

back-wall corrosion percentage is %50 0.1056 0.0921 0.0808 -0.0437

back-wall corrosion percentage is %90 0.1812 0.1081 0.0853 -0.0396
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Table 8. Value of the normalized resonance frequency due to the existence of the back-wall corrosion defect. 

Mode number (n,l) (2,1) (1,2) (3,1) (2,2) 

Resonance frequency (ka) when there is no defect in the rod 4.9784 6.0345 7.6998 8.5464 

Resonance frequency (ka) when 10 percent of back-wall 
cladsrod is destroyed due to corrosion 

5.0014 6.0549 7.7176 8.5246 

Resonance frequency (ka) when 50 percent of front back-
wall cladsrod is destroyed due to corrosion 

5.0840 6.1266 7.7806 8.5027 

Resonance frequency (ka) when 90 percent of front back-
wall cladsrod is distroyed due to correision 

5.1596 6.1426 7.7851 8.5068 

 

4.3.3 Corrosion defect at the cylinder back-wall 

Figure 17c shows the schematic and schematic of this defect. The field of the backscattered ultrasonic wave at the situation 
that the defect is presented at the cylinder back-wall and the effects of the clad corrosion percentage on the form function is 
investigated for this state. The form function in this model is similarly calculated using the MIIR technique applied to the received 
signal (Fig. 22). Figure 23 and Table 8 show the obtained results from these models.  

The location of (2,1), (1,2), and (3,1) frequency modes is increased as the corrosion amount is increased. However, the (2,2) 
frequency mode has different behavior and is decreased as the corrosion amount is increased such that the possibility of specifying 
the location of this mode is eventually canceled as the corrosion amount reaches %90.  

5. Conclusions 

Correct calculation of the scattering field is crucial for using ultrasonic waves. The form function is an obtained result from the 
scattering field. The precise calculating of this diagram is very important because the intactness of the body can be studied using 
that. For the first time in this research, the form function of a copper-clad steel rod that is immersed in water is calculated using 
the FEM available in the commercial ABAQUS software. The precision and correctness of the proposed model are evaluated by 
comparing the results with those from analytical and experimental. The value of resonance frequencies and the obtained form 
function have good agreements with the analytical and experimental results that manifest the correctness of the proposed model. 
Furthermore, the possibility of using the backscattered frequency spectrum for specifying two common defects in these rods, i.e., 
the corrosion of the rod coating and separation of the coating from the steel rod, was investigated. It was found that the location 
of the corrosion and interfacial disbond between the clad and rod defect, the corrosion amount, and the length of the interfacial 
disbond defect can be specified using the backscattering ultrasonic waves. 
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