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Abstract. Axle is one of the key components involved in the safety of railway 
transportation. As the complex state of axle with shocks, torsion stress and tensile 
stress, the fatigue crack will leading to axle failure. In order to ensure the safety of 
railway transportation, defects detection at axle inner parts and press -fit parts should 
be done, which can be implemented by ultrasonic method. In this study, the phased 
array ult rasonic is used in axle press-fit parts defect detection which can great ly 
improve the defect detection ability and operating speed. Different axle detection 
schemes are designed to realize full coverage according to different applications and 
different maintenance levels. The axle press-fit interface echoes always interfere with 
the defect resolution, and the defect missing rate and false rate will increase due to the 
low SNR. A median filter fused anisotropic diffusion algorithm is proposed for 
improving SNR of the axle detection echoes, thus to improve the ultrasonic defect 
detection ability. In the end, the performance of the denoising algorithm is assessed 
using axle press-fit part detection data and some ind icators comparison. 

Introduction  

With rapid development of high-speed and heavy-haul railways, the safety of railway 
operations is becoming increasingly important. Long-term and high-cycle service of the 
railway axles results in deteriorated axle state as it bears rotating bending loads and 
impacting of wheel-rail interaction [1].  

           
(a) Broken axle                                                   (b) Fatigue cracks 

Fig. 1. Broken axle and fatigue cracks 

Under the combined impacts of tension, compression, distortion, and shear stress, the axle is 
prone to fatigue damage. When the fatigue crack grows a certain depth, the load bearing 
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capacity decreases thus instantaneous fracture may occur [2]. A broken axle and the fatigue 
cracks of press fit zone are shown in Fig. 1. 
To ensure the safety of railway wheels and axles, non-destructive testing technologies, 
especially ultrasonic testing and magnetic particle testing, are widely used. Wheels, gears, 
and some brake discs are pressed or shrunk onto axles. Defects in the axle press-fit zone can 
be detected only by using ultrasonic testing methods, with ultrasonic probes placed on the 
axle body or the axle end face. With multiple beams and angles, the phased array (PA) probe 
is faster and more flexible in defect detection than conventional one. 
Different axle testing schemes are designed by sound field simulation software (CIVA) to 
realize full ultrasonic coverage according to different applications and maintenance levels. 
But no matter which kind of testing schemes is used or where the probe is fixed, the axle 
press- fit interface echo always overlaps the defect echo because of the interference fit [3], 
fretting corrosion [4] and complex interface stress distribution [5-6]. To improve the signal to 
noise ratio (SNR), a median filter merged anisotropic diffusion (MAD) algorithm is proposed 
to suppress the press-fit echo, thus the detection ability is improved. In the end, the 
performance of the proposed algorithm is assessed using SNR and contrast to noise ratio 
(CNR). 

1. Axle Testing Technology  

1.1 Phased Array Ultrasound 

In recently years, phased array ultrasound is developed and become more and more popular, 
especially for special inspection requirements such as complex geometric components and 
high inspection efficiency solutions. The phased array ultrasound features beam deflection 
and dynamic focusing without moving probe [7], so that the coupling is complete and stable, 
thus the detection efficiency is improved. 

 
Fig. 2. The beam focusing and deflection of PA probe  

1.2 Testing Schemes Design 

In Chinese locomotives light maintenance level, the wheel-set is mounted under locomotive, 
and assembled with motor, gear, gear box, bearing and some protection parts. In this case, the 
only way for axle ultrasonic inspection is to inspect from the axle end face with axle cap open. 
With beam steering and focusing, a group of ultrasonic beams can be generated by adjusting 
the setup parameters of one PA probe, instead of numbers of conventional ultrasonic probes. 
Different working models are used for full ultrasonic coverage, as shown in Fig.3. Sector 
scan is realized as shown in Fig.3(a). In the second model, the PA probe transmit and receive 
longitudinal wave to evaluate general state of the axle material, as shown in Fig.3(b). In the 
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third model, the corner of the axle shoulder and wheel seat is blind detecting area, so the 
reflected sound path is used to cover this area, as shown in Fig.3(c). 

 
(a) Model 1: phased array beam general scanning 

 
(b) Model 2: axle u ltrasonic penetration 

 
(c) Model 3: corner covered with beams from the proximal end face  

Fig. 3. PA probe on end face testing scheme 

In the heavy maintenance depot of rolling stock and freight train, the wheel-set is dismounted 
from the train. There are three different configuration of rolling stock wheel-set, such as 
wheel-set without brake disk, with two brake disks and with three brake disks. While for 
freight wheel-set, normally there is no brake disk. PA probes are put on axle journal and axle 
body with bearing removed. With 30° ~70° beam steering, the wheel seat and brake disk seat 
can be fully covered as shown in Fig. 4(a). Additionally, as supplementary roles, 0° or small 
angle longitudinal wave probes fixed on the end face can inspect the journal root and the 
internal material quality as shown in Fig. 4(b). 

 
(a) Full covered in CIVA simulation  

 
 (b) Journal and body schemes 

 Fig. 4. Testing scheme with PA probes on wheelset journal and body 
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In the heavy maintenance depot of locomotive, the wheel-set is dismounted from the vehicle. 
Although the locomotive axle structure is more complicated than that of rolling stock or 
freight train, there is less space for probe placement. The only space for placing probes is the 
journal and end face of axle, as shown in Fig. 5. The PA probes are put on journal, then the 
wheel seat area and brake disk seat area can be fully covered with 30° ~70° beam steering, 
meanwhile the PA probe set on the end face can cover other parts of the axle. 

 
Fig. 5. PA probes on journal and end face testing scheme 

2. Press-Fit Part Image Denoising 

2.1 Anisotropic Diffusion 

The ‘solid–solid’ interface of the press-fit axle allows some ultrasonic energy to disperse into 
the wheel hub that results in a amplitude decrease of the defect echoes received by the probe; 
Simultaneously, an interfacial echo reflection occurs in the press- fit zone [5]. To suppress the 
speckle and the interface echo, anisotropic diffusion is used and it has been studied by many 
researchers [8-10]. 
The anisotropic diffusion was proposed by P. Perona and J. Malik in 1990 [8].  
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where t  is just a time concept in iteration. Eq. (1) can be transformed as Eq. (2), when the 
image I to be processed is discrete and in matrix form. 
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where t  is the number of iteration times, and s  is the number of data points in diffusion 
calculating unit. s  is set as 4 here. EC , SC , WC  and NC  are the diffusion coefficients in 
the direction of east, south, west and north respectively, while EI , SI , WI  and NI  are 
the gradients in each orientation respectively. 
The diffusion coefficient is defined: 
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where k  is the edge magnitude parameter also called smoothing parameter which controls 
the diffusion intensity, and the diffusion intensity becomes lower when I  gets larger. 
A drawback of the model above (PM model) is that the noise will be enhanced by mistake 
when the noise intensity is high (I  of noise is high). Catte proposed a Catte-PM model 
which merged with the Gaussian filter to suppress the drawback above [9]. But the Gaussian 
filter will blur the image edge. So that a Median filter is chosen to merged with PM model in 
order to keep the image edge sharp and noise weakened. 
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2.2 Experiment 

PM model and Eq. (3) are used as PM anisotropic diffusion algorithm to process the B-scan 
of axle press-fit part. In this process,  is set as 0.15, k  is set as 15 and the number of 
iteration times is 30. The result is shown in Fig. 6, in which Fig. 6(a) is the B-scan without 
denoising; Fig. 6(b) is the B-scan denoised by PM anisotropic diffusion algorithm; and Fig. 
6(c) is the B-scan denoised by median filter merged anisotropic diffusion algorithm (MAD). 

   

(a) Original B-scan                           (b) Result of PM                           (c) Result of MAD 

Fig. 6. Results of denoising 

As shown in Fig. 6(b), some speckles caused by press- fit interface are enhanced falsely by 
PM anisotropic diffusion algorithm when press- fit interface echoes are strong enough. As 
shown in Fig. 6(c), the number of iteration times is reduced to 5 for the MAD; and the 
performance of the MAD is remarkable. By comparing the indicators SNR and CNR [10] in 
Table 1, the proposed MAD performs significantly better than PM anisotropic diffusion 
algorithm. 

Table 1. Indicators of the denoising performance  

 Original B-scan Result of PM Result of MAD 

SNR(dB) 8.1 12.5 20.9 

CNR 3.7 6.0 22.8 

2.3 Application 

The proposed MAD can suppress the press- fit interface disturbing echo efficiently; and it is 
applied in wheel-set inspection equipments, such as LZM system inspecting from axle end 
face, LAC system inspecting from axle journal and body (shown in Fig. 7) and LAZ system 
inspecting from axle end face and journal. The inspection ability of equipments is promoted 
by using MAD as shown in Fig. 8. The press- fit interface echo is decreased after using MAD 
compared with Fig. 8 (a); and the SNR is obviously higher than the one without MAD 
application. 
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Fig. 7. LAC equipment 

 

(a) Without MAD applicat ion 

 

(b) With MAD application  

Fig. 8. The applicat ion performance of MAD 

3. Conclusion 

In order to ensure the safety of railway transportation, defects detection at axle inner parts 
and press- fit parts should be done. Different testing schemes ensuring full ultrasonic 
coverage are designed for different wheel-set types by using simulation of CIVA. The MAD 
is proposed to suppress the press- fit interface disturbing echo. The experiment and 
application indicate the high efficiency of propose MAD algorithm; and it is superio r to PM 
anisotropic diffusion algorithm. 
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