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ABSTRACT  

Cavitation damage process of stainless steel during the incubation period was detected and 

evaluated using stepwise erosion technique and image processing. The damage experiments were 

conducted using the vibratory test rig. The scanning electron microscope images at different 

locations on eroded surface using stepwise technique were presented. In addition, the surface 

roughness was measured with the testing time.  Discrete wavelet transforms and fractals had been 

adopted to extract the relevant features. It was found that the feature parameters: Shannon entropy, 

energy loss, fractal dimension and intercept show a fairly linear increase with the testing time.  It 

was also observed that the feature parameters have reasonable correlations with the roughness 

parameters.  

Keywords: Cavitation erosion, electron microscopy, surface analysis, stainless steel 

1. Introduction 

Cavitation is defined as the repeated nucleation, growth, and violent collapse of vapor 

cavities, or bubbles, in a liquid [1-3]. These collapses exert intense stress pulses, damage 

and cause material loss and erosion on nearby solid surfaces.  Cavitation damage is one of 

the major problems confronting the designers and users of modern high-speed 

hydrodynamic systems as reported by Hammitt [1]. It is a serious problem in hydraulic 

turbines, pumps, valves, control devices, hydraulic structures, sluices, energy dissipators, 

ship propellers, hydrofoils, bearings, diesel engine wet cylinder liners, aircraft engines, 

sonar domes, acoustic signal devices, and processing and cleaning equipment [2]. This 

damage represents a significant problem related to the operating life and economic values 

of these components [4]. One of the most common methods for predicting the amount of 

cavitation erosion is based on measurement of mass loss from materials. However, this 

method has limitations, because the weight loss is global while the cavitation erosion is a 

local phenomenon. Besides, this method overlooks the early stages of the effects of the 
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cavitations and sums only the overall resulting material erosion. However, under cavitation 

damage, the material surface may be deformed and cracked causing design changes of this 

surface even before the material begins to have a detectable loss. Therefore, it is essential 

to characterize the surface change in the early stage of cavitation. The eroded features such 

as plastic deformation, fracture initiation and its progress are dependent on the load history 

and surface properties under cavitation erosion.  Hence, of particular importance in the 

recent researches is the need to develop numerical methods providing a reliable and 

accurate characterization of surface topography with the change in the time. 

Literature reports several types of devices and techniques used in laboratory tests for 

collecting data of cavitation erosion. The ultrasonic vibratory test rigs are the most 

commonly used to conduct the accelerated tests, allowing a large quantity of data to be 

accumulated over a relatively short period of time using a wide variety of test conditions, 

liquids and materials. As reported by Hammitt [1] most of the data obtained from such 

tests are very helpful in clarifying the cavitation erosion mechanism. A consensus showed 

that material removal in multiple–impact situations (e.g. cavitation erosion, liquid-droplet 

erosion, and of solid–particle erosion) is not a result of single impulses or impacts, but 

rather, it is damage accumulations over thousands of impacts before a particle is dislodged 

as discussed by Preece and Hansson [2]. 

It is well established that the rate of erosion is a function of the exposure period, where 

this rate increases from negligible values, reaches a maximum, then decreases and levels 
off to a steady value [5]. Thus, cavitation erosion history of a material can be divided into 

four periods according to ASTM standards G-32 [3]: an incubation period; an acceleration 

period; a steady-state period and attenuation period. Among these periods, incubation 

period gained a large share of the research as it represents the importance of the process of 

cavitation erosion in general due to the existence of plastic deformation, pit formation and 

surface hardening.  The spread of cracks, which control removals often occur in successive 

periods. Some authors [6-9], in their experimental works found that the pits have a 

minimal effect in developing erosion. From the analysis of the eroded surface and the 

dislodged particles for different test conditions, it was found [7, 10-12] that the plastic 

deformation development and the surface hardening lead to the fatigue failure. However, 

there is little research [13] that tries to evaluate the erosion resistance of metallic materials 

by analyzing the plastic deformation behavior of metallic materials during the incubation 

period. As the cavitation erosion is locally distributed, the surface profile technique may 

not be a representative to the whole damage on the surface. 

 Recently, the image analysis technique is considered a worthwhile tool for being able 

to perform analyzes of fast, inexpensive and non-destructive for many processes. Image 

analysis is efficient in many tribological applications, e.g. wear debris morphology, texture 

classification and surface quality in machining as well as it is an appropriate tool to 

qualitatively and quantitatively characterize the early stage of cavitation erosion process 

[11, 12, and 14]. The topographical images of cavitation erosion surfaces at water and oil-

in-water emulsions were quantified using fractal and wavelet techniques [15, 16]. The 

image feature parameters of both techniques and the weight loss decrease with adding oil 

to water. Also, it was found that the variation of image feature parameters versus 

concentration of oil-in-water emulsions had a general trend that did not depend on 

magnification factor. 
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In the present work, fractal and wavelet analysis of the stepwise erosion combined with 

relocation scanning electron microscopy were used to delineate the real erosion processes 

within the incubation period in considerable details. The surface roughness evolution 

within the incubation period was also measured for the stepwise erosion. 

2. Image analysis methods 

Various image processing tools can be used to analyze damage surface images and 

extract the relevant features. Wavelet transforms and fractals were adopted in this study, 

and are described briefly below and elsewhere [15, 16]. 

2.1 Wavelet and wavelet packet decomposition 

The main advantage of using wavelets is that it provides multi-resolution analysis to 

improve the image quality obtained from microscopy techniques, such as SEM and others. 

The different wavelet transform functions filter out different range of frequencies (i.e. sub 

bands) by decomposing the image into low frequency and high frequency sub band 

images. When applying the wavelet transform, original image can be decomposed into four 

sub-band images. The decomposition process is recursively applied to the low-frequency 

sub-band to generate the next level of the hierarchy. That is, the two-dimensional discrete 

wavelet transform (2D DWT) [17] decomposes an image into several sub-bands according 

to a recursive process as shown in Fig 1. These include LH1, HL1 and HH1 which 

represent detail images and LL1 which corresponds to an approximation image, which is 

then decomposed into second-level approximation and detail images. This process is 

repeated to achieve the desired level of resolution. The obtained coefficients for the 

approximation and detailed sub-band images are useful features for texture categorization.  

 

 

 

 
 

 
 

Fig. 1. Pass-band structure for a two dimensional sub-band transform with three levels. 

As an extension of the standard wavelets, wavelet packets represent a generalization of 

the multi-resolution analysis and use the entire family of sub-band decompositions to 

generate an over complete representation of images [18]. There are many outstanding 

properties of wavelet packets that encourage research in many widespread fields.  

 An image is decomposed into one approximation and three detail images in 2-D 

discrete wavelet packet transforms (2-D DWPT). The approximation and the detail images 

are then decomposed into a second-level approximation and detail images, and the process 

is repeated. The wavelet packet tree for 3-level decomposition is shown in Fig. 2. The 

standard 2-D DWPT can be implemented with a low-pass filter h and a high-pass filter g 

[19]. The 2-D DWPT of an N x M  discrete image A up to 
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level (P+1 (P £ min(log2 N + log2 M)), is recursively defined in terms of the 

coefficients at level p as follows: 
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  is image A and K is an index of the nodes in the wavelet packet tree 

denoting each sub-band; h and g are the filter coefficients of low-pass and high-pass filters, 

respectively. Supposing that Haar basis has been used, h={- 0:7071; 0:7071},  and g = 
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defined by the image size. However, small letters (m or n) are defined at each step. For 

example, when P = 5, P can be 1, 2, 3, or 4 and so on. 

The Shannon entropy in different sub-bands is computed from the sub-band coefficient 

matrix as: 
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Where Energy p
(k)

 and Entropy p
(k)

 are the energy and entropy of the image projected 

onto the subspace at node (p, k). The entropy of each sub-band provides a measure of the 

image characteristics in that sub-band.  The energy of each sub-band provides a measure of 

the image characteristics in that sub-band. The energy distribution has important 

discriminatory properties for images and as such can be used as a feature for texture 

classification. From the equations above, it follows that the wavelet entropy is minimum 

when the image represents an ordered activity characterized by a narrow frequency 

distribution, whereas the entropy is high when an image contains a broad spectrum of 

frequency distribution.  

                        

 

 

 

 
 

Fig. 2. Wavelet packet tree decomposition. 
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2.2 Fractal analysis 

 Fractal geometry is a well-known non-traditional method which has found many 

applications in science and engineering. It is common knowledge that many objects in 

nature are of irregular form which cannot be described by Euclidean geometry. These non-

Euclidean objects are called fractals, and can be described by non-integer numbers. These 

non-integer numbers define the fractal dimension (FD) of an object. The main concept of 

fractal geometry analysis is that a fractal dimension can be considered as a quantitative 

measure of object surface heterogeneity because of its inherent self-similarity features. In a 

simplified representation, one could interpret the fractal dimension as a measure of 

heterogeneity of a set of points on a plane, or in space. Many works were reported on the 

application of fractal geometry to describe complex physical phenomena such as 

turbulence, brittle fracture of materials, machining, and tool wear [20, 21]. Fractal 

characterizations have also been used to describe complex two or three-dimensional 

surfaces, such as deposited surfaces [22], wear-erosion surfaces [23, 24], and wear 

particles [25-28].  Eroded surfaces are likely to be multi-fractal because they are produced 

by the accumulative effects of multiple impacts, i.e., rough surfaces. Fractal dimension at 

low frequency describes raw structures, while fractal dimension at high frequency 

represents texture. Textural fractal should define very fine feature in object boundary, 

surface, area, or volume. Structural fractal should describe an overall object morphology. 

Therefore the distinction between structural and textural fractals allows investigators to 

characterize microstructure and macrostructure effects on the surface behavior. 

Various fractal analytical techniques are applied to micrograph images of eroded surfaces 

such as Fourier, Kolmogorov, Korcak, Minkowski, root mean square, Slit Island, etc. These 

techniques differ in computational efficiency, numerical precision and estimation boundary. 

The most efficient procedure for measurement of the fractal dimension FD of eroded 

surfaces, and one which allows characterization of anisotropic surface as well, seems to be 

through Fourier analysis [29, 30]. Therefore, Fourier analysis is adopted to estimate fractal 

values in this work. For a surface image represented by the function I(x, y), the power 

spectral density (PSD) is equal to the square of the Fourier transformation F (u, v) of the 

surface function I(x, y). The power spectral density function is defined as; 

                                     

2
),(),( vuFvuS 

                                                                (7) 

 Where u and v are the spatial frequencies (number of waves per unit wave length) in 

the x and y directions respectively.  The PSD is converted to the polar coordinate system S 

(f), such that
22

vuf  . The value of S(f), at each radial frequency f, is averaged over 

angular distributions. For a fractal surface, Fig.3 (a), the power spectrum shows a linear 

variation between the logarithm of S(f) and the logarithm of the frequency as shown in 

Fig.3 (b).The slope of the linear regression line  is related to FD by equation [13, 31]: 

                                   
2

8 
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It is reported in literature that fractal dimension and intercept are significant fractal 

parameters that describe the irregularity and complexity of the surfaces. Moreover, the 
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intercept correlates well with the overall magnitude of roughness of the observed texture 

appearance of the surface images. In the present study, fractal analysis is going to be used 

to assign numerical values to indicate the development of stepwise erosion for cavitation 

eroded surfaces. 

 

 

 

 

 

 

 
 

 
 

 

Fig. 3. (a) A surface image of polished surface, and (b) Power spectrum of its 

Fourier transform, plotted as directionally averaged of log (PSD) versus log 

(frequency). 

3. Experimental procedure 

The test material was austenitic stainless steel SUS 304, whose nominal mechanical 

properties and chemical composition are shown in Table 1. To ensure metallurgical 

uniformity, all test specimens were cut from single round rod of the material. The round 

specimens were machined to flat-surfaced discs of diameter of 15.9 mm and a height of 11 

mm with threaded sections for attachment to the cavitation vibratory horn. . Initial surface 

roughness of the specimens is known to be of a considerable importance in creating pits 

[7], to facilitate crack initiation [32], to develop the fracture and to increase the rate of 

linear particle dislodgment [33]. To minimize these problems in the present study, the 

working faces of specimens were highly polished with grade 3000 dry emery paper.   

 Cavitation erosion experiments were performed using ultrasonic cavitation test 

apparatus shown in Fig. 4, which is in accordance with ASTM standard G32-06 [3]. The 

apparatus consists of a quartz transducer oscillating at a resonant frequency of 20 kHz, 

attached to an exponentially shaped prop, which amplifies the amplitude of vibration. The 

double amplitude (peak to peak) was 50 µm.  This alternating sound field generates 

pressure fluctuation with the horn-tip immersed in liquid. During one half of each vibration 

cycle, a low pressure is created at the test specimen surface, producing cavitation bubbles. 

During the other half of the cycle, bubbles collapse at the specimen surface.  

The specimens were immersed in 1000 ml open glass beaker, containing 700 ml of tap 

water. Since the test liquid temperature markedly affects the degree of erosion [34,35], the  

test water temperature in the beaker was controlled by cooling water circulation to be 

within 22±1 °C , as shown in Fig.4.   

Four specimens were tested at successive intervals within incubation period, two 

specimens for capturing the eroded surface image and the other two for surface roughness 

measurement. Such short experimental time (i.e.: elapsed time is within 5 min.) was 
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scheduled to reduce other damage effect on the surface, such as corrosion. The surface 

roughness was 2-dimensionally measured by a stylus profilometer in the direction of lay 

and in perpendicular direction to the lay. Then the average value of the surface roughness 

parameter was estimated for the two directions. The average value of roughness parameters 

Ra (mean surface roughness) and Rq (Root-mean-square roughness) was calculated from 

five random profiles of sampling length 2.5 mm at each test time. The duration of each 

interval time must be sufficient to produce gradually change in the features of the damage. 

Therefore, a 5 min. was decided for a total of 45 min. of testing on each specimen. The 

specimens were ultrasonically cleaned in acetone, dried in open air, and weighed by a 

digital balance with a sensitivity of 0.01 mg.  

It is known that cavitation erosion is localized and unevenly distributed. So in order for 

the stepwise erosion results to be representative, photographs were taken at four locations 

on the surface of the sample, with two near the center and the other two near the edge. For 

comparative examination, capturing an image of the same area on the surface of the sample 

after each test requires relocation of the sample in the microscope, which has been done 

through the rotation of the sample and observing the lay of specimen using small 

magnification and comparing it to the previous images. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig. 4.   Schematic view of test apparatus. 
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Table 1.  
Mechanical properties and chemical composition of SUS 304 

Density 8027 kg/m
3
 

Yield stress 517 MPa 

Tensile strength 758 MPa 

Elastic modulus 193 x 10
3
 MPa 

Hardness, BHN 240 

Elongation percent 60 

Nominal chemical 

composition 

C  0.08 max, Mn 2max, Si 1 max, P 0.045max 

S 0.03 max, Cr   18 – 20, Ni  8 – 12 

4. Results and Discussion 

4.1 Morphologies of eroded surfaces 

Figure 5 shows the sequence of images before and after testing for times of 5, 10 …and 

35 min. It is clearly seen on the images of the edge and center positions at t = 0 min., there 

are a number of horizontal parallel polishing lines. A number of black spots seen on the 

edge images, at t = 5 min., represents contaminations by dust particles that do not appear 

on the subsequent images. Therefore, the lines and the spots are not related to the 

cavitation. It was reported [6, 7] that when specimens of ductile austenitic stainless steel 

were exposed to cavitation, local plastic deformation of its surface was observed. This 

deformation was in the form of surface undulations with the appearance of defects, such as 

grain boundaries and slip bands as well as the formation of pits. With the development of 

testing time, these undulation changes in width and height, but generally they do not 

change in shape and number. It is noted in these images for plastic deformation slip bands 

are at least of 40 µm in length.. Such long undulations reveal that the shock pressure 

developed by the bubbles collapse plays a vital role in developing the erosion [9]. The 

images also show that the loss of significant particles in the evolution of the erosion 

process began along the slip bands as it is clear from the images of the eroded surface at 

the edge of time of 20 to 25 min. The particles were fallen off due to fatigue. Once the 

work hardening capacity of the surface reaches a critical level, fatigue cracks initiate 

plastically in the slip bands at microstructural discontinuities. The latter, being 

inhomogeneous and "condensed" plastic strains, changes locally and unevenly the 

microgeometry of the sample surface (micronotches), also causes local stress 

concentrations.  

 Another feature of eroded surface is the pit formation encircled in the images of Fig. 5. 

The size of these pits is in the order of µm. Such a tiny pit arises from the exposure to 

highly erosive microjets of pressures larger than the strength of the tested material. It is 

clearly seen from the sequence of images that the shape and diameter of pits do not change 

at all. Based on this observation on the pits feature and elsewhere [5], it can be concluded 

that the pits scarcely play an important role in the development of erosion. 
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Fig.  5. Sequences of images show the progression of damage with time at two 

positions on the sample: (a) the center, (b) the edge. 
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Fig. 5. Continue 
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4.2 Change in surface roughness 

The results of the average roughness  and the root mean square roughness with 

the test time are plotted in Fig. 6. These data can be divided into two stages based on the 

incubation period: stage I for t ≤ 15 min., and stage II for t > 15 min.  In both stages, the 
roughness values increase linearly with the time, where this  rate of the increase  is larger in 

the second stage. In both stages I and II, the material surface is plastically deformed leading 

to a uniform rate of roughness. Meanwhile, the increase in the rate of roughness in the 

second stage II is caused by the initiation of cracks as shown at the edge of the image for 20 

min. Many results about the measurement of roughness in the incubation stage and 

subsequent stages were reported in the literature [7, 12, 36]. However, the present 

measurements show slightly different results compared to the reported results due to  the fact 

that they are the average value of the measurement of two profiles, one in the direction of lay 

and the other in perpendicular direction to it. The assigned profile includes the whole eroded 

surface. Similar results have been reported by Yabuki et al. [37] but with different scale for 

the roughness measurement.  They proposed "surface increment percentage" index to 

represent the surface modification during the incubation period. The increment of the surface 

area was determined from the material surface profile data, measured through roughness 

meter. According to this index, the incubation period of cavitation erosion is to be divided 

into two  stages. They found that, in the first stage, the rate of surface increment is related to 

the hardness of the metallic materials while in the second stage this rate is related to the 

strain hardening exponent. Therefore, Yabuki et al. [37] concluded that surface increment 

index can be applied to the rapid determination of the level of erosion resistance, which in 

turn can lead to the rapid prediction of the service life of material. Recently, Matsmura [38], 

in his analysis for this methodology, saw that this method is inevitable for the determination 

of cavitation intensity in hydraulic machines. 

 

 

 

 

 

 

 
 

 
 

Fig. 6. Change of average Ra and RMS roughness Rq with test time t. 

4.3 Feature extraction 

In this section, the features parameters of images such as wavelet entropy, wavelet 

energy, and fractal dimension and intercept values are extracted. Then, these parameters 

are correlated to the surface roughness parameters. A set of 8 images (4 images per sample 

at different locations) were collected to represent the whole surface damage. Before any 

data processing was made, these raw images were visually assessed to avoid any effect on 
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the parameters of image like change in dimension, change in structure value due to 

contaminations. Therefore the data at test time of 5 min is omitted due to contamination as 

reported in Sec. 4.1.  

The results of the feature extraction, performed by using 2D-DWPT and fractal analysis 

described in Sec.2 are given in Figs 7-10. Shannon entropies and energy of wavelet packet 

decomposition of image were calculated with the testing time from all the selected sub-bands 

of the image as shown in Figs. 7 and 8. Figures 9 and 10 show the fractal dimensions and 

intercept for the image of eroded surface at different times. Fitting results between the 

specimen's image parameters and exposure time and the correlation coefficient, R
2
 , are 

shown in these figures. Entropy has the best linear correlation with time with adjusted  R
2
 

value of 0.98. Then, followed by intercept, fractal dimension and energy with R
2
 values of 

0.90, 0.90, and 0.89 respectively. From these figures, it is shown that the slope of the  line of  

entropy and its intercept increase with time, while it decreases for energy. Tao et al. [39] 

used the image energy loss D as a characteristic to estimate the corrosion loss. The image 

loss D was calculated as follow: 

                                                        Dj = E0 - Ej                                                      (9)            

Where j means the exposure time and  is the energy of uneroded specimen. The 

energy loss  versus time is plotted in Fig. 11. 

 

 

 

 

 

 

 

 

 
 

Fig. 7. Change of Shannon entropy with test time t. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Change of wavelet energy with test time t. 
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Fig. 9. Change of fractal dimension with test time t. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Change of fractal intercept with test time t. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 11. Change of wavelet energy loss of eroded surface image with the time. 
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From this figure, it can be seen that the energy loss increases with time in a similar 

manner to the behaviors of entropy, fractal dimension and intercept with time.  

Each feature corresponds to a visually recognizable property of the image described in 

Section 4.1. That is, for uneroded surfaces with homogeneous textures the results show 

relatively low values of entropy, energy loss, fractal dimension and slope. While, these 

extracted features have high values for eroded surfaces due to the coarseness of the surface 

textures. To verify these results, Figs. 12 & Fig.13 examines the possible correlation 

between feature parameters extracted from images and corresponding average roughness, 

 and root mean square roughness , given in Fig.6. It is clear that the correlations of 

feature parameters with the roughness parameters are similar to the correlations with the 

testing time. It is worth noting that Shannon entropy exhibits the best correlation with  

and   with correlation coefficient 0.98. It can be concluded that the image texture 

analysis by discrete wavelet analysis and fractal analysis of the cavitation eroded surface 

can be used to predict the nature variation of cavitation damage. 
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Fig. 12. Feature parameters: Shannon entropy (a), energy (b), fractal dimension 

(c), fractal intercept (d) versus . 

5. Conclusions 

Image processing based on discrete wavelet transform and fractal analysis was used to 

characterize the cavitation damage images. Those images were captured using the stepwise 

erosion technique. The following results can be drawn: 

(1)  The extracted feature parameters; Shannon entropy, energy loss, fractal dimension 

and fractal intercept change linearly with exposure time. 

(2)  The relationships between feature parameters and roughness parameters were linear. 

The best correlation was for Shannon entropy. 

(3)  The results indicate that the image analysis procedures rep promising techniques 

since they are effective in characterizing the changes of surface topography with 

exposure time. 
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(4) The surface topography with test time showed the plastic deformation development 

that leads to the fatigue failure was the predominant mechanism. 
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Fig. 13. Feature parameters: Shannon entropy (a), energy loss (b), fractal 

dimension (c), fractal intercept (d) versus . 
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"ϡف باستخداϬكل التك΂ضرار ت΃ ϡالتحقيق في تقد 
 "الت΂كل التدريجي ϭتقنيات تحϠيل الصورة 

 المϠخص العربى
تϘنیΔ داϡ بΎستخ رΓ اϻحتضاΎ فتϝ خϼد΃ لϠصϡϭ لمΫΎϘ اϜϻف لϠفوف  ϭالتϘييم لعمϠيΔ الت΂كل النΎتج عن التϬلكشϡ ات

ϭ ریجيΪكل الت΂الت ΔلجΎلصامع΃ϭ .رϭایرج ΕΎلتج ΏستخرΎبΪلتولي ίاΰϬال ίΎϬالج ϡصاور  دا  ΎاϘتم التϭ فϬϜالت
لى إبΎلإضΎفΔ السااااح المت΂كااال عϠى  قع مختϠفϭΔالمΎسح في ماني رϭلإلكتر المجϬلϠت΂كااال التاااΪریجي بΎسااات Ϊاϡ ا

Ϋل ،ϙت ϡΎقی αخشϭ Δح مع  لسانϭق ΔساااΪنϬالϭ ΓدϭΪالم ااا ΕΎالموجااا Εϻر م اااوΎتااام اختيااا Ϊقاااϭ .رΎاااΒختϻا Ε
 الϜسيήیϻ Δست ήاΝ المعϠمΕΎ )الήΒامتήاΕ( ال ΎصΔ بتϠك الصور.

د لى حإیΔ  خ ί ήϬیاΎدΓد الϜسيήي تظلبع، ϭاΎقΔ لدا  افΕϘ الصورΓ مΜل:  اأنتϭήبي لشΎنو ، ϭمعϠم΃  Ύ  تبی
 الساح المت΂كل.نϭ ΔلΔ مع خشϭمعΎ ΕϘ تبΎا اریϬدلΕ الصورΓ معϠم΃Ύ  یضΎ ظ ΃حϭلر. ϻϭختبΕΎ اقϭمΎ مع 
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