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Abstract: Revealing the interactions of sound wave with both SiC particles and 

internal defect is crucial for facilitating the detectability of internal defect features in 

SiCp/Al by using ultrasonic testing (UT). In the present work, we demonstrate the 

feasibility of UT of internal flat-bottom holes with diameters ranging from 0.2 mm to 

2 mm in SiCp/Al composites through the combination of finite element simulations 

and experiments. Specially, a 2D finite element model of UT of SiCp/Al with 

consistent geometrical features of SiC particles with experimental one is established, 

the accuracy of which is validated by theoretical and experimental characterizations 

of P-wave velocity and ultrasonic attenuation coefficient of SiCp/Al. Subsequently, 

the propagation behavior of sound wave in the SiCp/Al specimen with pre-existing 

defect under UT, in particular the impact of defect boundary on the scattering 

behavior of sound wave, is revealed in detail by finite element simulations and also 

validated by corresponding experiments. Furthermore, the UT limit of detectable size 

of the internal defects is revealed jointly by finite element simulations and 
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experiments, based on which a correlation map between defect size and echo signal 

amplitude is established. Current study provides theoretical and practical guidance for 

the UT of internal defects in SiCp/Al composites. 

 

Keywords: SiCp/Al; ultrasonic testing; flat-bottom hole; wave-particle interaction; 

finite element simulation. 

 

1 Introduction 

Silicon carbide particle-reinforced aluminum metal matrix composites (SiCp/Al) 

are widely used in fields of aerospace, electronic engineering and optical instruments, 

due to their unique mechanical and physical properties such as low thermal 

expansion, high specific stiffness and high wear resistance [1-3]. While internal 

defects such as voids, cracks, inclusions and particle clustering are inevitable 

generated during the synthesis and subsequent manufacturing processes of SiCp/Al 

composites [4, 5], the pre-existing internal defects have a strong impact on the 

mechanical properties and performance of SiCp/Al-based components [6, 7]. Non-

destructive testing (NDT) techniques, which are based on ultrasonics, eddy current, 

thermography, etc., are usually used for the quality assessment of internal defect or 

intrinsic characteristics of SiCp/Al composites [8-10]. Thus, how to accurately 

characterize geometrical features of pre-existing internal defects in SiCp/Al 

composites by using NDT techniques is essentially required for maintaining the safety 

as well as the reliability of SiCp/Al-based components.  

Ultrasonic testing (UT) is one of the most widely used NDT techniques for 

identifying features of internal defects of various materials [11]. In the most 

commonly used pulse-echo UT process, by analyzing the received signal of ultrasonic 

pulsed waves that are reflected by internal defects, geometrical parameters of internal 

defects, such as location, size and orientation, can be acquired. In particular, in 

addition to experiments of UT processes that are only capable of deriving echo 

signals, finite element (FE) simulations of UT processes have been widely performed 



 

 

to provide dynamic information of ultrasonic wave propagation in the target material, 

thus enabling in-depth fundamental understanding of UT process. While there are 

considerable FE simulations and experimental investigations of UT of single-phase 

materials reported in the past decades [12, 13], rather rare attention has been paid to 

the UT of multi-phase SiCp/Al composites. The UT of multi-phase SiCp/Al 

composites is far more complicated than that of single-phase materials, due to the 

strong scattering and serious attenuation of ultrasonic wave propagation in SiCp/Al 

composites caused by the discontinuity and inhomogeneity of Al-SiC interfaces and 

SiC particles. Specifically, the strong difference in acoustic impedance between Al 

matrix and SiC particle increases the scattering of ultrasonic waves at Al-SiC 

interface. Furthermore, both Al-SiC interfaces and polygon SiC particles possess 

random orientations with respect to transmitted pulsed waves. Consequently, the low 

signal-to-noise ratio (SNR) of received signals accompanied by the seriously 

aggravated internal noise leads to low detection ability of UT for identifying internal 

defects in SiCp/Al composites [14]. Thus, a fundamental understanding of the 

coupled effect of SiC particles and internal defects on the wave propagation behavior 

is crucial for facilitating the detectability of micro defects in SiCp/Al composites by 

UT.  

Recently, UT has been utilized to experimentally and theoretically characterize 

geometrical features of internal SiC particles in SiCp/Al composites, as well as their 

mechanical properties. On the experimental side, Podymova et al. used broadband 

laser ultrasonic spectroscopy to quantitatively evaluate the combined effect of volume 

ratio of SiC reinforcements and porosity content on phase velocity of longitudinal 

waves (P-wave) of SiCp/Al composites, and established the relationship between 

relative velocity dispersion and porosity for quantitative characterization of porosity 

of SiCp/Al composites [15, 16]. Adalarasu et al. proposed a mathematical model for 

predicting Young's modulus of SiCp/Al by UT, which is verified by experiments and 

standard theoretical models [17]. Bindumadhavan et al. used ultrasonic velocity 

measurement method to quantitatively estimate the debonding coefficients of 3-15 

vol.% A356-SiCp composites [18]. On the theoretical side, Jeong et al. used UT 



 

 

combined with microstructure analysis technique to characterize the anisotropic 

elastic properties of SiCp/Al composites, and developed a theoretical model for 

predicting the anisotropic stiffness of SiCp/Al composites [19, 20]. Lu et al. 

established a theoretical model on the relationship between the macroscopic response 

(ultrasonic velocity) and the microstructures of SiCp/Al by taking the measured 

statistical particle orientation distribution into account, from which the ultrasonic 

velocity of SiCp/Al composites can be predicted [21]. Gur et al. performed 

metallographic examinations and hardness tests to study the influence of volume ratio 

of SiC particles on mechanical properties and ultrasonic velocity of SiCp/Al 

composites [22]. More recently, Lu et al. performed systematic FE simulations of UT 

of SiCp/Al composites to evaluate the interaction between SiC particles and ultrasonic 

wave, as well as its dependence on particle size, excitation signal frequency and A-

scan signal [23]. 

Although previous work provided valuable insights into the UT of SiCp/Al 

composites, to the best of authors’ knowledge, there is neither experimental nor 

theoretical work on the UT of internal defects in SiCp/Al composites reported. 

Questions have been raised but not yet answered: what’s the combined impact of 

coupled SiC-Al interfaces and SiC particles on the ultrasonic wave propagation 

behavior in the two-phase composites? Whether internal defects in SiCp/Al can be 

detected by UT, given the strong scattering and serious attenuation of ultrasonic sound 

wave? If yes, what’s the minimum detectable size of internal defects in SiCp/Al by 

UT?  

Therefore, in the present work we perform both experimental investigation and 

FE simulations to demonstrate the feasibility and detectability of UT of internal 

defects in SiCp/Al composites. Specifically, a 2D FE model of UT of SiCp/Al with 

polygon SiC particles and pre-existing flat-bottom holes is established. In particular, 

since the geometries of both SiC particles and internal defects greatly complicate the 

interaction between transmitted ultrasonic wave and target material, the simulated 

geometrical features of SiC particles are consistent with the experimentally observed 

real microstructural characteristics of the SiCp/Al specimen. The accuracy of the as-



 

 

established FE model of UT of SiCp/Al is verified by measurement experiments of P-

wave velocity and ultrasonic attenuation of the SiCp/Al specimen. Subsequently, FE 

simulations and experiments of UT of internal flat-bottom holes with different 

diameters in the SiCp/Al specimen are performed, which reveal the interaction of 

ultrasonic wave with both SiC particles and internal defects, as well as the detection 

limit of internal defect size.  

2 Methodologies 

2.1 Experimental setup of UT of SiCp/Al 

 

Fig. 1 SEM image of SiCp/Al6061 specimen. 

The tested cubic SiCp/Al6061 specimen has a dimension of 100 mm in each 

direction. The reinforced SiC particles have an average size of 15 μm and a volume 

fraction of 25%. Fig. 1 shows the scanning electron microscope (SEM) image of the 

SiCp/Al specimen, which shows that erose polygon SiC particles are randomly 

distributed in Al matrix. The physical parameters of the constituent phases of SiC and 

Al are listed in Table. 1 [24, 25]. As illustrated in Fig. 2, there are 9 pre-existing flat-

bottom holes fabricated in the SiCp/Al specimen with an equal spacing of 10 mm 

between each other. Specifically, each hole has the same distance of 10 mm from the 



 

 

hole center to the incident surface placed with the ultrasonic transmitter. While the 

diameters of embedded holes are 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.2, 1.6 and 2.0 mm, each 

hole has the same ratio of depth to diameter as 10.  

Table. 1 Physical parameters of Al matrix and SiC particle [24, 25]. 

Material properties Al6061 SiC 

Density (Kg/m3) 2.7e3 3.13e3 

Elastic modulus (GPa) 71.9 420 

Poisson’s ratio 0.34 0.14 

The immersion UT of SiCp/Al is carried out by using the USIP 40 UT instrument 

with a P-wave piezoelectric probe, which has a diameter of 12.7 mm and a nominal 

frequency of 10 MHz, the detailed configuration of the UT system can be found 

elsewhere [26]. In the UT process, the axis of the ultrasonic transmitter is 

perpendicular to the centerline of embedded flat-bottom hole. The transmitter placed 

on the specimen surface moves from left side to the right side of the specimen with an 

incremental distance of 0.1 mm. The transmitter is triggered at each detection point to 

generate the echo signal in complete time domain. The A-scan signal of each 

embedded flaw is taken as the peak value of first echo signal in partial area. In such a 

way, the point-by-point visual C-scan image is generated. 

 

Fig. 2 Schematic diagram of geometries of pre-existing flat-bottom holes. 

2.2 FE modeling of UT of SiCp/Al 

Fig. 3 shows the 2D FE model of UT of SiCp/Al with a pre-existing internal 

defect. SiC particles with polygon shapes are randomly distributed in Al matrix, 



 

 

which is consistent with observed features of real microstructures shown in Fig. 1. 

The SiCp/Al specimen has a dimension of 2.4 mm in width and 5 mm in height, and 

contains 14728 SiC particles with an average size of 15 μm and a volume fraction of 

25%, which are consistent with the specimen used in the experiment. Both SiC 

particles and Al matrix are considered as isotropic linear elastomers, and Al-SiC 

interface is considered to be a perfect combination. The SiCp/Al specimen is meshed 

by CPE4R elements with a mesh size of 5 μm [27]. According to the Courant-

Friedrichs-Lewy (CFL) stable condition, the maximum time increment in this study is 

set to 3e-9 s [28, 29]. The embedded hole is placed with a distance of 1.2 mm from its 

central point to the bottom of the SiCp/Al specimen. Be consistent with the 

geometrical parameters of pre-existing defects in the experiments, 9 holes with 

diameters of 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.2, 1.6 and 2.0 mm are considered in the FE 

simulations. Infinite boundary condition is adopted on both sides and the bottom of 

SiCp/Al specimen to prevent the boundary reflection of ultrasonic wave. Thus, the 

back-echo signals received mainly consist of reflection waves by the pre-existing 

internal defects.  

 

Fig. 3 2D FE model of UT of SiCp/Al with a pre-existing internal defect. 

As shown in Fig. 3, a transmitter is placed in the center of top surface of SiCp/Al 



 

 

specimen, acting for both the excitation source of pulsed wave and receiving area of 

echo signal. Ultrasonic sound wave is generated by the vibration of a piezoelectric 

probe that is applied with a voltage, and a varying displacement applied to the probe 

position in the FE model can be used to represent this vibration. Nakahata et al. also 

used displacement to characterize the wave propagation in FE simulation of UT [30]. 

Therefore, the strategy of displacement load with varying amplitudes is used to 

simulate a single-cycle ultrasonic excitation source in the FE simulation of UT, the 

excitation function of which 
( )tY  is in a form of square wave expressed in Equ. (1): 
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where f , t  and N  is ultrasonic frequency, time and number of periods, respectively. 

Both the rise and fall time of the excitation signal is set to 1/10 of its period to prevent 

mesh distortion and calculation errors during the FE simulations. In the experimental 

process of UT, the non-acoustic noise caused by the electronic circuit of the 

instrument also contributes to the echo signal, in addition to the acoustic noise caused 

by internal defects [31]. In order to verify the influence of non-acoustic noise on 

detection ability of UT, a Gaussian white noise signal at 6 dB is added to the ideal 

signal, which yields the real signal shown in Fig. 4. It is seen from Fig. 4 that 

although the two signals have the same changing trends, the real signal has a 

pronounced irregular disturbance due to the superposition of white noise signal.  



 

 

 

Fig. 4 FE simulation results of ideal signal and real signal incorporated with white noise signal. 

 

3 Results and discussion 

3.1 P-wave velocity of SiCp/Al 

Acquiring the P-wave velocity of SiCp/Al composites is prerequisite for the UT 

of internal defects in SiCp/Al. The propagation path of ultrasonic waves can be 

superimposed by individual paths associated with single SiC particle, given the 

infinitely randomly distributed SiC particles in the transmitted target material. Since 

the probe diameter of 12.7 mm is far larger than the average particle size of 15 μm, 

the number of incidence paths of ultrasonic waves on particles is infinity. When the 

volume fraction of the composite material does not exceed π/4 (78.54%), the model of 

SiCp/Al can be simplified to a square with a circle with a radius of r in the center and 

a side length of a, as shown in Fig. 5(a). The volume fraction of SiCp/Al can be 

calculated from the formula of 
2 2/fra r a= , where 1 2 3

0 0 0 0, , , nP P P P  are the 

possible incidence paths of acoustic wave in this model, which have the same 

incidence probability of each path and n is infinite. Assuming that the average value 

of the ultrasonic wave propagation velocity on all paths is the P-wave velocity of the 

model, and the equivalent propagation time of sound wave t  in SiCp/Al can be 

expressed as Equ. (2): 
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where 0
iP

Ml  and 0
iP

Pl  denotes the distance of the matrix and particle through that the path 

0

iP , respectively.  Mc
 
and Pc  is P-wave velocity in matrix and particle, respectively. 

Therefore, the theoretical P-wave velocity of the SiCp/Al specimen can be derived 

from Equ. (3):  
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The P-wave velocity c  in single phase material can be derived from Equ. (4) 

[19]: 
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where E ,   and   is elastic modulus, Poisson's ratio and density of the material, 

respectively. According to the material properties listed in Table. 1, the derived P-

wave velocity for Al matrix Mc  and SiC particle Pc  is 6148.93 m/s and 11857.22 m/s, 

respectively. For a given volume fraction of SiC particles fra  of 0.25, the 

theoretically derived P-wave velocity of the SiCp/Al composites is 6886.83 m/s.  

 

Fig. 5 Simplified unit cell model of SiCp/Al composites for the calculation of P-wave velocity. 



 

 

Table. 2 Experimental results of P-wave velocity measurement. 

Sampling point 1 2 3 4 5 

P-wave velocity (m/s) 6928.8 7030.87 6935.33 7037.56 7010.89 

The P-wave velocity of SiCp/Al is also measured based on the pulse-echo 

method by experiments and FE simulations. Specifically, five sampling points with an 

equal spacing of 10 mm are subjected to UT experiments with a frequency of 10 

MHz, and the derived results for each point are listed in Table. 2. The average P-wave 

velocity obtained from UT experiments is 6988.69 m/s. In the FE simulation of UT, 

the P-wave velocity is calculated using the primary and secondary echoes of the UT 

signal with a frequency of 10 MHz and a defect diameter of 2 mm. Fig. 6 plots the 

primary and secondary echo signals. The P-wave velocity Lc  can be derived by Equ. 

(5): 

( ) ( )L 2 17.6 /c Dia t t= − −                                       (5) 

where Dia  is the defect diameter, 1t  and 2t  is the time receiving the primary echo and 

secondary echo, respectively. The P-wave velocity of SiCp/Al predicted by the FE 

simulation is 6755.13 m/s. The derivation in the P-wave velocity of SiCp/Al derived 

by analytical investigation and FE simulation from experimentally measured one is 

1.457% and 3.342%, respectively, indicating a high predication accuracy of the FE 

model of UT of SiCp/Al. 

 

Fig. 6 FE simulation results of echo signal with an ultrasonic frequency of 10 MHz and a defect 

diameter of 2 mm. 



 

 

3.2 Ultrasonic attenuation coefficient of SiCp/Al 

   

Fig. 7 a) Schematic diagram of UT of internal defects in SiCp/Al; b) Interaction between 

ultrasonic waves with Al-SiC interface; c) Interaction of ultrasonic waves with defect. 

The propagation process of ultrasonic waves in SiCp/Al specimen is illustrated 

in Fig. 7(a). Fig. 7(b) and (c) further shows the interaction of ultrasonic waves with 

Al-SiC interface and internal defect, respectively. Ultrasonic waves are reflected at 

both the irregular Al-SiC interfaces and defect. In addition, a large number of 

independent SiC particles in Al matrix cause the ultrasonic waves to be reflected back 

and forth between the particles when the acoustic impedance mismatch occurs [32]. 

And signal attenuation occurs if echo signal cannot be received by probe due to the 

large reflection direction of ultrasonic wave. Therefore, ultrasonic signal triggered by 

the transmitter attenuates gradually due to the reflection and scattering by both SiC 

particles and defects in the SiCp/Al specimen, which leads to the weaken of echo 

signal reflected by the defect. 



 

 

 

Fig. 8 A-scan signal in ultrasonic attenuation test of SiCp/Al with an ultrasonic frequency of 10 

MHz. 

The attenuation coefficient is experimentally measured by the pulse-echo method 

using a single chip probe with a frequency of 10 MHz, and the resulting A-scan signal 

is shown in Fig. 8. The blue and green gate represents the first and second echo, 

respectively. The attenuation coefficient   can be calculated by Equ. (6): 
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where mA  and nA  is amplitude value of the m-th and n-th bottom echo (n > m), 

respectively. T is the thickness of the specimen. The experimentally obtained 

attenuation coefficient from Fig. 8 and theoretically derived one from Fig. 6 is 0.671 

dB/mm and 0.618 dB/mm, respectively, which has a deviation of 7.9% between each 

other.  

 

3.3 UT behavior of internal defect in SiCp/Al 



 

 

 

Fig. 9 A-scan signal from a) FE simulations and b) experiments of internal defect with a diameter 

of 0.8 mm in SiCp/Al. 

FE simulation of UT of SiCp/Al specimen with a pre-existing defect diameter of 

0.8 mm (herein referred as defect model) is performed under a frequency of 10 MHz. 

For the comparison purpose, FE simulation of UT of SiCp/Al without pre-existing 

defect (herein referred as defect-free model) is also performed. Fig. 9 plots the A-scan 

signals derived from the FE simulations, which show that the signals of both the 

defect model and the defect-free model coincide in the non-echo period. With the 

advance of transmitted ultrasonic wave, however, there is a clear echo observed for 

the defect model, while the amplitude of echo for the defect-free model is stable as 0. 

According to the time interval between transmitted and echo signals, the predicted 

distance of the defect to specimen surface is 4.002 mm for the ideal signal, which 

agree well with the pre-assigned distance of 3.80 mm. Fig. 9(a) also indicates that the 

incorporation of white noise signal has a strong impact on the derived A-scan signal. 

Specifically, the amplitude signal of the defect model with real signal has a large 

disturbance at the beginning of detection and gradually decreases with time. 



 

 

Compared with the ideal signal model, the model with real signal has a smaller echo 

peak time but with a higher peak value, due to that the fluctuation of the real signal 

brings more energy. Moreover, the predicted distance of the defect to specimen 

surface by the real signal is 3.84 mm that possesses a derivation of 0.01% from the 

pre-assigned distance of 3.80 mm, indicating a higher prediction accuracy than that by 

the ideal signal. Thus, the incorporating of white noise signal is essentially needed in 

the FE simulation of UT. 

Be consistent with the FE simulation, UT experiment of the SiCp/Al with a 

defect diameter of 0.8 mm under a frequency of 10 MHz is also performed. Fig. 9(b) 

presents the A-scan signal obtained from the UT experiment. The -6 dB criterion is 

used to determine whether the defect is detectable. It is seen from Fig. 9(b) that 

although there are significant noise signals existed in the A-scan signal curve, the 

SNR exceeds 2, which makes the internal defect detectable. Fig. 9 indicates that both 

the FE simulation and experiment of UT have excellent detectability for the internal 

defect with a diameter of 0.8 mm in SiCp/Al.  

The propagation behavior of ultrasonic wave in the SiCp/Al specimen is further 

analyzed in detail by FE simulations. Figs. 10(a)-(e) and 10(f)-(j) present the 

propagation processes of ultrasonic waves in the SiCp/Al without and with internal 

defect with a diameter of 0.8 mm, respectively. Figs. 10 (a) and (f) show that the 

propagation of ultrasonic waves is parallel to specimen surface for the two models 

before reaching the defect, given the same position and size of SiC particles. With the 

further propagation of ultrasonic wave, the wave-front in the defect-free model 

remains horizontal. However, there is a significant attenuation of ultrasonic wave in 

the defect model, caused by the interaction of ultrasonic wave with the defect. As 

shown in Figs. 10(b) and (g), when the ultrasonic wave starts to contact with the 

defect, the peak of ultrasonic wave is lower than that of the defect-free model. When 

the ultrasonic wave propagates to the middle of the defect, the interaction of 

ultrasonic wave with the defect leads to formation of an ultrasonic wave opposite to 

the incident ultrasonic wave, as shown in Fig. 10(h).  



 

 

 

Fig. 10 The propagation processes of ultrasonic wave in UT of (a)-(d) defect-free model; (e)-(h) 

defect model with a defect of diameter of 0.8 mm. The ultrasonic wave morphology at time of (a) 

and (f) 0.212 μs; (b) and (g) 0.462 μs; (c) and (h) 0.539 μs; (d) and (i) 0.617 μs; (e) and (j) 1.018 

μs. 

Fig. 10(i) further shows that when the ultrasonic wave reaches the bottom of 

defect, a ring-shaped ultrasonic wave form is generated when it has been reflected by 

the defect boundary. And an annular waveform is generated above the defect caused 

by the oscillations of ultrasonic wave on the defect surface, which is resulted from 

both the reflection from the top boundary of the defect and radiation of the reflected 

waves. Figs. 10(e) and (j) show snapshots at the time when a defect-reflected echo 

reaches the upper specimen surface. Since the bottom of specimen in the FE 

simulation is set to an infinite boundary, there is no wave reflected for the defect-free 

model. However, the defect-reflected echo in the model is transmitted upward in 

annular-shaped waveform, as shown in Fig. 10(j). 



 

 

 

Fig. 11 A partial view of the interaction of ultrasonic waves with defect and particles: (a) and (b) 

Local 1; (c) and (d) Local 2; (e) and (f): Local 3. 

The impact of defect on the interaction of ultrasonic wave with SiC particles is 

further evaluated by FE simulations. Three typical positions shown in Fig. 10 are 

selected to observe the interaction between ultrasonic waves and the defect, as Local 1 

(the top of the defect), Local 2 (the left side of the defect) and Local 3 (the bottom of 

the defect), respectively. Fig. 11 shows enlarged snapshots of ultrasonic waves 

propagation in the two models at the time when waves propagate to the selected local 

positions shown in Fig. 10. As shown in Figs. 11(a) and (b), the existence of the 

defect reduces the hindrance of material deformation accompanied with the increase 

of the propagation speed of ultrasonic waves, so the ultrasonic waves close to the 

defect are transmitted downward at a high speed. Fig. 11 (d) shows the moment when 

the ultrasonic wave reaches the middle of the defect, which indicates that the closer 

the position to the middle of defect, the denser the gradient of ultrasonic wave. 

However, when the ultrasonic wave propagates to the lower part of the defect, the 

gradient of ultrasonic wave begins to recover to be similar with that in the defect-free 

model. Fig. 11 (f) shows that when the ultrasonic wave is transmitted to the bottom of 



 

 

the defect, the speed of the ultrasonic wave near the defect is slower. Furthermore, the 

bottom of the defect cannot receive the initial ultrasonic signal, because the ultrasonic 

wave emitted by the probe is blocked by the defect. 

 

3.4 UT limit of detectable defect size in SiCp/Al 

UT experiments of pre-existing internal defects with different diameters in 

SiCp/Al specimens with a frequency of 10 MHz are carried out. Fig. 12(a) presents 

the C-scan image derived from the UT experiments, which shows that the critical 

diameter of the detectable internal defect is 0.3 mm. Fig. 12(b) and (c) further shows 

the A-scan signal for the defect diameter of 0.2 mm and 0.3 mm, respectively. Fig. 

12(b) shows that the amplitude of the defect echo signal for the defect diameter of 0.2 

mm is less than twice of the amplitude of the noise, which limits the ability of defect 

detection. In contrast, Fig. 12(c) demonstrates that the amplitude of echo signal of the 

defect diameter of 0.3 mm is significantly higher than twice of the noise signal, thus 

leading to detectable internal defect in the SiCp/Al specimen. 

 

Fig. 12 Experimental results of UT of internal defects with different diameters in SiCp/Al 

specimen with an ultrasonic frequency of 10 MHz. (a) C-scan image; A-scan signal of defect 

diameter of (b) 0.2 mm and (c) 0.3mm. 



 

 

Accordingly, Fig. 13(a) shows the simulated A-scan signals for defects with 

different diameters under a frequency of 10 MHz. In the FE simulation, the echo 

signal has the same amplitude characteristics as the excitation signal. Therefore, in the 

simulation results, the first obvious signal with positive and then negative is regarded 

as the echo signal, and the other signals are regarded as the noise signal. Fig. 13(a) 

shows that the smaller the defect diameter, the lower the amplitude of echo signal. 

Fig. 13(b) presents variations of SNR with the defect diameter. As shown in Fig. 

13(b), the value of SNR is proportional to the defect diameter. And the SNR is 1.67 

and 2.13 for the diameter of 0.1 mm and 0.2 mm, respectively, so the critical defect 

diameter for detectable defect by FE simulation is 0.2 mm. The lower critical defect 

diameter of 0.2 mm by the FE simulation than the experimental one of 0.3 mm can be 

attributed to ignoring of interface delamination and pores in SiCp/Al specimen, the 

existence of which leads to increase of ultrasonic attenuation coefficient [12]. 

 

Fig. 13 FE simulation results of UT for internal defects with different diameters under a frequency 

of 10 MHz. (a) A-scan signal; (b) variation of SNR with defect diameter. 

Fig. 14(a) and (b) presents the contour of ultrasonic wave after passing the defect 

in SiCp/Al for the defect diameter of 0.1 mm and 0.2 mm, respectively. It is seen from 

Fig. 14 that the wave-front of the model with defect diameter of 0.1 mm has better 

continuity than the model with defect diameter of 0.2 mm, because the lower defect 

diameter is accompanied by a smaller blocking effect of the defect to the ultrasonic 

wave propagation. In particular, the defect echo for the defect diameter of 0.1 mm is 

not obvious, while the defect echo for the defect diameter of 0.2 mm can be better 

distinguished from the contour. 



 

 

 

Fig. 14 FE simulation results of wave propagation in SiCp/Al with defect diameter of (a) 0.1 mm 

and (b) 0.2 mm. 

Above results indicates that for the same type of defects, the stronger the A-scan 

echo signal, the larger the defect size. FE simulations of UT of internal defect in 

SiCp/Al under different frequencies ranging from 1 to 10 MHz are further carried out. 

And a database is established for the same type of defects containing echo amplitude 

and its corresponding defect size, as shown in Fig. 15. It is seen from Fig. 15 that the 

defect size can be directly determined by the frequency and the amplitude of the echo 

signal according to the as-established contour. Specifically, high echo amplitude is 

conducive to defect detection for the same diameter of defects. And each defect 

diameter has an optimal inspection frequency 
optif . The relationship between the 

optimal inspection frequency and the defect diameter can be roughly expressed by the 

formula of 
opti 1.875 3.6f Dia= + . We note that the volume fraction of SiC particles 

considered in this work is 25%. Due to the obvious differences in casting defect 

characteristics of SiCp/Al composites with different volume fractions of SiC particles, 

the above relationship may vary with volume fractions of SiC particles. Nevertheless, 

the strategy presented in this work provides not only insights into the sound wave-

particle-defect interactions, but also the methodologies for NDT of defects in SiCp/Al 

composite by UT. 



 

 

 

Fig. 15 The contour of signal peak for UT of defects with different diameters under different 

frequencies. 

4 Summary 

In summary, we perform theoretical analysis, FE simulations and experiments to 

investigate the UT of internal flat-bottom holes with diameters ranging from 0.2 mm 

to 2 mm in SiCp/Al composites. A FE model of UT of SiCp/Al containing the same 

microstructural features of SiC particles and UT conditions with experimental 

configuration is established. The deviation of P-wave velocity and ultrasonic 

attenuation coefficient of SiCp/Al predicted by the FE model of UT from that 

obtained by experiments is 3.342% and 7.9%, respectively. Subsequent FE 

simulations and experiments demonstrate the feasibility of characterizing internal 

defects with minimum diameter of 0.2 mm in SiCp/Al by utilizing the pulse-echo UT 

method. FE simulations further reveal that the presence of defect boundary has a 

strong impact on the propagation behavior in terms of propagation direction and 

reflection intensity of P-wave in the SiCp/Al specimen, which are strongly correlated 

with defect size. Finally, a correlation map between echo signal amplitude and defect 

size is provided for directly deducing the size of flat-bottom hole in UT of SiCp/Al 

composites.  
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