
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of

Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/26087

To cite this version :

Mathieu DUCOUSSO, Olivier GHIBAUDO, Stéphane AMIEL - Surface imaging using total
focusing method on surface waves for non destructive testing - NDT & E International - Vol. 146,
p.103176 - 2024

Any correspondence concerning this service should be sent to the repository

Administrator : scienceouverte@ensam.eu

https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/26087
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/


  

Rayleigh wave TFM for NDT, Ducousso et al.; NDT & E 

 

Surface imaging using total focusing method on surface waves for non destructive 

testing1 

Mathieu Ducousso, a,b Olivier Ghibaudoa, Stéphane Amiela  

 

a Safran Tech, Digital Sciences & Technologies Department, Rue des Jeunes Bois, 

Châteaufort, 78114 Magny-Les-Hameaux, France 

b Laboratoire PIMM, Arts et Métiers Sciences et Technologies, CNRS, CNAM, HESAM 

Université, Paris, France 

 

Corresponding author: mathieu.ducousso@safrangroup.com 

 

 

Abstract 

We demonstrate the effectiveness of total focusing methods (TFM) using Rayleigh 

waves for surface and sub-surface nondestructive inspection of different metals. The 
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relatively low velocity of Rayleigh waves leads to sub-100 µm resolution imaging, with a 

penetration depth approximately equal to its wavelength. This allows for imaging and sizing 

sub-millimetric holes, possibly on coated material, as well as cracks, segregations, and other 

defects. The waves can propagate over long distances and works with curved surfaces or very 

close to edges. This shows potential for a new type of real-time surface inspection of large 

surfaces, with excellent spatial resolution. The process is free of chemical preparation and 

cleaning, and can be fully automated, from acquisition to decision or for making surface 

digital twin.    

Keywords: 

corrosion, cracks, ultrasonic imaging, Rayleigh wave, phased-array 

1. Introduction 

Surface inspection is used with almost all structural materials. In general, defects include 

cracks, porosities, discontinuities, leaks, laps, seams, inclusions, segregations, and so on. 

Because of their dimensions or their location just under the surface, indications may not be 

visible to the naked eye and so nondestructive methods have been developed to make these 

inspections. Classical methods are dye penetrant testing (PT) and magnetic particle testing 

(MT). 

PT is the most widely used nondestructive testing method for detecting surface-breaking 

defects in various materials. It is relatively simple, cost-effective, and can be performed on a 

wide range of materials including metals, plastics, ceramics, and composites. However, it is 

important to note that PT is only a surface-level inspection method and can only detect 

defects that are open to the surface. It is not suitable for detecting internal flaws or defects 

that are covered by paint, coatings, or other surface treatments. Moreover, it suffers from 

some inherent drawbacks such as inspection being time-consuming, careful surface 
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preparation being required, and having a strong dependency on human factors. Finally, PT is 

a polluting technique that is under scrutiny by regulating agencies. 

As an alternative method, MT is a nondestructive testing method used to detect surface 

and sub-surface defects in ferromagnetic materials. The principle behind MP is that when a 

magnetic field is applied to a ferromagnetic material, it creates lines of magnetic force within 

the material. If there is a defect or discontinuity on the surface or just below, these magnetic 

lines of force will be distorted or disrupted. The method is however limited to ferromagnetic 

materials and is sensitive to the alignment between the magnetic flux and the defect as well as 

the surface morphology. Resolutions are modest, in the mm range, [1] and post cleaning and 

post demagnetization are often necessary. Once again, the method has a strong dependency 

on human factors. 

Alternative inspection methods are under development to avoid these limitations. These 

also need to be low cost, and have fast detection capabilities. Minimal resolutions 

needresolution needs to be at least similar to classical methodsreach the sub-mm range. 

Moreover, several inspection configurations, in terms of materials, geometries, curvature, 

inspection zone, or accessibility must be possible. 

Among the different possible methods, thermography (IR) and eddy currents (ECT) are 

interesting. In general, thermography relies on a surface temperature rise and on the space-

time monitoring of the heat diffusion. In that way, thermography allows us to obtain an image 

of the heat diffusion at and under the surface of the structure under investigation. Currently 

multi-physical coupling, such as thermo-optical and thermo-magnetic approaches, are used to 

generate the temperature rise. For laser spot thermography, a continuous or pulsed laser is 

focused on the surface of the structure under inspection. The laser energy creates a local 

temperature rise and the spatio-temporal signature of the associated thermal flow allows 
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surface crack imaging. [2, 3, 4] One limitation of thermography is that the infrared emission 

also depends on the surface condition of the specimen (surface emissivity). However, the 

method depends on the surface optical accessibility and its morphology. 

Eddy currents can also be used to perform surface and sub-surface inspections on 

conductive structures, e.g., for crack detection in metals. For internal defects, the eddy 

currents are different, resulting in a change of the induced magnetic field. Eddy current 

testing can only be performed on conductive materials and present some limitations, for 

example, it is sensitive to lift-off: i.e., the distance between the sensor and the surface, which 

can mask a defect. Lift-off is known to be one of the main obstacles for effective eddy current 

technology. A combination of the two techniques mentioned above can also be done. [5] 

However, such inspections combine the limitations of both methods. 

Ultrasonic inspection is another type of inspection method, based on wave/matter 

interaction. Currently, ultrasound is mainly used to inspect the bulk of components or to 

evaluate material properties. The main advantages of ultrasound are the sensitivity, the ability 

to inspect thick and opaque materials, the possible automation of testing, and data recording. 

Moreover, PA probes, made up of numerous small ultrasound transducers, revolutionized 

ultrasound inspection 20 years ago, [6] improving productivity (compared to monolithic 

transducer) thanks to their large dimensions. Moreover, PA introduces the possibility to 

electronically deflect and/or focus the acoustic energy of bulk waves by applying time delays 

to the elements of the probe before summing the contribution of all the elements. They can be 

also used to generate and detect guided waves, [7] making nondestructive control 

applications possible. [8] 

The TFM is the realization of such electronic delays and the summed use of PA: it allows 

us to focus the ultrasound beam at every point of a region of interest (ROI). It is considered 
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by some as the “gold standard” of ultrasound imaging. [9] It can be used with various 

acquisition schemes, such as FMC or PWI. [10] The FMC involves firing each array element 

individually with all the elements used to record the response of the structure, while in PWI 

all array elements are fired with appropriate time delays to generate sequences of different 

plane incident waves. The calculated image using TFM is called a T-scan. 

Moreover, depending on the configuration, the nature of the inspected material, and the 

type of indication under investigation, different algorithms can be used to synthetize the 

image by performing the summation on the amplitude or on the phase of the signal. [9, 10, 

11, 12, 13] 

  The TFM technique has been extended very recently to Rayleigh waves. [14] Such 

waves can be used in an NDT procedure to detect surface and sub-surface indications. They 

show high sensitivity and propagate over long distances since their energy is confined to the 

surface. By applying TFM to Rayleigh waves, complex surface cracks, extending over 18 

mm, composed of several sub-cracks (from hundreds of microns to few millimeters), and 

with a crack opening of a few dozen microns on metallic parts have been characterized 

precisely. Additionally, such characterization has been done in real time at 27 Hz. 

  Following this first demonstration, we demonstrate here that Rayleigh waves 

combined with TFM imaging is a versatile tool for NDT. First, we will focus on the work in 

the image formation. In this part, we will analyze the image synthesis using different 

acquisition schemes and algorithms to calculate the images. Second, we will demonstrate the 

suitability of the method for different type of defects, such as cracks, corrosion pitting-like 

defects (hemispherical bottom hole, HFB), and freckle inclusion. Finally, we will focus on 

the complexity of the environment, demonstrating the performance of the method even if the 

indication is located under a few tens of µm coating, close (few tens of µm) to a sharp edge, 
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in a circular edge, after a sharp edge, or at the surface of a tube. Based on all of this, this 

work demonstrates a new type of real-time surface and sub-surface inspection, applicable to 

large and complex surfaces or for areas with difficult access. Furthermore, the method is free 

of chemical preparation and cleaning, and can be fully automated from acquisition to 

decision, making this form of inspection compatible with Industry 4.0 or digital twinning. 

2. TFM and Rayleigh waves 

2.1 Experimental configuration 

  The experimental configuration shown in Fig. 1 is similar to the one presented in the 

previous communication. [14] 

 

FIG 1. Schematic of the experiments. PA is fixed on a rexolite wedge at the critical 

angle in front of the surface cracks. Insert: Rayleigh wave microscopy (75 MHz) 

image of the cracks with an assume spatial resolution of 4 µm.  

  The sample is a plane monolithic metallic part. Imaging of its surface is realized using 

a PA probe composed of N = 128 elements, with a pitch of 0.15 mm and a dimension along 

the passive plane of 5 mm. The pitch of 0.15 mm allows us to minimize grating lobes and is a 

good compromise between manufacturing capabilities and the required sensitivity. Central 

frequency of the PA is 15 MHz, with a bandwidth of 70% at -6 dB. All the experimental 

results presented in this work were obtained with this probe. 
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  The PA is coupled (ultrasonic coupling agent) to a rexolite wedge. Angle 𝜃𝑤 of the 

wedge has been defined to maximize the Rayleigh wave generation in the sample. It is simply 

defined by the following relationship: 

𝜃𝑤 = 𝑎𝑠𝑖𝑛 (
𝑐𝐿

𝑤

𝑐𝑅
𝑠 ), (1) 

were 𝑐𝐿
𝑤 define the longitudinal wave velocity in the wedge, and 𝑐𝑅

𝑠  define the Rayleigh wave 

velocity in the sample. It was measured at 2350 m·s−1 and 2970 m.s-1, respectively. This leads 

to a wedge angle of 52°. The wedge was also designed to minimize the distance between the 

front of the wedge and the exit point of the acoustic field to generate surface waves of large 

amplitude at the surface of the sample. 

   Note that all the experiments presented in this work will be performed using the same 

PA and the same wedge (excepted for Section 4.4 which required a curved wedge but using 

the same angle). Experiments will however be done on different materials, such as steel, 

nickel-based alloy, and aluminum (experiments have also been performed on Ti6Al4V with 

same setup but are not shown here). This means that 1) the Rayleigh wave velocity does not 

change significantly between the different materials, which makes the control simpler from 

an experimental point of view; 2) the demonstration performed in this work is general and 

does not depend on the nature of the (metallic) material. Such point fits well with industrial 

confidentiality considerations and details on the materials will not be given in the following. 

 Finally, the PA orientation, parallel to the surface plane, allows imaging of the surface 

with Rayleigh waves using recent developments in ultrasonic imaging applying TFM. Such 

developments concern the acquisition schemes and the algorithms used to synthetize images. 

For each control, we performed FMC and PWI acquisitions. FMC involves the activation of 

each element one-by-one, while each element of the array is used as a receiver for each 

sequence. The PWI scheme considers plane waves emitted using all the PA elements at 
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different angles from Ɵ1° to Ɵ2° by using an electronic time delay between each element. The 

back-scattered signals are then recorded with all the elements without introducing delays at 

reception. In this work, we will systematically use 20 different angles, from −20° to +20° for 

the PWI acquisition scheme. Such a choice is arbitral, and have been done from real time 

visualization of the cracks presented on Fig. 1. It appeared as a good compromise between 

the amount of data and the expected sensitivity to image all the cracks. 

2.2 Imaging algorithm 

  The imaging algorithms are tested on a sample presenting multiple cracks along its 

surface. The surface damage extends over 18 mm and is composed of several sub-cracks, 

from hundreds of microns to a few millimeters, and the crack opening is a few dozen 

microns. An image of the cracks, obtained from Rayleigh wave SAM at 75 MHz, is presented 

in the insert of Fig. FIG 1. Spatial resolution of the SAM image is 4 µm. Such image is 

considered as the reference and the different synthetized images from total focusing methods 

will be confronted to such reference. The depths of these cracks have been estimated to be 

around 1 mm. [14] Such a sample is interesting for that work because of the large damage 

surface area, but also because of the fine sub-structures and the different orientations in the 

damage. The SAM image also shows that, whatever the direction of propagation of the 

ultrasound, some of the sub-cracks will always be masked behind others. It has been 

previously used to present the method.  

The PA driver used in this study is a Panther (Eddyfi Technologies, Les Ulis, France). 

The cracks are placed in front of the PA, which is placed on the rexolite wedge described 

above, a few cm from the cracks. The PA is not moved between the TFM and the PWI 

acquisitions. The dataset related to these two schemes is then used to synthesize ultrasound 

images focused on all points (TFM) in a ROI containing cracks.  
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  Different algorithms, provided in the CIVA 2023 analysis package software, are used 

[15] to evaluate their performance in Rayleigh wave total focusing imaging. CIVA is a 

nondestructive testing software developed at CEA (French Atomic Energy Commission), 

commonly used for NDT simulation and data analysis. 

  The different algorithms evaluated are named Classical (Classical), Coherence Factor 

Imaging (CFI), Sign Coherence Factor Imaging (SCFI), Phase Coherence Factor Imaging 

(PCFI), and Phase Coherence Imaging (PCI). [7, 9, 10, 8] A review of phase coherent imaging 

have been recently proposed by Camacho et al. [16] Each algorithm can be used with a TFM 

or PWI acquisitions sequence. Let’s quickly detail them:  

  Considering a FMC sequence, the intensity of the classical TFM image at pixel p is 

obtained by summing all received signals shifted in time: 

𝐼𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙(𝑝) = ∑ 𝑠𝑖𝑗 (𝑡𝑖𝑗(𝑝))𝑁
𝑖,𝑗=1 , (2) 

where 𝑠𝑖𝑗(𝑡) is the signal received by element 𝑗 when emitting with element 𝑖, 𝑡𝑖𝑗(𝑝) is the 

corresponding time of flight,  𝑁 is the number of elements of the array. The PCI algorithm uses 

only the phase terms in the summation process : 

𝐼𝑃𝐶𝐼(𝑝) = ∑ sin (𝜙𝑖𝑗 (𝑡𝑖𝑗(𝑝)))𝑁
𝑖𝑗=1 , (3) 

where  𝜙𝑖𝑗(𝑡) = tan−1 𝐻(𝑠𝑖𝑗(𝑡))

𝑠𝑖𝑗(𝑡)
 is the phase of the received signal 𝑠𝑖𝑗(𝑡) and H is the Hilbert 

transform operator. When using the CF algorithm, the output image is obtained by 

multiplication of classical TFM image by corresponding coherence factor CF(p): 

𝐼𝐶𝐹(𝑝) = 𝐶𝐹(𝑝) × 𝐼𝑇𝐹𝑀(𝑝), (4) 

where 𝐶𝐹(𝑝) is obtained by the following relation : 
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𝐶𝐹(𝑝) = (
(∑ 𝑠𝑖𝑗(𝑡𝑖𝑗(𝑝))𝑁

𝑖𝑗=1 )
2

𝑁2 ∑ (𝑠𝑖𝑗(𝑡𝑖𝑗(𝑝)))
2

𝑁
𝑖𝑗=1

)

𝑐𝑓𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

. (5) 

The parameter 𝑐𝑓𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 is the CF sensitivity and have been empirically evaluated at 0.6 

in that work. For SCFI, we first evaluate the SCF by considering the following formula: 

𝑆𝐶𝐹(𝑝) = |1 − √1 − [
1

𝑁2
∑ sign [𝑠𝑖𝑗 (𝑡𝑖𝑗(𝑝))]𝑁

𝑖𝑗=1 ]
2

|

𝑐𝑓𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

. (7) 

The SCFI image is then calculated by multiplication of the classical TFM image by SCF factor 

as: 

𝐼𝑆𝐶𝐹𝐼(𝑝) = 𝑆𝐶𝐹(𝑝) × 𝐼𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙(𝑝), (8) 

Note that SCFI only requires processing one bit per channel (the sign), significantly reducing 

the amount of data, which is interesting for real-time operation at high frame rates.  

Finally, the intensity of the PCF at pixel 𝑝 is calculated by the following formula:  

𝑃𝐶𝐹(𝑝) = {
1 −

𝜎(𝑝)∙𝑐𝑓𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝜎0
, if 

𝜎(𝑝)∙𝑐𝑓𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝜎0
< 1 

0, otherwise
, (9) 

where 𝜎0 =
𝜋

√3
 is the standard deviation of a random phase distribution between −π and π and 

the term 𝜎(𝑝) is an estimate of the phase diversity calculated from the phase standard deviation 

by: 

𝜎2(𝑝) =
1

𝑛
∑ 𝜑𝑖𝑗

2  (𝑝)𝑛
𝑖=1 − [

1

𝑛
∑ 𝜑𝑖𝑗 (𝑝)𝑛

𝑖=1 ]
2

. (10) 

In the above formula, the phase, 𝜑𝑖𝑗(𝑝), of the received signal  𝑠𝑖𝑗(𝑡) is given by: 

𝜑𝑖𝑗(𝑝) = tan−1
𝐻(𝑠𝑖𝑗(𝑝))

𝑠𝑖𝑗(𝑝)
, (11) 

As in the previous two cases, the output image is obtained by multiplication of the classical 

TFM image by corresponding PCF factor: 

𝐼𝑃𝐶𝐹(𝑝) = 𝑃𝐶𝐹(𝑝) × 𝐼𝑇𝐹𝑀(𝑝), (12) 
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 Note that phase-based algorithms are not sensitive to the amplitude of the signal: 

attenuation of the signal or amplitude of the diffracted signal from a defect cannot be 

considered. One way to benefit from the advantages of both amplitude- and phase-based 

algorithms is to combine them by multiplying images obtained from both classical and phase 

coherent algorithms (APPI, for Amplitude Phase Product Imaging) :  

𝐼𝐴𝑃𝑃𝐼(𝑝) = 𝐼𝑃𝐶𝐼(𝑝) × 𝐼𝑇𝐹𝑀(𝑝). (13) 

 Results are presented on Figs FIG 2 and IG 3. Amplitude of the signal is in dB with a 

reference defined by the maximal amplitude of the detected signal. The FMC sequence is 

used for Figure FIG 2, while the PWI sequence is used for Figure IG 3. For the sake of 

simplicity, each combination will be defined as sequence/algorithm, for example FMC/PCI 

stands for the use of a FMC sequence and PCI algorithm, while PWI/Classical stand for a 

PWI sequence and Classical algorithm. The PA array was fixed at the sample surface 

between the FMC and the PWI acquisition sequences in order to be able to compare the two 

different acquisition schemes.  

  First, from general comparison between Figures 2 and 3, the PWI sequence seems to 

generate a better SNR than the FMC sequence. We do not have for now a definitive explanation 

on it as a quantitative investigation on such point is out of the scope of this work but difference 

is probably more related on imaging artefacts than on structural noise from back-scattered 

signals (which should not change as function of the acquisition sequence). In that way, using 

filters, such as angular filters, could help to improve the SNR of images generated from FMC 

sequences. Similarly, the optimal configuration for that sample using PWI sequence could be 

defined from a detailed investigation on the number and amplitude of angles. 

 Moreover, as PWI requires less ultrasound emissions than FMC, repetition rate using 

PWI can be larger than using FMC, with smaller data files. Nevertheless, the actual reference 

sequence for TFM imaging is FMC. Finally, we decided to propose the comparison by 
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alternately using FMC or PWI in this article, and the complementary one will be systematically 

presented in the supplemental part of the article. 

 

FIG 2. Total focusing imaging using Rayleigh waves of a large and complex crack 

using FMC sequence and different algorithms (Classic, CFI, PCFI, PCI, SCFI, and 

APPI). Acronyms of the algorithms are detailed in the text. Images are in dB scale. 
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FIG 3. Total focusing imaging using Rayleigh waves of a large and complex crack 

using PWI sequence and different algorithms (Classic, CFI, PCFI, PCI, SCFI , and 

APPI). Acronyms of the algorithms are detailed in the text.  Images are in dB scale. 

  Next, we compare the use of the different algorithms for imaging the cracks. From a 

naked eye qualitative analysis, classical algorithm allows imaging almost all the cracks with 

significant signal while; by comparison, phased-based algorithms are less reproducible, as 

different behaviors arise depending on the algorithm. For instance, some of the long parts of 

cracks are almost undetectable using CFI and SCFI, especially using a FMC sequence. Such 



  

Rayleigh wave TFM for NDT, Ducousso et al.; NDT & E 

 

point is not surprising as phase based algorithms are known to be more sensitive for detection 

on diffraction echoes instead of specular ones. [16] In the same way, some artifacts appear 

using CFI and PCI algorithms.  

 

FIG 4. Evaluation of the luminance, the contrast and the structure of each image 

generated by the different experimental sequences and algorithms with comparison 

to the SAM image.  

  A qualitative evaluation of the use of the algorithms for imaging the cracks is 

attempted by considering SSIM. [17] SSIM have found strong adoption in the image 

processing community and some applications in NDT. [8] It allows to propose a quantitative 

comparison between the synthetized images with a reference one. Comparison is done here 

on the smallest image as possible but which encompass the whole cracks in order to have the 

larger dynamics as possible; defined by 3 < x < 18 and 2.5 < y < 7.5. 

We considered here the SAM image presented on Fig. 1 as the reference. The SSIM is based 

on three different evaluations, between the sample and the reference: a luminance comparison 

l(x,y) ; a contrast comparison c(x,y) and a structure comparison. SSIM is then defined as the 
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product of the three comparisons. [17] Considering an image x of N pixel, its mean intensity 

is defined as 𝜇𝑥 = 1
𝑁⁄ ∑ 𝑥𝑖

𝑁
𝑖=1  and 

𝑙(𝑥, 𝑦) =
2𝜇𝑥𝜇𝑦+𝐶1

𝜇𝑥
2+𝜇𝑦

2+𝐶1
, (14) 

where C1 is a constant used to avoid instability. Similarly, defining the standard deviation of 

the image as 𝜎𝑥 = √1
(𝑁 − 1)⁄ ∑ (𝑥𝑖 − 𝜇𝑖)²𝑁

𝑖=1 , the contrast comparison function takes a 

similar form :  

𝑐(𝑥, 𝑦) =
2𝜎𝑥𝜎𝑦+𝐶2

𝜎𝑥
2+𝜎𝑦

2+𝐶2
, (15) 

where C2 is another constant, also used to avoid instability. Structure comparison is defined 

as : 

𝑠(𝑥, 𝑦) =
𝜎𝑥𝑦+𝐶3

𝜎𝑥𝜎𝑦+𝐶3
, (16) 

where 𝜎𝑥𝑦 = 1
(𝑁 − 1)⁄ ∑ (𝑥𝑖 − 𝜇𝑥)(𝑦𝑖 − 𝜇𝑦)𝑁

𝑖=1  and C3 is a constant. Finally, SSIM is 

defined as :  

𝑆𝑆𝐼𝑀(𝑥, 𝑦) = [𝑙(𝑥, 𝑦)]𝛼[𝑐(𝑥, 𝑦)]𝛽[𝑠(𝑥, 𝑦)]𝛾, (17) 

where α, β and γ are positive constants used to adjust the relative importance of the three 

components. Results of the 4 calculations (l(x,y), s(x,y), c(x,y) and SSIM, with α=β=γ=1) are 

presented on fig. 4. Note that the y axis have been break between 0.2 and 0.5 in order to 

better visualize the respective dynamics (values are presented in supplemental material) of 

the parameters.  

SSIM is the product of three low value parameters and does not seem pertinent to analyse in 

comparison to the three others. First, results are almost not depending on the FMC or PWI 

choice, expected for the luminance, which is higher for PWI-based images than for the FMC 

ones. As luminance is related to the intensity of the image, such results is not surprising. 
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Moreover, luminance is sensitive to both indication and noise, as highest luminance values 

are founded for images with significant background noise (CFI, PCI, SCFI, APPI).  

Contrast and structure are more interesting for evaluating the synthetized image. They seems 

to have correlated behavior, as a (relative) high value of contrast correspond to a (relative) 

low structure value and vice-versa. As structure parameter allows quantifying the crack 

pattern imaging (with respect to the SAM reference), we are finally focused on it only and, 

similarly to the naked eye observation, classical and PCFI algorithms seems to be the best 

one.   

Finally, classical algorithm remain a reference algorithm, even for Rayleigh wave imaging. 

However, in some cases, phase-based algorithms, such as PCFI, are nevertheless very 

effective. In the following section, all the experiments have been imaged by using the FMC 

and the PWI sequences, leading to similar results. And, for sake of simplicity, we will present 

results synthetized using only the Classical algorithm even if other algorithms can also be 

used with similar results. 

3. Imaging of different surface indications 

3.1 Reference crack imaging 

  The crack imaging capability using this approach has been demonstrated previously. 

Here we investigate the sizing capacity of the method by comparisons between references 

images and ultrasonic images on simple, linear cracks at the surface of plane metallic sample. 

An illustration of such a type of crack is presented on Fig. 5. We used a PWI sequence (the 

image obtained using the FMC sequence is in the supplementary material). The two images 

compare well in terms of morphology and size at the same scale. Such comparative work was 

performed on five different cracks on nickel-based material. 
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FIG 5. PWI acquisition. Illustration of the comparison of images obtained on a 

linear crack from ultrasonic and visualization after PT (insert). A similar sizing is 

obtained. UT image is in dB scale. 

  The results are synthetized in Table Erreur ! Source du renvoi introuvable.. The 

cracks have been characterized by length and size of surface opening from microscopy 

inspection. Length evaluation was performed from small magnification observation (×20) 

after PT application and cleaning. The opening size was measured from a large magnification 

observation using white light. The crack’s opening can be as small as 2 µm. We also present 

the length UT sizing. We found a good agreement between the two evaluations, even if UT 

sizing seems to downsize the crack’s length, maybe because of an opening under the 

ultrasonic amplitude at the crack’s extremity. 
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Table 1. Comparison of linear crack sizing between microscopy observation and 

ultrasonic inspection. 

  Microscopy UT 

Sample Crack # 

Length 

(mm) 

Opening 

(µm) 

Length 

(mm) 

P3 1 1.2 3 1 

P3 2 1.4 9 1.2 

P4 5 1.5 2 1.3 

P6 10 1 2 0.8 

P6 9 1.2 2 1 

 

 The image morphology is also investigated on some complex cracks. An image is 

shown in Fig. FIG 6. The ultrasonic image is presented and compared with a PT image 

(observed with low magnification microscopy after cleaning, in insert). The sizing and the 

morphology of the cracks was well fitted between the two images. The high magnification 

visualization of the cracks allows us to measure the opening of the cracks at approximately 2 

µm. 
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FIG 6. PWI acquisition. Illustration of the comparison of images obtained on 

complex cracks from ultrasonic and microscopy visualization (insert). Images 

highlighted complex cracks of similar morphology and size. UT image is in dB 

scale.  

3.2 Imaging of corrosion pitting 

 Detection of corrosion pitting is a subject of significant interest in surface inspection. 

We address this point by simulating corrosion pitting using HFB holes at the surface of steel 

plate parts. The theoretical diameter and the depth of the different holes are given in Table 

Erreur ! Source du renvoi introuvable.. They range from 100 µm to 300 µm in diameter 

and 100 µm to 500 µm in depth. A reference characterization has been performed after 

drilling and the diameter and depth of the different holes correspond to the theoretical ones 

with an error of 20 µm. The holes are aligned on two imaginary lines separated by 10 mm. 

Each hole is also separated by 10 mm from its neighbor on a given line. Imaging all the holes 

from one acquisition is thus quite challenging, as it requires a good spatial definition while a 

large area is imaged. We experimentally found that a ROI zone of 50×15 mm, with a pixel 

size of 40 µm allows imaging of the holes with a good definition, while retaining good real-

time frequency imaging (few hertz).  

Table 2. Theoretical dimensions of the different HFB holes imaged in Fig. 7 
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  a b c d e f g h 

Ref 

Diameter 

(mm) 

0.2 0.2 0.2 0.3 0.1 0.1 0.1 0.3 

Depth 

(mm) 

0.1 0.3 0.5 0.3 0.1 0.2 0.3 0.15 

UT 

Diameter 

(mm) 

0.2 0.28 0.36 0.36 0.28 0.32 0.32 0.4 

Depth 

(mm) 

s d d d s s d s 

 

 An experimental acquisition is illustrated in Fig. 7. Here we used a FMC acquisition 

scheme. The holes are imaged on the right part of the image. They have a point-like shape, 

which is a signature of their small size with respect to the image area. We also observe a 

linear signal around 26 mm, which is related to a parasitic echo in the rexolite wedge. On the 

left we plot the amplitude of the signal for imaginary lines passing through the middle of the 

holes. 

  We attempted a hole sizing from the plots, first, considering the FWHM of each hole 

to evaluate its diameter. The correspondence with the real size of the holes is modest as UT 

sizing tends to oversize the hole’s diameter by comparison to the reference evaluation. This 

could be related to the choice of the FWHM criterion but also to the pixel size of the image, 

0.04 mm, which is maybe too large in comparison to some hole diameters (especially for 

diameter < 200 µm). Second, the amplitude of the signal can be used to estimate the hole 

depth. Indeed, in that case, the wavelength of the Rayleigh wave is 200 µm and 

approximately 90% of the energy of the Rayleigh wave is confined in a depth of about one 

wavelength. In that case, the reflection coefficient is maximal. For holes with a depth smaller 
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than 200 µm, part of the energy of the Rayleigh wave passes down the holes. The reflection 

coefficient is reduced. We arbitrarily propose to fix a threshold at −2 dB from the maximum 

and, depending to the amplitude of the signal, to class the hole as deep (depth > 200 µm, 

amplitude of the signal larger than −2 dB, d symbol in Table 2) or shallow (depth ≤ 200 µm, 

amplitude of the signal smaller than −2 dB, s symbol in Table 2). This criterion allows us to 

find a good correlation between measurements. 

   

FIG 7. FMC acquisition. Left: T-scan (dB scale) of holes. The signal at ~ 26 mm is 

related to a parasitic echo in the rexolite wedge. Right: Intensity of the signal on two 

imaginary lines passing through the holes. Two lines are used to size the HFB.  

3.3 Imaging of corrosion pitting under a protective coating 

  Some surfaces can be protected from corrosion by applying a protective coating. Here 

we investigate a steel plate (same material as in Section 3.2) covered by 20 µm of cadmium. 
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Cadmium is a classic anticorrosion coating, compatible with the European REACH norm. 

HFB holes are drilled after application of the coating. 

  Before further experiments were undertaken, an evaluation of the impact of the 

cadmium layer on the surface wave velocity (in comparison to Rayleigh wave velocity in 

steel) was carried out using CIVA software (Guided wave module, see Supplementary 

Materials). The energy velocity is computed at 15 MHz for a monolithic steel part (5 mm 

thick) and a bilayer of the same steel covered by a thin layer of cadmium. Adding a cadmium 

layer of 20 µm reduces the energy velocity of the surface wave from ~3000 m/s to 2700 m/s. 

The impact of the cadmium layer is thus considerable and must be taken into account. 

However, the elastic properties of the cadmium layer are not perfectly known. Next an 

experimental evaluation of the surface wave velocity is performed. This is done by 

considering the distance between two neighboring holes equal to 10 mm. Finally we calculate 

a wave velocity of 2750 m/s instead of 3080 m/s on the monolithic part. 

 An image of the inspection of such sample is shown in Fig. Erreur ! Source du 

renvoi introuvable.. First note that the signal is noisier than for the monolithic part 

evaluation. This could be attributed to more energy losses in the multilayer configuration 

compared to the monolithic one. Second, we also observed some blurring of the holes farthest 

from the probe. This effect is attributed to a velocity dispersion effect caused by thickness 

variations of the cadmium layer along the wave propagation. A demonstration is proposed in 

the Supplementary Material by imaging the four aligned holes from both the “down” and 

“up” directions. The farthest holes from the probe are shown to be consistently the most 

blurred (see Supplementary Materials) because of velocity variations not taken into account 

in the image synthesis. Such effects prevent determination of a correct sizing of the different 

holes and hole size evaluation can only be done in the first 10 mm in front of the probe in 

such a bilayer configuration. 
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FIG 7. PWI acquisition. Left: T-scan (dB scale) image of holes. The signal at ~26 

mm is related to a parasitic echo in the rexolite wedge. Right: Intensity of the signal 

on an imaginary line passing through the aligned holes. Line is used to size the HFB. 

3.4 Freckles imaging 

  Segregations are the enrichment of atoms, ions, or molecules in a microscopic region 

of a materials system, typically an alloy. Freckles are macro size segregations that can appear 

during the solidification process. These defects have a negative influence on high temperature 

mechanical properties of alloys and can reduce the life of a metallic part. They can virtually 

only be detected using macrography or eddy currents. However, such methods present 

various limitations, and this makes their detection difficult. 

   However, segregations can be damaging for the metallic part because they locally 

modify the mechanical properties of the material by an overconcentration of some chemical 

elements. That local variation can lead to an interface for an incoming elastic wave. Rayleigh 
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waves propagate with an elliptic polarization in the sagittal plane, i.e., with a longitudinal and 

a transverse polarization in the plane normal to the surface. Moreover, the imaging method 

requires us to consider either cylindrical waves or plane waves propagating in different 

directions. Thus, the probability is strong, when the PA is placed in front of a freckle, for the 

incoming wave to be close to an optimal configuration for freckle detection, where a 

significant part of the wave is reflected at the interface. So, the method seems interesting for 

imaging surface segregation.  

  We consider here a freckle that is at the surface of a nickel-based alloy. It has been 

previously imaged by both eddy currents and macrography. The ultrasonic image of the 

freckle is shown in Fig. 8. On that image, the freckle signal presents a rather good signal to 

noise ratio, between 5 and 10 dB above the surface signal. Moreover, the ultrasonic sizing of 

the freckle is in good agreement with the macrographic one. We also observe around the 

freckle a signal reduction, which we cannot currently explain. Such an effect is, however, 

interesting as it could be used as a marker of freckle detection (instead of other surface 

indications) if such an effect is confirmed from more systematic investigations and observed 

only for freckles or segregations. 

 

FIG 8. FMC acquisition. T-scan imaging of an emerging segregation (freckle) on a 

metallic alloy. Image is in dB scale. 
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4. Imaging with complex geometries 

Some inspected surfaces are plane and far from singularities such as edges, while 

others involve more complexity, such as curvature or proximity to edges or discontinuities. 

NDT inspection of such surfaces is even more important as such locations are often the 

places of stress concentration and may be the preferred site for cracks to start or accelerated 

aging. For instance, pipelines are curved parts with elbows or rivet holes that serve as stress 

risers and require particular attention. Unfortunately, many methods do not allow inspection 

of these surfaces and the choice quickly becomes more restricted than for large plane 

surfaces. 

  We now address the effectiveness of the Rayleigh surface imaging method with 

complex surface geometries. First, we will look at discontinuities near an edge and then 

inspection of curved cylindrical, parts. 

4.1 Imaging close to an edge 

  Surface imaging close to edges is difficult. Indeed, electromagnetic methods fail 

because of the dissymmetry in the electric field induced by the space dissymmetry. Most of 

the thermal methods have similar problems and even optical inspections can be significantly 

affected.  

  We first investigate the method performances for imaging defects close to sharp 

edges. We consider for that work a series of HFB holes similar to those described in Section 

3.2, drilled in very close proximity to a sharp edge on the metallic part. The shortest distance 

from edge to hole is 100 µm and the edge has a linear profile. To perform the inspection, the 

PA is placed parallel to the edge and a few mm in front of it. Experiment is schemed on 

Fig. 10. The corresponding T-scan image of the surface is shown in Fig. 10, with a pixel size 

of 0.04 mm. 
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FIG. 9 : Scheme of experiments performed for imaging holes close to an edge. The 

shortest distance from holes to edge is 100 µm. The ROI zone is on either side of the 

edge.  

 

  In Fig. 10, the linear signal at around 2.5 mm on the y-axis corresponds to the 

reflected echo from the linear edge. A few tens of microns before this there are two small 

echoes, indicated by large arrays and spaced by 10 mm. They correspond to the reflection of 

the elastic signal of the HBF holes, labeled (a) and (b). Their diameters and depths are 

0.2 mm and 0.1 mm for hole (a) and 0.3 mm and 0.15 mm for hole (b), respectively. 

A UT sizing is proposed from the detected image. First, the signal between the dotted 

lines parallel to the x-axis is summed and plot above the echo signal (continuous line). The 

FWHM of the signal from the holes allows sizing diameters of hole (a) at 0.44 mm and hole 

(b) at 0.56 mm. The overestimation of the UT sizing could be related to parasitic echoes 

between the sharp edge and the hole, which could increase the image signal. Note the 

amplitude of the hole (b) is larger than the amplitude of hole (a), which is in good agreement 

with the depths of the holes. Second, we consider the signal summed between the vertical 

dotted lines for each plot. The initial calculation contained a strong contribution from the 

reflection on the edge, which is suppressed by subtracting the mean signal along the y-axis of 

the whole image. The obtained signals for (a) and (b) holes are plotted on Fig. FIG 10 and are 
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used to indicate the diameters of the holes at 0.16 mm and 0.28 mm, respectively. Such sizing 

is in good agreement with the real size of the holes.  

 

FIG 10. PWI acquisition. T-scan image of a surface close to a sharp edge. The 

continuous lines correspond to the mean signal between the dotted lines. They are 

used to find the diameter of the holes. Inserts are zooms of holes. Images are in dB 

scale. 

  We finally image a hole close to the right angle formed by two sharp edges on a 

metallic part. The smallest distance between the hole circumference and the edges of the 

sample is 100 µm. Experiments is schemed on Fig. 11.  
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FIG. 11 : Scheme of experiments performed for imaging holes close to an angle. 

The shortest distance from hole to edge is 100 µm. The ROI zone is on either side of 

the angle.  

 

The T-scan image is presented on Fig. FIG 14. The two crossing lines are the edges of the 

metallic part. The inspected area is defined by the zone down these lines. The hole is detected 

but seems oblong. We plot the intensity signal of imaginary lines passing through the center 

of the hole, along the x- and y- directions. The corresponding FWHM sizing is 0.55 mm 

along the x-axis and 0.225 mm along the y-axis. Again, such dissymmetry is attributed to 

parasitic multiple reflection which could appear between the edges of the metallic part and 

the holes and could lead to artifacts. 
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FIG 12. FMC acquisition. T-scan image of a surface close to a sharp angle. The 

continuous lines correspond to the signal of a continuous imaginary line passing 

through the hole. Image is in dB scale.  

 

4.2 Surface imaging of a curved edge   

  One other limit of current surface inspection methods is in imaging around curved 

edges, even if the edge is smooth with a few mm of curvature. We consider here a metallic 

sample, which present a smooth edge, with a curvature of 5 mm radius. A crack with a 

micrometric sized opening is in the curvature, parallel to the edge. Such a sample is used to 

demonstrate the Rayleigh wave imaging capability in a curved surface. The PA is placed at 

the surface of the sample, a few centimeters from the edge. The PA is parallel to the edge and 

the pixel size is 25 µm. A schematic of the experiment is shown in FIG 13. The crack is in 

the ROI zone, which is symbolized by the grid of dotted lines. The T-scan image of the 

cracks is shown in FIG 14. A PT visualization is also presented in the insert. A good 

qualitative correspondence is obtained.  
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FIG 13. Schematic of experiments for imaging the surface in a curve edge. The ROI 

is symbolized by the dotted grid. The emerging crack is in the ROI.  

 

 

 

FIG 14. PWI sequence. T-scan image of cracks in a curve edge. An image obtained 

from PT is presented in insert. A good agreement between the two images is 

obtained. UT image is in dB scale.   
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4.3 Surface imaging after an angle 

 

FIG 15. Schematic of experiments for imaging a surface after an edge. The dotted 

grid symbolizes the ROI, which contain the emerging crack. 

 Some surfaces are complex to image because of difficult access, for example, because 

of angles which prevent a direct access to the surface for an optical or magnetic inspection 

and so a long distance approach is required. Considering a PA of 15 mm and 21 mm of active 

aperture, the far field limit for a Rayleigh wave, which propagates at 3000 m/s, is more than 

500 mm. This makes the Rayleigh inspection suitable for a long distance remote inspection, 

which is of significant interest for surfaces with complex access. We demonstrate this by 

imaging a crack on a surface that is after an angle (1 mm radius curvature). The PA and the 

cracks are thus on the same surface but there is an angle of 90° between them. Figure 15 

illustrates such a configuration, with the cracks in the ROI zone. The angle can lead to a 

reflection of the Rayleigh wave but if the angle is not in the ROI, such a signal is not imaged. 

In this case, the imaged crack is shown in FIG 16. A PT visualization is also presented in the 
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insert. The signal is lower, probably because of a partial reflection of the Rayleigh wave at 

the surface edge, but crack is well detected and fits with the PT inspection. 

 

FIG 16. FMC sequence. T-scan image of cracks after an edge. An image obtained 

from PT is presented in the insert. A good agreement between the two images is 

obtained. UT image is in dB scale.  

 

4.4 Tube surface imaging 

 Finally, we demonstrate the suitability of Rayleigh wave inspection for curved 

surfaces by imaging FBH holes on a steel tube. The tube has a radius of 40 mm and is 5 mm 

thick. For this inspection, a specific wedge for the PA has been designed, with a curved 

surface, the same radius as the exterior of the tube to allows a good coupling. The angle 

between the incident wave and the tangent of the tube at the emerging point is equal to 𝜃𝑤. 

The wedge allows us to generate a Rayleigh wave at the surface of the tube. The schematic of 

the experiment is shown in FIG 17. 

  Different FBH holes are drilled on the tube’s exterior surface. They have a diameter 

from 0.1 to 0.3 mm and the same depth, as shown in FIG 17. They are contained in the ROI 

zone for surface wave imaging. The obtained image is shown in Fig. 18. The signal to noise 

ratio is reduced in comparison to Fig. 7, probably because of a worse coupling than in the 

plane configuration. Nevertheless, holes are well detected and a sizing is proposed. The 

intensity of the signal from the holes is plotted on the right and sizing from FWHM is 
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quantified. We found a good agreement using the same procedure for depth evaluation as in 

Section 3.2 in the plane case. 

 

FIG 17. Scheme of experiments for imaging an exterior surface of a metallic tube. 

The dotted grid symbolizes the ROI. HBF holes are in the dotted grid. Holes have 

the same diameter and depth: 0.1 mm for hole A, 0.2 mm for hole B, 0.3 mm for hole 

C. 
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FIG 18. PWI acquisition. Left: T-scan image of the exterior surface of a tube. 

Micrometric FBH are imaged. Right: Intensity of the signal on an imaginary line 

passing through the different holes.  

 

5. Conclusion 

  We highlighted in the article a new, efficient method for surface inspection based on 

using surface waves combined with synthetic focusing algorithms for TFM. First, we 

demonstrated the method is efficient for imaging and sizing several surface defects such as 

cracks, micro size holes, or segregations, on large surfaces. This illustrates the high 

sensitivity of the method for indications that are difficult to detect, such as segregations, and 

the capacity to detect defects as small as 100 µm. We then applied the method for a range of 

different geometrical complexities, from proximity to edges or angles, to circular surfaces. 

Surface imaging using Rayleigh waves combined with TFM is thus a very efficient method 

that can be applied for several NDT needs. In addition to its good sensitivity performance and 
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adaptability to many geometries, the method is free of chemical preparation and cleaning. 

Moreover, this method can be fully automated, from acquisition to decision, making it 

compatible with digitalization and surface digital twins for Industry 4.0. 
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