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Abstract: In this study the kinetic curves of cavitation wear of cast steels 20 GL and 30 L used for
production of critical elements of hydraulic machines were obtained. The typical predominance of
growth rate of cavitation mark diameter over its depth was found on the surfaces of the investigated
cast steels. The revealed phenomenon made it possible to offer a formula for estimating the volume
removal of the examined cast steels in order to expand the scope of the method according to ASTM
G134-17. This method uses profilometry and microscopy and allows to determine cavitation resistance
both for homogeneous and heterogeneous materials, including materials after modification of their
surface (with different types of coatings and hardenings).
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1. Introduction

Damage of working surfaces of hydraulic turbine blades, propellers, impellers, and
stator parts of pump equipment is mainly caused by cavitation impact of medium on the
functional surfaces of the equipment during the course of complex physical phenomena
and processes.

The study of physical causes of occurrence and development of cavitation [1–5],
identification of wear patterns [6–13] on the basis of experimental research, and creation
of theoretical models for further evaluation of effectiveness of developed and applied
protection techniques continue to be urgent tasks.

To date, a large amount of scientific work is related to the study of the emergence and
behavior of cavitation bubbles [14–17], as well as the study of the dynamics of destruction
of various materials [18–24] and methods of their hardening, as well as various kinds of
condensation and diffusion coatings [25–30]. Cobalt, nickel, aluminum and titanium alloys,
composites, non-ferrous metals, alloyed and unalloyed steels receive special attention.
On the other hand, casting steels such as 20 GL and 30 L, which are widely used in the
production of hydraulic components, have been little studied.

The development and further effective use of a structural material or passive method
of its protection under cavitation attack is based on the determination of wear patterns
using computer models and conducting comprehensive experimental studies [31–35]. The
discovery of the patterns of cavitation wear and the determination of wear resistance
criteria of materials are engaged by many scientists, using for this purpose various tools of
analysis, laboratory, and field experiments [36–39].

The cavitation test rigs and facilities used in laboratory experiments can be divided
into three groups: facilities simulating the occurrence of cavitation in conditions close to
natural, high-frequency test rigs, and jet test rigs. This study considers the results obtained
using the jet cavitation test rig created by authors. Analogues of such test rig are widely
used in the world practice [32,35,40–42].

Interpretation and reporting of cavitation erosion test data are made difficult by
two factors. The first is that the rate of erosion (material loss) is not constant with time.

Metals 2023, 13, 48. https://doi.org/10.3390/met13010048 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13010048
https://doi.org/10.3390/met13010048
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met13010048
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13010048?type=check_update&version=1


Metals 2023, 13, 48 2 of 13

This makes it impossible to represent the test result fully by a single number, or to predict
long-term behavior from a short-term test. The second is that there is no independent or
absolute definition of wear resistance, nor can units of measurement be ascribed to it.

Criteria of wear resistance of materials can be essentially varied depending on de-
formation rate, scale effects, stressed state of surface, influence of medium, etc. All this
inevitably makes it difficult to compare the wear resistance according to different criteria
with the properties of materials in a sufficiently wide range of changes in their structures
and external loading conditions. That is why it is customary to obtain a cavitation wear
curve and use it to determine the cavitation resistance of the examined material in the
initial state or with a modified surface.

To determine the cavitation resistance, the authors propose a refinement to the method
of estimating the volume removal of material, which is calculated using the typical di-
mensions (diameter and depth) of the cavitation wear spot on the surface, obtained using
surface profilometry and microscopy techniques.

This study aims to determine the operating mode of the cavitation jet test rig leading
to the maximum cavitation effect on the surface, determine in this mode the wear kinetics of
cast steels 20 GL and 30 L with recording the change in depth and diameter of the cavitation
wear spot, calculation of the volume removal and wear rate of the examined cast steels.
To solve the task, a cavitation jet test rig based on ASTM G134-17 standard [43] is used.
According to [43], cavitating liquid jet immersed in water volume, released from nozzle
under high pressure, impacts the sample surface in such a way that cavities (cavitation
bubbles) inside liquid collapse, causing wear of surface.

2. Materials and Methods

The cavitation jet test rig has the characteristics presented in Table 1, has a closed-loop
system of process liquid supply and cooling, is equipped with a sample positioning system,
and allows photo- and video-filming of the cavitation cloud in the process of jet impact.

Table 1. Technical characteristics of the cavitation jet test rig.

No. Parameter Value

1 Maximum pressure at nozzle exit (Pin) 20 MPa

2 Distance from nozzle to sample surface (H) 5–55 mm

3 Pressure in test rig chamber (Pout) 0.1 MPa

4 Number of samples engaged in experiment 1

5 Nozzle diameter (dnozzle) 0.3–2 mm

Diagram of cavitation jet test rig is shown in Figure 1. Appearance and sketch of the
cavitation jet test rig are shown in Figure 2.

The cavitation jet test rig functions are as follows. A pre-treated operating liquid
(water), cleared of mechanical impurities, enters a small nozzle of cylindrical shape through
a high-pressure tube at liquid pressure up to 20 MPa developed by a plunger pump. After
exiting the nozzle, the jet interacts with the experimental sample mounted in its positioning
system (see Figure 3) inside the test chamber. The sample is placed in the path of the jet
and at a certain distance from the nozzle. The pressure and temperature of the liquid are
monitored with manometers and thermometer. A pressure regulator makes it possible to
monitor and change the pressure developed by the pump.
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During cavitation tests according to [43], in addition to the inlet pressure (Pin), pres-
sure in the test rig chamber (Pout) and nozzle diameter (dnozzle), the following parameters
are measured:

− Distance from nozzle end to sample surface (H, mm);
− Mass loss of sample (∆mi, g);
− Testing time (t, min).

The mass loss of the sample is calculated using the formula:

∆mi = mo − mi, (1)

where mo is the original mass of sample [g]; mi is the mass of sample after experiment [g]; i
is the test number.

We used cylindrical samples with a diameter of 20 mm with a rectangular boss for
fixing in the sample holder to perform tests on the cavitation jet test rig.

To determine the optimum distance from the nozzle end to the sample surface, the
pressure before the nozzle and the nozzle diameter resulting in the maximum cavitation
effect, tests were carried out on coated aluminum specimens with variation of these param-
eters. Coating is a polymer paint with thickness at 150 µm. The testing time t was the same
for all tests. The chemical composition of aluminum is given in Table 2. The microstructure
of uncoated aluminum sample is shown in Figure 4.

Table 2. Chemical composition of aluminum.

Fe, % Si, % Mn, % Ti, % Al, % Cu, % Be, % Mg, % Zn, %

≤0.3 ≤0.2 0.4–0.9 ≤0.1 91.8–94.1 3.8–4.3 0.0002–0.005 1.7–2.3 ≤0.1
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Figure 4. Microstructure of uncoated aluminum sample.

After cavitation tests, the surface of coated aluminum samples was examined using
a scanning electron microscope and a mechanical stylus profiler. Settings of the SEM
microscope are given in Table 3.

Table 3. Settings of SEM microscope.

WD SEM HV View Field Det

9–10 mm 10.00 kV 500 µm BSE

The surface condition of samples and the size (diameter—Dout) of cavitation mark
were evaluated by surface images obtained using electron microscope, while the depth of
cavitation mark h was determined by profiles obtained using a surface profilometer. Then,
the mode that ensured and maximum wear was selected on the basis of the results obtained.

Cavitation tests were conducted on coated aluminum samples at different pressures
before nozzle Pin, distances from nozzle to the sample surface H, and nozzle diameter dnozzle
(see Table 4). Testing time t was 30 min.
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Table 4. Conditions of cavitation tests on coated aluminum samples.

Pressure Pin, MPa Nozzle Diameter dnozzle, mm

at H = 5 mm at H = 15 mm

10 0.35 0.35

11.5 0.35 0.35

13 0.35 0.35

15 0.85 0.85

16.5 0.85 0.85

18 0.85 0.85

After cavitation tests, analysis of coated sample surfaces using electron microscope
showed that at nozzle diameter 0.35 mm coating delamination is observed only at pressure
increase from 10 to 13 MPa, with partial delamination in the area of maximum impact
(under nozzle). External (total) diameter of cavitation mark Dout for nozzle diameter of
0.35 mm determined by SEM-images is bigger at distance H = 15 mm (see Figure 5a,c). The
increase of Dout is recorded with an increase in pressure.

Wear depths at distance from nozzle of 5 and 15 mm with nozzle diameter of 0.35 mm
are comparable (see Figure 5c), but the greatest wear at H = 15 mm is registered in annular
area (see Figure 5b) located at some distance from center of cavitation mark. At H = 5 mm
there is wear in both the annular and central areas.

With a nozzle diameter of 0.85 mm, coating delamination is recorded in all of the
tests performed. The wear depth is greater than with a nozzle diameter of 0.35 mm (see
Figure 5c). At nozzle diameter 0.85 mm, with distance from nozzle of 5 and 15 mm external
(total) diameters of cavitation mark Dout have close values. At that, for H = 15 mm the
delamination is more even and the delamination area is larger than for H = 5 mm (see
Figure 5a). The wear pattern with increase of pressure from 15 to 18 MPa does not change,
the maximum wear is recorded in the center of cavitation mark (see Figure 5b). Diameter
of cavitation mark Dout and wear depth h with pressure increase but insignificantly (see
Figure 5c).

With the results of all tests carried out on coated aluminum samples, it was found that
the maximum wear is at H = 15 mm.

Using the mode selected on the basis of tests of coated samples, tests with blade steels
20 GL and 30 L were performed with plotting of kinetic curves of cavitation wear ∆m = f(t).
The chemical composition of steels 20 GL and 30 L and hardness are given in Table 5. The
microstructure of steels 20 GL and 30 L is shown in Figure 6.

Table 5. Chemical composition and hardness of steels 20 GL and 30 L.

Steel C, % Si, % Mn, % S, % P, % Fe, % Hardness
HB 0.1, MPa

20 GL 0.15–0.25 0.2–0.4 1.2–1.6 < 0.04 < 0.04 other 165

30 L 0.27–0.35 0.20–0.52 0.4–0.9 < 0.045 < 0.04 other 174
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For each time interval the state of sample surface was investigated with evaluation
of wear depth and fracture spot sizes using mechanical stylus profiler and scanning elec-
tron microscope.

3. Results

Based on the results of the tests of coated aluminum samples, the following parameters
were selected to ensure maximum wear in the following tests of cast steels 20 GL and
30 L: nozzle diameter of 0.85 mm, distance to nozzle of 15 mm, inlet pressure 18 MPa, outlet
pressure 0.1 MPa, cavitation number 0.0055, temperature 50 ◦C. Cast steel samples 20 GL
and 30 L were tested using these parameters. The total testing time was 210 min.

Relationships of cavitation wear of steels 20 GL and 30 L in “mass removal—testing
time” plot were obtained as a result of tests (see Figure 7). The better resistance of steel 30 L
to cavitation attack was found on the basis of these relationships.

Metals 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 7. Kinetic curves of cavitation wear of steel 20 GL (1) and 30 L (2) samples. 

After testing for 30, 60, 90, 150, and 210 min, the following were determined: 
- Size Dout of the area (see Figure 8c) in which the formation and development of the 

cavitation pit occurs, using SEM images (see Figure 8a) of the surface; 
- Wear depth h (see Figure 6d) using profiles (see Figure 8b) obtained with a surface 

profiler. 

 
(a) 

 
(b) 

  
(c) (d) 

Figure 7. Kinetic curves of cavitation wear of steel 20 GL (1) and 30 L (2) samples.

After testing for 30, 60, 90, 150, and 210 min, the following were determined:

− Size Dout of the area (see Figure 8c) in which the formation and development of the
cavitation pit occurs, using SEM images (see Figure 8a) of the surface;

− Wear depth h (see Figure 6d) using profiles (see Figure 8b) obtained with a surface profiler.
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Figure 8. Patterns of surface changes in cavitation mark area (a), surface profiles (b), diameter of
cavitation mark Dout (c), depth of cavitation mark h (d), volume removal V (e), and removal rate E
(f) determined by them at cavitation test of steel 20 GL (1) and 30 L (2) samples (nozzle diameter
0.85 mm, distance to nozzle 15 mm, inlet pressure 18 MPa, outlet pressure 0.1 MPa, cavitation number
0.0055, temperature 50 ◦C).
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4. Discussion

The predominance of changes of cavitation mark [44–46] diameter over its depth
(Dout >> h) was found during incubation period, the period with maximum rate, and the
initial stage of the period with steady rate of wear of the examined cast steels. The profile
shape and the ratio of Dout and h (Dout >> h) make it possible to evaluate the volume
removal V of the sample using the formula for the ball segment (see Figure 9):

V = πh2
(

R − h
3

)
(2)

where R is ball radius, h is the depth of cavitation mark.
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The ball radius in Formula (2) is calculated using the formula:

R =

(
D2

out
4

+ h2
)

/2h (3)

where Dout is diameter of cavitation mark, h is depth of cavitation mark.
Figure 8e,f show the obtained kinetic curves of volume removal and corresponding

curves of volume removal rate of examined steels 20 GL and 30 L respectively.
The proposed approach for determining volume removal extends the applicability

of ASTM G134-17. The determination of cavitation resistance by volume removal was
previously only possible for homogeneous materials according to ASTM G134-17. Due to
the application of volume removal calculation by measuring the depth and diameter of the
cavitation mark, such determination can also be calculated according to formula (2) for
heterogeneous materials, including after modification of their surfaces (for different types
of coatings and hardenings).

In the case of an annular cavitation mark, which is also typical for cavitation jet
impact [40,47], the volume removal at (Dout–Din) ≥ h can be evaluated using the formula
for the torus part volume (see Figure 10):

V = π
Din + Dout

2

[
R2arccos

(
1 − h

R

)
− 1

4
(R − h)(Dout − Din)

]
(4)

where R is radius of circle forming a torus during rotation, Dout is outer diameter of
cavitation mark, Din is inner diameter of cavitation mark, h is depth of cavitation mark.
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Figure 10. Schematic layout of diameters Dout and Din and depth h of cavitation mark shaped as a
torus segment.

Radius of circle in Formula (4) is calculated by formula:

R =

(
(Dout − Din)

2

16
+ h2

)
/2h (5)

where Dout is diameter of cavitation mark, Din is inner diameter of cavitation mark, h is
depth of cavitation mark.

Discussion of the applicability of Formulas (2) and (4) requires further studies for
coatings with partial material delamination in the area of maximum impact, as observed
on the coated test samples.

The applicability of the Formula (2) was also assessed for estimating the volume
removal of the material carried away in comparison with a well-known formula for deter-
mining volume removal using the density of a material and its measured mass removal. For
the studied cast steels 20 GL and 30 L, the mass removal was determined in the framework
of the experiment (see Figure 7), and the densities for these steels under normal conditions
were chosen to be 7840 kg/m3 and 7810 kg/m3, respectively. The results of comparison of
calculated (without points) and experimental data (with points) for volume removal are
shown in Figure 11.
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Figure 11. Patterns of volume removal V determined by calculation using experimentally obtained
weight removal (2, 4) and by the formula for a volume removal in the form of a spherical segment
using the parameters of the surface profiles (1, 3) for steels 20 GL and 30 L, respectively, during
cavitation tests.
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Fairly good convergence of the two considered methods for determining the volume
removal revealed under cavitation exposure only in the incubation period and during
the period with the maximum wear rate until 100 min of exposure. In the area with a
steady wear rate up 100 min of exposure, a significant discrepancy was recorded in the
data obtained on the volume removal, obtained by processing the profile of their surface
(curves 1, 3) and determined by the weight removal (curves 2, 4). This circumstance,
apparently, is caused by the fact that when formula (2) is used, it does not take into account
the significantly changed relief of the damaged surface, as a result of which the obtained
volume loss value is overestimated (see Figure 12), what can be the reserve coefficient when
calculating the cavitation resistance of materials and methods of their protection according
to the proposed formula.
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Figure 12. Schematic depiction of the capturing by a spherical segment of the calculated volume
removal of material in comparison with the real volume removal of a complex figure bounded by a
complex surface profile, calculated using an experimentally determined mass removal.

5. Conclusions

As a result of cavitation tests according to ASTM G134-17, the wear kinetic of cast steels
20 GL and 30 L was determined under the selected parameters of maximum cavitation jet
impact. It showed that 30 L steel has better cavitation resistance.

The analysis of the examined cast steel surface changes in time by profilometry and
microscopy techniques confirmed the predominance of cavitation mark diameter over its
depth during the incubation period and the period with maximum wear rate. A formula
for calculating volume material removal has been proposed based on the data obtained.

As a result of this study, an improved approach to evaluation of volume material
removal according to ASTM G134-17 is proposed, which is calculated using typical dimen-
sions of cavitation mark. This approach allows to calculate volume removal at incubation
period and the period with maximum wear rate not only for homogeneous, but also
for heterogeneous materials, which can be various types of diffusion and metallic coat-
ings. The use of such an approach can significantly extend the applicability limitations of
ASTM G134-17.
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