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Abstract. The paper discusses the application of image analysis software ImagePro Plus and MetIlo for
assessing cavitation erosion wear. The investigation of cavitation damage is performed on a vibratory test rig in
compliance with the ASTM G32 standard using the stationary specimen method. Low-alloy steel grade
34CrNiMo6 is used as the test material. Cavitation wear is evaluated by gravimetric and roughness measurements,
microscopic observations and computer image analysis in specified exposure times. The computer image
analysis of selected surface areas during a predetermined exposure to cavitation time is performed using
images captured with a metallographic microscope. Based on the results of scanning electron and
stereoscope microscopic observations, the cavitation worn surfaces are qualitatively described. The relations
between surface topography, gravimetric measurements and the microscopic results are discussed. The
findings obtained by gravimetric and roughness measurements, image processing and microscopic observations
are complementary. The results prove the suitability of image analysis for investigating incubation period of
cavitation erosion. The quantification of cavitation erosion damage indicates that the incubation period
of cavitation erosion of the tested steel lasts for 20 minutes. The results demonstrate that cavitation-worn surfaces
at the initial stage of cavitation erosion can be examined using both ImagePro Plus and MetIlo.

1 Introduction
Cavitation consists in the formation and subsequent
implosion of vapour bubbles due to local pressure
fluctuations in a liquid. Bubbles start to grow even at an
almost constant temperature in the vicinity of a lowpressure region, below the saturated vapour pressure of
the liquid. When subjected to higher pressure, the
bubbles implode.
In engineering systems, two types of cavitation
usually occur: hydrodynamic and vibratory. These
phenomena have effect on the performance, service and
operation time of different types of fluid machinery such
as pump systems [1], propellers [2], processing equipment
[3], diesel engines [4] and even rocket engines [5]. Even
though, cavitation can be beneficial in engineering as
shown in the work [6], where ultrasonic processing of
uranium desorption is studied, it also causes serious
material damage. Components that undergo cavitation
can be negatively affected by the cavitation erosion
process, which may ultimately lead to the system’s
failure. Cavitation erosion consists in surface damage and
progressive loss of material from a solid due to the action
of bubbles in the liquid that systematically collapse
at the surface. It is generally accepted that the impact
pressure and shock waves generated by the implosion of
cavitation bubbles lead to wear of materials [7–10].
Typical cavitation erosion curves plotted in laboratory
conditions are shown in Fig. 1. However, as a survey of
*

the literature [7–13] indicates, different nomenclature of
periods and various duration times of erosion progress
are used. Generally, the cavitation erosion process of
metals can be divided into two characteristic stages
of damage, distinguished by the amount of material loss.
In one stage, surface layer properties are changed, and in
the other stage material removal is started, Fig. 1.

Fig. 1. Cavitation erosion curves with typical period names
(∆m – mass loss, ∆V – volume loss).

Nevertheless, it is considered that the incubation
period of cavitation erosion of metal alloys or overlay
coatings can easily be identified [7, 10, 13–18]. At this
stage of damage, material loss cannot be measured (Fig. 1)
and wear can mainly be recognised because of surface
deformation. Therefore, the application of topography
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measurement, microscopic surface investigation and
worn surface image analysis are essential to describe
qualitatively and quantitatively the incubation period
duration and to determine the initial stage of the
cavitation erosion process. On the other hand, the
literature of the subject does not clearly state which from
the above approaches is the most accurate for assessing
cavitation wear. The ASTM standard [11] only mentions
incubation period duration, but other methods for the
evaluation of cavitation wear in incubation period are
omitted. For this reason, it seems worthwhile to develop
a more efficient method for wear resistance classification
based on observations conducted at the initial stage of
cavitation erosion.
The incubation period ends when the erosion rate starts
to increase, hence the acceleration period begins, Fig. 1.
The gravimetric measurement of material loss is a basic
method of estimating cavitation erosion of materials.
Unfortunately, this method relies on long-term testing in
which indicators such as mean depth of erosion and
maximum erosion rate of tested materials are determined
and compared [11, 16]. In light of the above, it is vital to
devise a method that would rely on the results obtained in
the cavitation erosion incubation period (quick testing) and
thus help to ensure long-term cavitation erosion resistance.
Various method are being developed to shorten test time. In
particular, computer image analysis of damaged surface is
widely used, hence different approaches are reported [7,
18–20]. A survey of the literature of the problem indicates
that despite the fact that MetIlo or ImagePro Plus are widely
used in materials science, there are no publications devoted
to the application of this software for measuring cavitation
erosion resistance. Therefore, this work focuses on this new
application for the above software.
The aim of this study is to verify whether the MetIlo
and ImagePro Plus image analysis software can be used for
evaluating cavitation erosion wear. This is done by
comparing the image analysis results with the experimental
findings of mass loss, topography measurements and
microscopic observations.

with the ASTM G-32 [11] test method recommendations.
The test was conducted on a test stand schematically
shown in Fig. 2 and described in detail in the works [17,
18]. In the present study the distance between the horntip and the specimen’s working surface was set to 1 mm
and distilled water with a temperature of 25±2°C was
used as a working liquid. The surface of the specimen
was examined in exposition times of 5, 10, 20, 40 and
60 minutes until 120 minutes. The specimen was weighed
at each time interval with an accuracy of 0.1 mg.
A cavitation curve of material mass loss due to cavitation
erosion is plotted in Fig. 3.

Fig. 2. Schematic design of cavitation erosion test.

Before and during the test, the surface of the specimens
was systematically examined and captured in the selected
specimen area of 2.21 mm2 with a metallographic optical
microscope Nikon MA 200. This was done by the bright
field technique. Each time a large image composed of
multiple image frames was captured because the size
of the examined area exceeded the camera’s field of view.
The area of surface used for image analysis is shown in
Fig. 4, and the development of the area due to cavitation
is shown in Fig. 5.
Surface damage caused by cavitation was examined
using a stereoscopic microscope Nikon SMZ 1500, Fig. 6.
In addition, selected regions of the specimen surface in
predetermined exposure times were examined with
a scanning electron microscope Phenom ProX (Fig. 7,
Fig. 8 and Fig. 9). The scanning electron microscopy
(SEM) analysis was conducted using a backscattered
electron detector (BSD) with topographical modes
(Topo). Two roughness parameters: the arithmetic mean
roughness Ra and the total height of the profile Rt, were
measured with a Surtronic 3+ profilometer, and the
results are plotted in Fig. 10.

2 Materials and methods
2.1 Specimen preparation
The test material for this study is low-alloy steel grade
34CrNiMo6 in untreated conditions with the following
chemical composition: C – 0.3 to 0.38%, Si max. – 0.4%,
Mn – 0.5 to 0.8%, P max. – 0.025%, S max. – 0.035%, Cr
– 1.3 to 1.7%, Mo – 0.15 to 0.3% and Ni – 1.3 to 1.7%,
according to the EN 10083 standard. The specimen for
the cavitation erosion test was machined from a steel rod
as a cylinder with a diameter of 25 mm and a height of
10 mm. The surface of the specimen was described by
the following roughness parameters: Ra = 0.06 µm and
Rt = 0.5 µm.

2.3 Image analysis
The computer image analysis was conducted based on
the images systematically captured with a metallographic
microscope operated in the specified sample area. The
surface development due to cavitation was analysed with
the MetIlo or ImagePro Plus image analysis software.
MetIlo is dedicated to metallographic stereology analysis

2.2 Cavitation erosion test
The cavitation test was performed using a vibratory
apparatus by the stationary specimen method in compliance
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[21] while ImagePro Plus provides state-of-the art
imaging and analysis capability for acquiring, enhancing
and analysing images [22]. Both programmes enable to
detect and measure object attributes such as area, shape
characteristic, perimeter, diameter, roundness and aspect
ratio, ferret, and many more parameters.
The MetIlo analysis was performed according to the
standard metallography procedure described in the works
[21, 23, 24]. The tracing and counting of objects by
ImagePro Plus was preceded by the assessment of
bitmap image (hence the areas affected by cavitation are
marked in white). Top and bottom binary thresholds
were selected manually. The analysis was based on the
images shown in Fig. 11 and Fig. 12. Parameters such as
volume fraction, total count, area of each element,
perimeter, maximal and minimal feret were measured by
both image processing programmes, and the results are
given in Fig. 13 and Table 1.

5 min

10 min

3 Results and discussion
The mass loss of 34CrNiMo6 steel due to cavitation was
within a range of measuring error until 20 minutes of
cavitation exposure (Fig. 3). The total mass loss after
2 hours of cavitation exposure is 15 mg, which means
that the incubation period of cavitation erosion lasts until
20 minutes.

20 min

40 min

Fig. 3. Cavitation curve of specimen mass loss.

A development of the examined area (Fig. 4) exposed
to cavitation is shown in Fig. 5.

60 min

Fig. 5. Cavitation worn surfaces of 34CrNiMo6 steel
in different exposure times, metallographic microscopy.

Fig. 4. Surface of 34CrNiMo6 sample before cavitation test –
input image to analysis.
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Changes in the surface are clearly visible when using
metallographic optical microscopy (bright light
technique). At first, the surface of the specimen under
cavitation load begins to deform. Finally, the areas
affected by cavitation do not reflect and diffusing light
as a result of surface deformation that leads to darker or
dark areas in the captured image (Fig. 5).
In contrast, the stereoscope microscope examination
visualizes the affected areas as brighter areas. Prior to
the test only surface scratches are visible (Fig. 6a), but
after 10 minutes of exposure to cavitation one can also
notice worn areas (Fig. 6b). The SEM observation of the
specimen prepared for the cavitation test confirmed the
presence of surface non-uniformities (Fig. 7). Cavitation
exerts impact on plastic deformation of the specimen
surface (Fig. 8 and Fig. 9) and leads to an increase in the
roughness parameters of the investigated steel (Fig. 10).
The qualitative examination of the worn surface
indicates that the incubation period of cavitation erosion
involves plastic deformation and the formation and
growth of pits. The acceleration period begins after 20
minutes, so the growth of pits and removal of material
are visible (Fig. 8 and Fig. 9). Material erosion starts in
the vicinity of the scratches, in well-deformed areas and
pits as well as in the vicinity to non-uniformities such as
inclusions.

It can be observed that the roughness parameters Ra
and Rt systematically increase with increasing the exposure
time. In comparison with the untreated specimen, the
surface roughness of the cavitation-exposed steel
specimen almost doubled by the end of the incubation
period. There is a correlation between mass loss (Fig. 3)
and the Ra parameter, and similar results are reported in
the literature [18, 25]. The quantitative erosion results
are in agreement with the SEM results.
Surface roughness increases because of the peaks and
valleys in the height direction caused by material
erosion. Finally, after 120 minutes, Ra is 0.23 µm and Rt
is 3.05 µm, which means that image analysis processing
is impossible to perform in this particular moment using
optical metallographic microscope images captured with
the bright field technique. Consequently, the possibility
of conducting dark-field examination must be verified

a

a

b

b

Fig. 7. Selected area of steel surface before cavitation tests,
SEM-BSD (a)-and SEM-BSD-Topo (b) modes.
Fig. 6. Surface before cavitation (a) and after 10 minutes
(b) of cavitation, stereoscopic microscope.
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Fig. 9. Selected surface area after 120 minutes of cavitation,
SEM-BSD (a), SEM-BSD-Topo (b) modes.

b

Fig. 10. Results of roughness measurement.

The images generated by computer image analysis are
shown in Fig. 11 and Fig. 12, and the numerical results are
given in Fig. 13 and Table 1. MetIlo and ImagePro Plus
were used to assess wear in the incubation period of
cavitation erosion. It can generally be observed that,
irrespective of the programme used, every parameter tends
to increase, decrease or remain constant depending on the
exposure time (Table 1). Once the incubation period of
cavitation erosion is over, the trend is reversed. Therefore,
it must be statistically investigated whether ImagePro Plus
yields more accurate results than MetIlo, and, to this end,
more specimens must be statistically examined.
Despite the fact that the results obtained with the two
image analysis programmes differ, it is possible to point
to the exact moment when the incubation period ends by
identifying the moment when parameter tendency starts
to change. The end of the incubation period of cavitation
erosion can be distinguished by estimating the moment
when the investigated parameters change their tendency
(from increasing to decreasing, or vice versa). Nevertheless,
this problem requires further detailed studies.
The numerical results listed in Table 1 can be useful
for describing erosion in terms of quantity and quality.
Naturally, one must decide which parameter is the most
representative to evaluate cavitation resistance of the
material and hence could be used for predicting its

Fig. 8. Selected surface area after 40 minutes of cavitation,
SEM-BSD (a), SEM-BSD-Topo (b) modes.

a

`
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cavitation wear. The volume fraction of worn areas is not
an adequate parameter to determine incubation period
duration.

5 min

5 min

10 min
10 min

20 min
20 min

40 min
40 min

60 min

60 min

Fig. 12. Images used for image analysis with ImagePro Plus.

It seems that perimeter and ferret could be used to
this end because their results indicate that the incubation
period of cavitation erosion is 20 minutes, which
complies with the results plotted in Fig. 3. In contrast,

Fig. 11. Images used for image analysis with MetIlo.
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4 Conclusions

the volume fraction first shows a steady increase,
irrespective of the image processing programme.
However, after 40 minutes of exposure to cavitation, the
MetIlo-simulated volume fraction shows a decreasing
tendency, while the ImagePro Plus results show that this
parameter is still on the increase (Fig. 13). Examining
the volume fraction results it is difficult to determine the
exact moment when the acceleration period of cavitation
erosion begins.
In addition to the above, statistical methods of results
evaluation must be employed, too. It would be a good
idea for future studies to compare these results with
results obtained with other image analysis software. This
would help verify accuracy of the applied procedure.
The scratches observed on the surface of the
investigated area do not blur the computer analysis
results. This means that the quality of specimen surface
roughness preparation was sufficient to determine
cavitation wear using computer image analysis.

This study reported the preliminary results of study
investigating, whether two image processing software
programmes: MetIlo and ImagePro Plus, can be used for
assessing cavitation erosion wear. The numerical results
produced by the above software was then compared with
the image analysis results, mass loss calculations,
topography measurements and microscopic observations.
A new application for these image analysis programmes
was proposed.
The results confirm that MetIlo and ImagePro Plus
can be effectively used for assessing wear during the
incubation period of cavitation erosion.
The duration of incubation period for 34CrNiMo6
steel was determined using gravimetric, roughness and
microscopic measurements and found to be equal to
20 minutes, which is in agreement with the results of
computer image analysis. Both image analysis software
programmes are suitable for determination of the
incubation period duration of cavitation erosion.
The end of the incubation period of cavitation
erosion can be determined by computer image analysis
based on variations in the investigated parameters. This,
however, requires further studies. Unlike parameters,
such as perimeter or feret, the volume fraction of worn
areas is not adequate to determine incubation period
duration.
The results obtained with ImagePro Plus and MatIlo
allow for a complementary computer image analysis
with gravimetric and roughness measurements and
microscopic observations.
Based on the microscopic observations, it has been
found that the wear during the incubation period for the
investigated steel grade is characterised by plastic
deformation and the formation and growth of pits,
resulting from the changes in surface roughness. One
can observe a systematic increase in the roughness
parameters Ra and Rt with increasing the exposure time
– from Ra=0.06 µm and Rt=0.5 µm for the specimen
before cavitation, to Ra=0.23 µm and Rt=3.05 µm for the
specimen after 120 minute-exposure to cavitation.
Future studies will focus on enhancing the computer
image analysis procedure and evaluating suitability of its
parameters, as well as devising a formula for long-term
cavitation resistance of engineering materials based on
data collected in the incubation period.

MetIlo

Table 1. Parameters calculated with MetIlo and ImagePro Plus
(mean values) vs cavitation exposure time.
Time [minutes]

5

10

20

40

60

Volume fraction
[%]

5.0

6.6

16.4

51.4

42.7

Total count [-]

1555

2115

4360

8599

7233

704

958

1974

3893

3275

70.5

68.4

82.8

132.0

130.0

Perimeter [µm]

25.7

24.7

27.8

37.5

37.4

Feret max [µm]

11.0

10.7

11.7

15.3

15.3

9.7

9.5

10.5

13.2

13.3

5.7

7.3

19.6

50.4

60.2

5152

5267

10920

4562

2429

2342

2394

4964

2074

1104

24.9

31.0

40.0

246.0

551.5

Perimeter [µm]

17.3

20.5

24.9

45.5

42.8

Feret max [µm]

7.1

8.1

8.8

9.0

9.0

Feret mean
[µm]

5.0

5.9

6.6

6.8

6.8

Elements per
area [1/µm2]
Area of element
[µm2]

Feret mean
[µm]
Volume fraction
VV [%]
ImagePro Plus

Total count [-]
Elements per
area [1/µm2]
Area of element
[µm2]

The author wishes to express his gratitude to Bartłomiej Dybowski
(Silesian University of Technology, Poland) for carrying out the
MetIlo analysis.
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