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Abstract: The paper presents the results of the cavitational erosion research carried out on two stainless
steels intended for the manufacture of parts strongly subjected to cavitation, such as the vanes and rotors of
hydraulic turbines and pumps. In accordance with the new trends, to reduce carbon below 0.1%, for both
categories the carbon content was kept at the value of 0.038%. The researches are carried out in the
Cavitation Erosion Research Laboratory of the Politehnica University of Timisoara, on the magnetostrictive
vibrating device with a nickel tube. The behaviour and resistance to cavitation erosion are evaluated based
on the comparison of curves and specific parameters with those of OH12NDL stainless steel, as a reference
for the parts subjected to cavitation, as well as on the basis of microstructural images, obtained by optical
and electron microscopy. The results show similarities and differences of microstructural damage between
the two steels. The comparison of the specific curves and the values of the reference parameters, with those
of the reference steel OH12NDL, shows that both steels can be successfully used in the manufacture of
vanes and rotors of hydraulic machines.
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1. Introduction

The destruction caused by cavitation erosion, especially in the rotors of turbines and hydraulic
pumps, led researchers to continue studies on the destruction [1-12] and to look for new materials
with high resistance to this phenomenon. In the same direction, the research presented in the
paper, carried out in the Cavitation Erosion Research Laboratory in Timisoara on two categories of
stainless steels, with identical carbon contents (0.038%), different chromium contents (15.8%,
respectively 11.302 %) and nickel (3.051 % and 4.236 %). The study of the two categories of
steels, produced in Romania, was determined by the erosive problems found in the vanes and
rotors of the turbines of the hydroelectric power plants in Romania, which were undergoing
refurbishment.

2. Researched materials

The experimental steels were procured from UCM Resita. Their chemical composition is presented
in table 1 and was determined using a Foundry Master spark optical emission spectrometer,
manufactured by WAS (Germany), in the equipment of the Spectrochemical Experiments
Laboratory of Optical Emission and X-ray Fluorescence, within the Center of Special Materials
Expertise (CEMS) from the National University of Science and Technology Politehnica Bucharest.
The microstructural constitutions and approximate proportions, shown in table 2, were determined
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using the Schaffler diagram, figure 1, based on the equivalent coefficients in chromium (Cr)e and
nickel (Ni)e calculated with the relation [6]:

(Cr)e = %Cr +1.5x%Si + %Mo + 0.5x% (Ta+Nb) + 2x%Ti + %W + % V + % Al

(N1)e = % Ni + 3x%C + 0.5x%Mn + 0.5x%Co

(1)

Table 1: Chemical composition of experimental stainless steels

Steel
(Symbolization) C Si Mn P S Cr Mo Ni
X12CrMoS17 (X1) 0.038 1.15 3.13 0.007 0.016 15.80 2.59 3.051
X22CrNi17 0.038 1.16 212 0.007 0.016 11.302 1.69 4.236
(X2)
Table 2: Prediction of the microstructural constitution according to the Schaffler diagram
Steel (Cr)e (Ni)e =~ Martensite = Ferrite
% %
X1 17.213 473 60 40
X2 16.8 5.41 70 30
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Fig. 1. Positioning of the two hotels in the Schaeffler diagram

The microstructure of the two experimental stainless steels, shown in figure 2a, was performed
with the Reichert metallographic microscope. The microstructural analysis is in accordance with
the data established on the basis of the Schéaffler diagram; steels having close casting structures,
with relatively fine graining. Both steels have fine acicular martensite as their major constituent, to
which is added ferrite, with island arrangement, in different proportions (see table 2).
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Fig. 2. The microstructural aspect of experimental stainless steels, 1000 x
(attack glycerine royal water).

3. Method and apparatus used

The cavitational erosion tests were performed on the magnetostrictive vibrator with a nickel tube,
figure 3, respecting the laboratory's custom [5, 6, 11-16] and the requirements of the international
standards ASTM G32-2016 [14]. The operating parameters of the device were [6, 13]:

- power =500 W

- vibration frequency 7000 + 3 % Hz

- double vibration amplitude = 94 um

- sample diameter = 14 mm, fig.3.b

- sample type = vibration.

24v
L sA

b)

Fig. 3. The magnetostrictive vibrator (elaboration from [6, 13]):

a) device image, b) principle diagram, ¢) geometric shape of the sample
(1- nickel tube; 2 - part - sample fixation; 3 - sample; 4 - nickel tube fixation ring system;
5 - nickel tube cooling system; 6 - alternating current coils; 7 - direct current coils;
8 - liquid container work; 9 - sonic wave capture; 11 - cooling coil (voltammeter))

The liquid medium used was double-distilled water, the temperature of which was kept constant
throughout the tests at 22+1 °C. The total duration of the cavitation tests, according to the
procedures of our cavitation laboratory [11-13, 15, 16], was 165 minutes, divided into 12
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intermediate periods (each of 5 and 10 minutes and 10 of 15 minutes). At the beginning and end of
each test period, the samples were successively washed in tap water, double distilled water,
alcohol and acetone and then weighed.

The preservation of each sample, during the breaks between test periods, was done in desiccators
to avoid the possible influence of environmental factors that could affect the structure subject to
cavitation erosion.

For rigor, were tested three samples of each material. The results presented in the paper, through
the curves and specific parameters, are averages of the experimental values determined on the
three samples.

After finishing the tests, the samples were subjected to structural analyses, both in the plane of the
surface exposed to cavitation, and in the axial section, perpendicular to the cavitation surface, to
measure the maximum penetration depth of the cavitation. For the analysis of the degradation of
the structure and how it correlates with the experimental results of the cavitation test, the images
recorded with the optical stereomicroscope OLYMPUS SZX 7, equipped with the image processing
program, quick Micro photo 2.2, and those of to the scanning electron microscope type XL-30-
ESEM TMP, both microscopes are in the CEMS equipment of the National University of Science
and Technology Politehnica Bucharest.

4. Experimental results

Based on the mass losses, recorded at the end of each attack period, the curves of the cumulative
mass losses, figure 4 and of the erosion velocities, figure 5, were built. The mass losses and the
erosion velocities, from the two figures, are algebraic averages of the obtained values on the three
samples, tested from each type of steel.

To evaluate the strength and behaviour during the attack, the curves of the reference steel for the
reference steel OH12NDL (0.1% C, 12.8% Cr, 1.25% Ni, 74% martensite, 26% ferrite) were also
represented in the same diagrams.

80

X OO Experimental values Lo 1
1-XOH12NDL o

60 2-X1 ’ 2

3-X2

Mass loss, M [mg]

Attack time, t [min]

Fig. 4. The variation of the cumulative mass losses with the duration of the cavitation attack
(comparison with the reference steel OH12NDL)

51




ISSN 1453 - 7303 “HIDRAULICA” (No. 2/2024)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

0.6 T
X O ¢ Experimental values
v(t)
.‘,.-o---.-._(? o

g 0.45 4 O ""-D&--_f
5 _ — &
E X X
> mm e X, X O
o 03 <= .- -
® ) X
c
% Vs
g 015

O 1-XOH12NDL O2- X1 X 3-X2

0 45 920 135 180
Attack time, t [min]

Fig. 5. The variation of the erosion rate with the duration of the cavitation attack
(comparison with the reference steel OH12NDL)

The macrostructural image of the cavity surface, figure 6, is obtained by stereomicroscopy. This
highlights the aspects of the surfaces affected by erosion, and comparatively, the differences
between their average diameters. It is noted that the affected surfaces have relatively
inhomogeneous aspects in both steels and, compared to the exposed surface with a diameter of
14 mm, they are between 40.91% (for steel X1) and 40.70% (for steel X2). The maximum
cavitation penetration depth (see figure 7) was determined after sectioning the test samples, with
values ranging from 958 um (for steel X1) to 675 um (for steel X2).

The average diameter of the affected surface =

The average diameter of the affected surface = 8777 um

The percentage of the surface affected by cavitation = 8754 um The percentage of the surface affected by
40.91% cavitation = 40.70 %
a) Steel X1 b) Steel X2

Fig. 6. The stereomicrostructural aspect of the samples, highlighting the area affected by the cavitation

52



ISSN 1453 - 7303 “HIDRAULICA” (No. 2/2024)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

[
2000 pm

| IS— |
2000 pm

(magnification 8 x)
MDEmax = 951 um
b) Steel X1

Fig. 7. The maximum depths of the erosions from the experimental samples
(stereomicroscope images)

(magnification 8 x)
MDEmax = 675 pum
a) Steel X2

Fig. 8. Aspects of the microstructural destruction, highlighting the hardening in the area bordering the
erosion (metallographic attack glycerine royal water, 100 x)

The images in figure 8 show the destruction at the microstructural level with a hardened zone in
the boundary layer of the destroyed zone under the repeated impact of microjets and shock waves
produced by the implosion of cavitation bubbles [6, 7, 13, 11, 12, 15, 17-20].

5. Results analysis. Discussions
Analysis of results based on characteristic curves and fractographic images

The data from the diagrams, from fig.4 and fig.5, related to the characteristic curves of the
reference steel OH12NDL, show that the studied steels have a very good cavitation behaviour.
From the comparison of the curves of the two steels, it follows that the X2 steel (with 70%
martensite) has an advantage in cavitation resistance. We believe that this increase is due to the
higher content of martensite, the constituent with the highest resistance to cavitation [1, 2, 11, 12,
15]. The higher resistance of the X2 steel is also determined by the somewhat finer structure,
determined by the lower amount of Mn, which contributes to the increase in the size of the
crystalline grains.

The dispersion of the experimental values compared to the approximation curves is the
consequence of the grain sizes, resulting from casting and expelled during the cavitation attack.
This dispersion is also supported by the images of the profiles of the eroded areas in figure 7
(through the maximum depth of penetration) and figure 8.

The images in figure 7 show that the maximum bending depth, measured at the end of the tests,
differs from one steel to another and agrees with the evolution of the specific curves. Also, the
results obtained in the Cavitation Laboratory [6, 11-13, 15, 16], show that this depth depends on
the sizes of the crystalline grains and is not suitable for comparing materials. Eventually, it can be
used to assess the cavity behaviour based on the drilling technology.

The results from the Cavitation Laboratory and made public [6, 11-13, 15, 16] obtained in over 60
years of research in the field, lead us to affirm that the mean depth of erosion (MDEnax), obtained
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by calculation from the total mass cumulative [6, 11, 13] is an indicated parameter in the
comparison of cavity erosion resistance.

In the images in figure 7, it is also possible to see a very small area, near the eroded area, where a
local deformation of the material can be distinguished, which is an effect of the intensity of
cavitation, respectively the repetitive impact of the material with shock waves and microjets
generated by the implosion of cavitational bubbles [6, 13].

The analysis carried out by electron microscopy (SEM), figure 9, highlights the following evolutions
of the damages produced at the microstructural level:

1. Steel X1:
fracture through cavity with intergranular, brittle aspect,
mixed appearance with very large cavities (200-500 um) and fine cavities up to 15 um,
breaking with a brittle appearance with the highlighting of intergranular cracks,
areas of fracture propagation through cleavage and fine gaps up to 10 um.

2. Steel X2:
e fine cavities of 10-15um and numerous microvoids evenly distributed on the surface,
o fine intergranular cracks and mixed appearance of the fracture with cleavage zones,
e brittle fracture with intergranular propagation with cleavage zones.

" Aoc ¥ SSpotMagn T Det WD F—————— 500 jin
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a) Steel X1 b) Steel X2
Fig. 9. SEM image of the cavitated surface (100x)

Table 3 shows the values vs. towards which the v(t) curves tend to stabilize, specific to the
cavitation resistance of the two investigated steels, as well as the normalized resistance, Rns,
which takes into account the cavitation resistance of the reference steel OH12NDL, by the value of
its stabilization speed, Vs oH12NDL.

Table 3: Comparison of cavitation erosion resistance with that of the reference steel OH12NDL

Parameter X1 X2
Vs [mg/min] 0.37 0.29
RNs = vsotel/ Vs on12nDL 0.84 0.66

The data in table 3 confirm the analyses carried out based on the curves in fig. 4 and fig.5,
highlighting the anti-cavitation qualities of the investigated steels.

Therefore, we appreciate that the two steels, with different contents of chromium and nickel, with
different microstructures, have different behaviour/resistance to cavitation. The practical problem
that arises for the two steels is that they allow the welding operations to be carried out, which is
done during the repair periods, with the aim of extending the lifetime of the vanes and rotors [6].
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6. Conclusions

1. The investigated steels show very good cavitation erosion behaviour, superior to the reference
steel OH12NDL and recommend them in the manufacture of vanes and rotors of hydraulic
machines.

2.The creation of steels, based on the criteria of controlled chromium and nickel contents, with low
carbon content (below 0.1 %) offers the advantage of deeper analyses of the behaviour of
materials in cavitation, highlighting the common and different elements of the destruction evolution.

3. We appreciate that the maximum depth of erosion, measured at the end of the research, fig. 6,
being dependent on the size of the expelled grains, is not suitable for comparison with other
materials. The agreement of its dimensions with the evolution of the behaviour of the two steels, in
the analysed case, is purely coincidental. Eventually, it can be used to assess the cavitation
behaviour based on the manufacturing technology. The parameter recommended by us is the
average penetration depth, calculated based on the volume of eroded material.
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