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Abstract 
In the field of non-destructive testing of materials, phased array ultrasonic technology offers flexibility, imaging, 

improvement of sensitivity and precision, and traceability. Designing a control using this technology for an 

industrial complex case requires adjusting several parameters simultaneously using modelling tool: transducer 

used, position and displacements on the part, delay law computation… 

The control of shaft consists in detecting and characterizing cracks appearing at changing sections. The difficulty 

is that only extremity is accessible. The control of such a geometry with conventional ultrasonic transducer is 

limited: low energy, use of beam divergence, high sensitivity to tightly mounted parts, complex interpretation, no 

traceability… 

The aim of this paper is to show the good correlation between numerical and experimental results obtained when 

designing the control of shaft using ultrasonic phased array technology: choice of transducer, definition of 

parameters, defect detection, control calibration… Such results justify the use of modelling tools to design 

realistic control solutions. 
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1 Introduction 
 

The aim of this paper is to show the interest of using modelling tools to design ultrasound 

inspection of complex part. The studied case is a shaft with several changing sections where 

conventional ultrasound inspection has to be replaced by phased array ultrasound technology. 

 

Industrial context and current ultrasound inspection are first presented. Then a new phased 

array inspection is designed using modelling and performances of this new solution are 

numerically studied: delay law computation, beam calculation, defect detection, control 

calibration. Experimentation finally validates numerical predictions. 

 

 

2 Industrial context and conventional ultrasound inspection 
 

The shaft studied here is used in paper industry. Whereas it is several meter long, only the end 

of the shaft is accessible (see in red on Figure 1) since elements are tightly mounted on it. 

Produced paper is coiled on this shaft. 

 

 
Figure 1: Shaft in industrial context: waiting for being used (left) and coil of paper (right)  

(end of the shaft visible in red) 
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The shaft contains several increasing sections. Fatigue cracks precisely may appear at 

changing sections. These cracks are harmful for lifetime of the part. Industrial feedback 

allowed the definition of sections where generally cracks appeared (see Figure 2). 

 
Figure 2: Localization of cracks in changing sections 

 

Inspections are currently performed using conventional ultrasonic transducer manually moved 

on the surface to control the entire shaft. This control is based on the beam aperture in far 

field. The only information to be analysed is the A-scan representing amplitude of echoes 

according to time of flight (see Figure 3). 

 
Figure 3: Conventional ultrasound shaft inspection and example of A-scan 

 

Unfortunately, visible echoes on this A-scan are not due to defects but to tightly mounted 

parts. Long works were necessary to interpret these echoes and to manage to distinguish real 

indications from parts echoes. Moreover, this manual inspection is realized without 

acquisition and lasts about 20 minutes for one shaft. 

 

The aim of this study is therefore to design a solution operating ultrasound phased array 

technology. If possible, this new solution should reduce parasitic echoes, improve resolution 

and sensitivity, and reduce inspection duration. Inspection parameters are now numerically 

defined. Experimentation will finally validate the configuration. 

 

 

3 Numerical inspection design 
 

3.1 Inspection elaboration 
 

Designing inspection solution consists in defining geometry, choosing or designing transducer 

(frequency, aperture, number of elements…), positioning transducer relative to geometry, 

computing delay laws. 

 

Operator experience is important to design an inspection. Due to the fact that only the end of 

the shaft is accessible and defects are depth in the geometry, transducer aperture must be high 

enough and frequency will not be too high.  

 

Thread 
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Here, a 64-element-linear array probe is chosen, frequency 5 MHz and pitch 0.8 mm. 

 

 
Figure 4: Position and displacement (rotation) of transducer on the shaft: identification of controlled area 

 

Figure 4 shows two areas that can be controlled when positioning the transducer as seen here. 

In order to improve probability of detection by reducing the effects of the geometry, beams 

are electronically generated to inspect the area located at the opposite of the transducer (solid 

line). The dotted line will be inspected after 180°-rotation of the transducer. 

 

A hypothesis is made here: beam angles are higher than for current conventional inspection 

and parasitic echoes will be highly reduced.  

 

3.2 Delay laws and beam computation 

 

The defined area will be inspected applying a sectorial scanning. 

 

 
Figure 5: Sectorial electronic scanning 

 

We first notice that it is not possible to generate only one mode of propagation in the shaft 

due to beam angles between 8° and 25° lower than first critical angle. Inspection will thus be 

realized using longitudinal waves. Shear waves will arrive later and will not disturb analysis. 

 

Beam computations allow to study the effects of focusing to inspect the shaft. 

 

 
Figure 6: Influence of electronic focusing (1st and last shots, without (top) or with (bottom) electronic 

focusing, higher amplitude is obtained for the 1st focused shot) 

 

Compared with beam steering, electronic focusing gives more sensitive beams both for the 

first and the last shots (see Figure 6). Moreover, focal spots are thinner. Defects detection, 

localisation and eventually sizing may be highly improved. 
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Shaft inspection will be realized applying a sectorial scanning with electronic focusing. Figure 

7 shows the sum of all the shots of the sectorial scanning and the correct coverage of the area 

to be controlled.  

 
Figure 7: Correct coverage of area with sectorial scanning 

 

3.3 Simulation of inspection 

 

3.3.1 Modelled defects (feedback) 

 

A specimen of this shaft contains notches located at different positions defined thanks to 

feedback (see Figure 2). A comparison between modelling and experimentation will be led at 

the end (see part 4). Notches considered in this numerical study are defined in Figure 8. 

 

 
Figure 8: Position and height of studied notches 

 

3.3.2 Interaction with geometry 

 

Given the complex geometry, we first analyse the interaction between the sectorial scanning 

and the geometry (see Figure 10). In one mechanical position of the transducer, the sectorial 

scanning gives a B-scan (a) made of as many A-scans as shots (c, d, or e). Amplitude is 

represented by the color scale.  

 

The B-scan analysis can be complex in such a geometry. The S-scan (b) represents the 

corrected B-scan considering geometry and beam angle. Each A-scan is represented along the 

beam angle of the shot. 

 

a  b    

Figure 9: Interaction with geometry: B-scan and S-scan 

 

Figure 10 shows A-scans c, d and e obtained for shots which should permit to detect cracks 

before and after the thread (215 and 267 mm) and at higher depth (512 mm) (identified with 

colored lines on Figure 9). These A-scans only show echoes due to geometry.  
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c  d

 e 

Figure 10: Interaction with geometry: A-scans 

 

The thread is thus perfectly identified on A-scans c and d. The second echo seen on A-scan d 

is due to the reducing section at this depth (visible on S-scan). Finally and obviously, 

according to modelling, geometry does not give echo at 512 mm depth. 

 

 

3.3.3 Interaction with defects 

 

The modelled defects were presented in Figure 8. The following results were obtained 

numerically. We first can observe S-scans obtained at mechanical positions with the 

considered defects (Figure 11) and A-scans obtained with these defects (Figure 12). 

 

 
Figure 11: Interaction with modelled defects (S-scans) 

 

For a defect located before the thread at 215 mm depth, an echo is easily visible before the 

echo given by the thread. The defect located at 512 mm depth is also well detected. However, 

the defect located after the thread at 267 mm depth is more difficult to visualize because of 

the thread. 

 

The analysis of A-scans allows a more precise interpretation. We compare here A-scans 

obtained without defect (seen on Figure 10) and those obtained with the modelled defects. 
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Figure 12: A-scans obtained without defect (left) and in a shaft with modelled defects (right)  

located at 215 mm (a), 267 mm (b) and 512 mm (c) 

 

The three modelled defects are finally well detected. 

 

For the defect located before the thread at 215 mm, as seen previously on S-scan, an echo of 

high amplitude is easily visible. Moreover, we can notice a shadowing effect of the echo of 

the thread. 

 

For the defect located at 267 mm depth, A-scan b finally show a high sensitive echo after the 

thread. It was more difficult to see it on the S-scan (zooming would be helpful). 

 

The unique echo obtained on A-scan c confirms the detection of the defect located at 512 mm. 

 

 

3.4 Calibration 

 

Before experimentation, we propose here a thought on the interest of modelling to calibrate an 

inspection.  

 

Indeed, if it is quite easy to calibrate a weld inspection with side drilled holes in a plate of 

same thickness of controlled specimen, it is obviously more difficult for the shaft we consider 

here. For economic reasons, we cannot realize calibration block for a shaft with identical 

notches at different depths. The idea is to calibrate the inspection thanks to modelling. 

 

The beam computation we did previously (Figure 7) shows a loss of sensitivity for shots that 

control higher depths. Even if attenuation due to material properties (grain size) is not defined 

and not considered for this numerical study, it seems possible to partly correct amplitude 

according to controlled depth.  

 

The following figure reminds the coverage obtained with the sectorial scanning applied and 

shows the decrease of sensitivity along the geometry according to the successive shots. 
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Figure 13: Sensitivity according to controlled depth 

 

We propose to correct gain shot by shot according to the numerically measured loss of 

sensitivity. For example, sensitivity for last shots will be 13 dB amplified. Thus, for a given 

defect whatever its depth, the obtained echo should be of same amplitude. 

 

To validate this numerical correction, we made experimentations on a 1.5-meter-bar made of 

carbon steel in which 5 identical notches were implemented at different depths. We compared 

amplitudes of echoes obtained numerically and experimentally on this mock-up. The 

following figure shows the good correlation between modelling and experimentation. 

 

 
Figure 14: Comparison of sensitivity between modelling and experimentation 

 

Attenuation due to material is not preponderant here. Gain correction based on numerical 

results can thus allow homogenization (calibration) of sensitivity of successive shots. 

Experimentation on the shaft will be seen later. 

 

3.5 Conclusion on numerical inspection design 
 

The use of modelling to design shaft inspection allowed: 

 

- The definition of inspection settings: position of transducer on the shaft, 

displacements, choice of mode of propagation, delay law computation; 

- The validation of inspection feasibility: choice of transducer, coverage of area to be 

controlled, beam interaction with geometry and defects; 

- The optimization of parameters: influence of electronic focusing compared with 

steering angle; 

- The ability to detect defects; 

- The possibility to calibrate inspection.  
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4 Experimentations 
 

4.1 Configuration 

 

The described notches on Figure 8 which were numerically studied are implemented in a 

mock-up. The chosen transducer is set in a mechanical equipment that allows centring, 

rotating and encoding position on the shaft. 

 

 
Figure 15 : Mechanical equipment to centre and encode angular position of the transducer 

 

4.2 Experimental results 

 

Experimental results obtained on the mock-up are now presented. The applied settings are 

identical to the modelled ones. 

 

 
Figure 16 : Experimental S-scans obtained at 215, 267 and 512 mm 

 

Indications obtained by notches located at 215, 267 and 512 mm are circled in red on S-scans. 

A-scans are analysed on Figure 17. 

 

Rotation axis

Transducer 

Centring 

Encoding 

angular position
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Figure 17 : A-scans obtenus expérimentalement pour les défauts à 215, 267 et 512 mm 

 

These A-scans looks like those obtained numerically. This numerical study helps identifying 

geometrical and indications echoes. 

 

The defect located before the thread sends an echo and shadows the thread echo. The one 

located after gives a higher sensitivity echo immediately after the thread echo. A more depth 

defect gives also an echo of high sensitivity. 

 

A difference between modelling and experimentation is noted concerning the defect located at 

267 mm. Numerically, the echo is obtained at the end of the thread echo. Experimentally, the 

defect is a perfect notch, the decreasing signal visible after the defect echo is due to the 

reflexion of the ultrasonic wave on the notch. These interactions were not modelled. 

 

4.3 Conclusion on experimentations 
 

All the defects are detected by experimentation. Interpretation is easier since it was first done 

during numerical study.  

 

 

5 Comparison between modelling and experimentation 
 

5.1 Multi-mode computation 

 

In order to reduce computation duration, numerical study was led considering only 

longitudinal wave. Experimentally, transverse wave also propagates. A computation was then 

made considering longitudinal and transversal waves and multiple reflexion and mode 

conversions on geometry (no defect included).  

 

Figure 18 shows an experimental S-scan obtained in a section without defect and a numerical 

S-scan obtained considering multiple propagation modes. 

 

 
Figure 18: Comparison between experimental S-scan and numerical S-scan (multi-mode computation) 
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It is interesting to compare these results because all the echoes experimentally obtained can be 

interpreted a posteriori. Thus for example it is possible to explain that the echo obtained for 

the first shots (small depth inspection) at 165 µs (circled in red) results from a mode 

conversion on geometry of longitudinal wave converted in transverse wave propagating 

toward the thread. Modelling is very close to experimentation and useful for interpretation. 

 

5.2 Experimentations on industrial plant 
 

Experimentations were realized on industrial plant on several shafts. Conventional inspection 

as described in part 2 was simultaneously realized. As expected, the numerically designed 

phased array inspection is not influenced by the tightly mounted parts. Moreover, the sectorial 

scanning improves inspection accuracy. In some case, indication sent a corner echo and a tip 

diffraction like seen on this figure. 

 

 
Figure 19: Corner echo (1) and tip diffraction (2) on an indication 

 

Whereas conventional inspection is realized manually, the acquisition of results with phased 

array technology reduces time duration. Indeed, if 20 minutes are necessary to inspect the 

shaft (interpretation included) with conventional transducer without acquisition, moving the 

phased array transducer and acquiring data needs about 30 seconds for one shaft. Data 

analysis lasts about 5 minutes. 

 

Time duration, precision, interpretation, characterization and traceability are highly improved 

using ultrasonic phased array technology to inspect this shaft. 

 

5.3 Numerical calibration 

 

From Figure 13, the decrease of sensitivity determines the correction to apply to homogenize 

sensitivity regardless of the inspected depth. This correction is shown on Figure 20. 

 

 
Figure 20: Correction curve of sensitivity depending of the inspected depth (determined numerically) 

 

1 

2 
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The application of this correction curve of sensitivity gives the following experimental results. 

 

 
Figure 21: Comparison of S-scan without gain correction (top) and with gain correction (bottom) 

 

Gain correction increases sensitivity of echoes. The probability to detect deep indications is 

improved. However, the noise at these depths is increased due to the important values of 

corrected gain that are to be applied.  

 

 

6 CONCLUSION 
 

During this study, a method using ultrasonic phased array technology was numerically 

designed: configuration of inspection (transducer, position and displacements, delay laws), 

and study of feasibility (beam calculation, interaction with defects).  

 

Modelling is helpful to make choices and allows to validate these choices avoiding complex 

experimentations. In some case, modelling is quite indispensable to design an inspection and 

demonstrate its performances. It is helpful to interpret the results. Modelling also improved 

results by numerically calibrating the inspection. 

 

 

+3dB +6dB +12dB 


