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Abstract

Engineering materials are often exposed to various extremely harsh environments such as high temperatures and/or high
pressure, thermal shocks, aggressive solutions, or cavitation erosion. The phenomenon of cavitation erosion is to be
expected with flowing fluids where the parts of equipment include turbine blades, high-speed propellers, or pump parts.
Such conditions usually cause surface degradation with defects in the form of pits and fractures, resulting in strength
deterioration with a potential risk of failure, as well as shortening the lifespan of the materials requiring additional
expenses for failure analysis, repair, and/or replacement of parts. This paper presents the main results of the cavitation
erosion resistance study of two different engineering materials, 316L austenitic stainless steel and CuAINi shape memory
alloy (SMA). The cavitation erosion testing was carried out using an ultrasonic vibratory method with a stationary sample.
The comparison of the behavior of these two materials under cavitation erosion conditions is shown based on the results of
mass loss and analysis of the pits formed over time. Image analysis tools were used to quantify the surface damage levels.
Detailed analyses revealed that the CuAINi shape memory alloy (SMA) exhibited superior in terms of resistance and better

behavior compared to stainless steel.
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1. Introduction

The most commonly used standard procedure for
determining material resistance to cavitation erosion
is the ASTM G32-16 test method. The cavitation
erosion induced by ultrasonic waves involves the
transmission of sound waves within the ultrasonic
frequency spectrum, which equals or exceeds 20 kHz,
through a liquid medium. The “cavities in the liquid”
or bubbles form and grow when negative pressure
amplitude drops to or below the vapor pressure of the
liquid. Subsequently, these bubbles collapse during
the cycle of positive pressure generating high-
pressure shockwaves and microjets [1, 2]. More
precisely, the bubbles formed in low-pressure regions
are filled with vapor or dissolved gases that implode
after their formation, which can be very violent in
higher pressure areas. During the implosion of the
bubbles, micro-jets and shock waves are generated.
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Their repeated impacts can cause mass loss of
material — a phenomenon known as cavitation
erosion. The mass loss together with formed cavities
reduces the lifetime of the materials and/or
equipment, raising maintenance costs and can lead to
catastrophic collapse [3-6].

There are two main mechanisms of cavitation
erosion, the formation of shock waves (I and II) and
microjet (IIl and IV), as shown in Figure 1. The
subsequent impact of microjet and shock wave
eventually led to the formation of pits [3-6]:

- If the cloud of bubbles collapses, a shock wave is
emitted into the fluid (I and II); the magnitude of the
shock wave weakens as it moves towards the solid
surface;

- If the bubble collapses close enough to the solid
surface, a micro-jet phenomenon occurs (111 and 1V);
the damage in the form of a single pit is caused by a
high-velocity microjet impacting the solid surface.
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Figure 1. Schematic view of microjet and shock wave formations and their effects [4-6]

The material resistance to cavitation erosion can
be graphically presented by the curves of
mass/volume loss, or erosion rate during the exposure
period (Figure 2 according to ASTM G32-16 [5]).
Four different consecutive periods describe the
overall cavitation erosion process:

I An incubation period, during which the material
deforms either elastically or plastically and some
micro-cracks may form, but there is no measurable
mass loss;

IT An acceleration period that is associated with an
increasing rate of mass loss due to the propagation of
cracks in the area under the cavitation impact load;

III An attenuation period in which the rate of
material loss decreases;

IV A steady-state period in which the erosion rate
is substantially constant.

Different metallic and non-metallic materials are
impacted by cavitation during their practical
applications. Understanding the material response can
help to develop new structures or coatings with better
cavitation resistance, which is crucial for prolonging

their service life.
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Figure 2. Cavitation curve with periods of degradation [4-

Metallic materials such as stainless steel and shape
memory alloys (SMAs) are widely used in
electronics, machinery, energetics, aerospace, civil
engineering, the automotive industry, medicine, and
daily life [7, 8].

Because of its good corrosion and cavitation
resistance, 316L austenitic stainless steel is commonly
used in hydraulic machinery such as pumps and pipes
[9-11]. Therefore, the cavitation erosion behavior of
316L stainless steel, processed by selective laser
melting, was chosen to test in this study [12, 13].
316L stainless steel is the second most frequently used
austenitic stainless steel, also known as marine-grade
stainless steel since it is mainly used for the
manufacture of ship propellers. It is a low-carbon
stainless steel with a density of 7.9 g/cm® and the main
alloying elements of Cr, Ni, and Mo with a small
percentage of Si and P.

The cavitation erosion behavior of 316L stainless
steel, processed by selective laser melting (SLM), was
investigated in the studies [12, 13]. The aim was to
observe the mechanisms and morphology of the
damage as well as the microstructure-related
cavitation erosion resistance of SLM-densified 316L
steel. Other authors were interested in the
combination of cavitation erosion of 316L steel with
corrosion in NaCl solution [13] and cavitation
resistance of a distillation column made of 316L
stainless steel for food industry applications [14, 15].

A shape memory alloy (SMA) is often described
as an alloy that “remembers” its original, cold-forged
shape; it returns to the pre-deformed shape when
heated. The main types of SMAs are nitinol (Ni-Ti),
Cu-based, and Fe-based alloys. Considering all
material characteristics, Cu-based alloys are the most
commercial of the SMA group. Compared to other
shape memory alloys, Cu-based SMAs are produced
by relatively simple fabrication procedure and have
higher electrical and thermal conductivity. The
economic effect (low price) is the main advantage of
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Cu-based SMAs compared with other SMAs. Owing
to their properties, including excellent thermal
stability and high transformation temperatures (close
to 200 °C), Cu-Al-Ni SMAs can be applied in various
industries, such as medical and aerospace. This
exceptional class of materials can be used as a
lightweight, solid-state replacement for conventional
actuators such as hydraulic, pneumatic, and motor-
based systems [16-21].

The cavitation erosion of SMAs was tested
primarily for nitinol alloys and Fe-based and nitinol
SMAs [22-26]. The reported results indicate good
cavitation resistance of Fe-Mn-Si-Cr SMAs [23] and
Ni-Ti SMAs, which were used as cavitation resistant
coatings [23].

The results of investigating the surface
morphology and grain structure of cavitation tested
CuZnAl SMA pointed out that under the cavitation
impact grains are refined and their orientations are
diversified, the transformation of martensite to
austenite is facilitated, and the stability of
thermoelastic martensite decays, which presents the
improvement of shape memory performance [27, 28].

This paper aims to deal with damage monitoring
during the cavitation process using software tools for
image analysis to quantify morphological parameters
that are selected as the best ones to describe induced
pits and defects. The motivation of the research
presented here is to predict as precisely as possible the
response of the selected material surface to a highly
unsteady fluid flow, as occurs during cavitation
exposure in order to mitigate its effects on submerged
bodies.

2. Experimental
2.1. Materials

In this experiment, the commercial stainless steel
powder of the grade Surfit™ 316L was used. The
chemical composition of the stainless steel Surfit™

mortar for 15 min. Paraffin wax, commercial name
Paraplast™ [29], was used as a binder in the content
of 1 wt.%. After homogenization, cold uniaxial
double-sided pressing of the powder was performed to
obtain cylindrical green compacts 16 mm in diameter.
The samples were pressed at about 150 MPa and then
sintered in a vacuum into a high-temperature vacuum
furnace (HBO W, GERO, Germany) at the
temperature of 1200 °C for 60 min [30].

The polycrystalline Cu-12.8Al-4.1Ni (wt.%) SMA
was prepared from pure raw materials of copper,
aluminium, and nickel in a vacuum induction furnace.
The heating temperature was 1240 °C. A solid bar of
8 mm was produced directly from the melt employing
a device for the vertical continuous casting connected
to a vacuum induction furnace. Continuous casting of
the bar was carried out at a casting speed of 320
mm/min (as-cast state, sample L). After the casting,
the heat treatment procedure was performed by
solution annealing at 885 °C for 60 min followed by
water quenching [32, 33]. The chemical composition
is given in Table 2. Table 3 shows the major
mechanical properties of both tested metallic
materials [32, 33].

2.2. Methods

A schematic diagram of the part of the cavitation
experimental setup is shown in Figure 3. The test was
performed using the ultrasonic vibration method (with
a stationary sample), according to ASTM G32-16
standard [5]. To produce cavitation bubbles, an

Table 2. Chemical composition of Cu-12.841-4.1Ni SMA
(wt.%)(wt.%) [31]

Cu Al

12.80

Ni
4.10

Chemical element

Value (wt.%) 83.2

Table 3. Mechanical properties of stainless steel 316L and
Cu-12.841-4.INi SMA

316L is given in Table 1. This type of stainless steel Pr Stainless steel | Cu-12.8Al-4.INi
operty 316L SMA
has an austenitic structure, while the defined contents ]
of Cr, Ni, and Mo provide its significant corrosion Yield St;;;gth’ 205 242
resistance, so it can also be assumed the cavitation T n‘llm'St a m
erosion resistance. The spherical stainless steel enstie Strensth, 551 403
. L. . min. (MPa)
powder was obtained by gas atomization. Using a i : :
sieve analysis, the powder was sieved in the range of ongat;/on, . 1.64 1.64
particle size range from 45 to 90 pm in diameter. (%)
Before the press.ing process, the steell powder was Hardness, max. 150 290.7
manually homogenized with a binder in a ceramic (HVO.5)
Table 1. Chemical composition of stainless steel 316L (wt.%) [31]
Chemical element C Cr Ni Mo Mn Si Fe
Typical value (wt.%) | max. 0.03 16.0-18.0 10.0-14.0 2.0-3.0 1.0-2.0 max.1.0 Bal.
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ultrasonic generator with 20 + 0.2 kHz frequency was
used. The ultrasonic horn tip diameter was 16 mm and
the working distance between the horn tip and the
exposed specimen surface was set to 0.5 mm. Test
samples were placed on a holding platform in a beaker
filled with distilled water at a temperature of 22 + 1
°C. The specimen was placed 10 mm under the free
liquid level. Samples’ dimensions were a diameter of
15.5 mm and a height of 6 mm. The specimens were
weighed prior to the cavitation exposure (CE) test and
after each certain period of exposure. Additionally, an
optical microscope was used to monitor the exposed
surface with the aim of analyzing changes in damage
morphology. In order to achieve the repeatability of
obtained results, three specimens were used for the
measurements, while each presented result is the
mean value of the obtained results. The mass
measurements of the test specimens during the
experiment were carried out on an analytical balance
with an accuracy of 0.1 mg. The test specimens were
dried in a dryer at 110 °C for one hour, before being
weighed.

To assess the impact of surface erosion, the

Frequency
20+0.2 kH
Amplitude
50+2 pm

Disttiled water

Back-up block
22+1°C

Figure 3. Schematic illustration of experimental set-up
segment, vibrating tip (ultrasonic horn)

Area Diameter,,,  Diameter,

samples’ surfaces were examined using a trinocular
metallurgical microscope (EUME, EU Instruments,
Gramma Libero, Belgrade) at various magnifications.
Besides, microphotographs of the tested specimens
were taken using SEM type JEOL JSM-5800 to
monitor changes during CE. Microstructural
characterization was performed on prepared
metallographic samples: sanded with different grid
sandpaper (400 - 1200), polished in an AL, O, solution,
and finally etched in a solution of 2.5 g FeCl,, 10 ml
HCI and 48 ml of methanol.

Defects resulting from cavitation erosion can be
characterized by morphological descriptors and be
quantified using appropriate tools for image analysis
in the Image Pro Plus 6.0 software (IPP) package
(Media Cybernetics, 2006, Rockville, MD). The
sample surface was scanned at high resolution (1200
dpi) after each specific CE period and then processed
by IPP. The morphological characteristics that best
characterize the extracted object were chosen after the
surface defects (pits) were segmented. Then, using the
software tools, a quantitative assessment of each
selected descriptor is made possible, allowing for the
description of induced defects and additional analysis
of the data regarding their changes. During this
research, selected defect descriptors were Area,
Diameter, , Diameter ., Diameter, ., Radius_, , and
Roundness. Figure 4 provides an illustration of the
parameters that were chosen to be monitored while
the tested materials were exposed.

3. Results and Discussion

The structural investigations of the damaged areas
were carried out using the optical microscope (OM)
and scanning the exposed surface depending on the
duration of repeated loads. The appearance of some
stainless steel sample surfaces is presented in Figure
S.

The structure of 316L stainless steel before testing
indicates that a typical sintered heterogeneous
granular structure was formed. The microstructure
shows abundant coarse austenite grains (y) of
different sizes and irregular shapes, as well as also
pores with elongated morphology, mainly visible on
the grain boundaries. It is evident that intergranular

Diameter Radius Roundness

mean min

KN

Figure 4. Graphical presentation of selected and monitored parameters
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Figure 5. The images of the stainless steel 316L sample made by a scanner and an optical microscope used in additional
image analysis

erosion is being caused by the degradation along the
grain boundary during the cavitation testing. Namely,
it can be claimed that the grain boundaries represent
weak points where the material begins to degrade and
then spread with the loss or erosion of the austenite
grains while the portion of pores increases.

This observation is proven by measuring the mass
of samples subjected to the cavitation, as
recommended in the standard. Besides, additional
monitoring of degradation is focused on image
analysis of surfaces that had been exposed to
cavitation. More precisely, morphological parameters
that depict the induced defects or pits were chosen and
quantified using tools of image analysis. Results of
the mass loss and the total damaged surface arca
which is presented as the level of degradation are
given in Figure 6.

By considering the results of mass loss in time, it
can be noted that the incubation period almost does
not exist or is nearly negligible, since in the initial 10
minutes there is measurable mass loss regardless as
this is quite small and can be attributed to the second
accumulation period. After 10 minutes of cavitation
load, there is a steady-state period in which there is no
further loss of mass. It can be claimed that the
stainless steel shows excellent resistance to the
cavitation since the mass loss after 60 minutes of
cavitation loading did not exceed 0.03 mg while the

damage level of the sample surface did not exceed
1.75 %.

Regarding the testing of SMA samples and because
of the exceptional properties that these alloys possess,
the testing lasted for 420 minutes. The surface changes
related to forming and growing the damages that
occurred during the cavitation were on a nanoscale
level so that they could only be detected by measuring
the mass to the three decimal places and using
techniques such as SEM and AFM methods. Figure 7
shows 3D AFM and SEM images of the SMA sample
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Figure 6. Mass loss and level of degradation of the
stainless steel 316L sample during cavitation

testing
BY SA
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Figure 7. 3D AFM and SEM images of the CuAINi shape memory alloy (SMA) sample surface before and after 420
minutes of testing

before and after 420 minutes of cavitation loads
consisting of several repetitive impacts.

AFM and SEM analyses obviously indicate
changes at the surface in the form of roughness in the
case of AFM analysis and the form of induced pits
observed by SEM. Comparing the measured
roughness of the sample surface after 420 minutes of
cavitation exposure with its value before the test
revealed a difference of 53.73 nm, indicating that
erosion is occurring on the sample surface. SEM
micrographs were used to quantify surface defects
induced at the surface as a consequence of cavitation
impact. Visual observation of the SEM images taken
during the test indicates that most occurred defects in
the form of pits that have different sizes, shapes, and
possible various depths. Based on that, the damaged
areas were measured using the IPP software tools,
while their total value was calculated as a percentage
of the degraded areca and presented as a level of
degradation. The results of measuring the degradation
level of the exposed surface are shown in Figure 8, as
well as the results of the mass loss that occurred as a
result of cavitation erosion.

After 420 minutes, which is 7 times longer
exposure to the cavitation load than in the case of
stainless steel, the mass loss is twice less than the
mass loss in stainless steel for 60 minutes, so it can be
noticed that the erosion of SMA is almost negligible
and happens very slowly because the slope of the
curve is quite mild. Since the level of degradation is
less than 1.25 % after 420 minutes of cavitation load,

it can be considered as extremely low. Overall, it can
be concluded that SMA is far more resistant to
cavitation erosion than stainless steel; nevertheless,
additional research is needed to monitor the
occurrence and growth of surface defects during
cavitation, which is covered in more detail in the
discussion that follows.

Additional morphological parameter analysis was
performed to achieve a comparative approach.
Namely, to compare pits’ characteristics, the
morphological parameters that are at the same time
descriptors of induced defects or pits were measured
using image analysis tools. The average values of the
obtained results are given in Table 4.

25
0.04 SMA —
—o—mass loss 2
g) —o— level of degradation r20 @
- 0.03 o,
a L15 O
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—_ «Q
o 0.02- 5 Q
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Figure 8. Mass loss and level of degradation of the CuAINi
shape memory alloy (SMA) sample during

cavitation testing
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Table 4. Measured average values of selected
morphological parameters for the SMA after 420
min of cavitation and stainless steel 316L after 60
min of cavitation

Parameter CuAINi (SMA)| Steel 316L
420 min 60 min
Average values

Area, um? 36.17 1.8
Diameter (max), pm 9.55 1.7
Diameter (min), um 3.25 0.8
Diameter (mean), pm 6.28 1.2
Radius (min), pm 0.72 1.5
Roundness 1.25 1.65

During the analysis of obtained measurements, it
should be kept in mind that the SMA sample was
subjected to cavitation for 420 minutes, whereas the
stainless steel was exposed for 60 minutes. Even in
such conditions where the SMA sample is exposed to
cavitation seven times longer than the sample of
stainless steel, the results of mass loss and
degradation level are very small for both materials, so
it can be claimed that they both have excellent
resistance to cavitation erosion. Otherwise, it should
be emphasized that SMA even after 420 minutes
shows lesser mass loss and degradation levels than
stainless steel.

The average results of the measured values related
to important parameters of induced pits show that in
the case of SMA, each individual defect or pit has
greater values for Area and Diameter in comparison

with the stainless steel, Table 4. This observation
suggests that fewer bigger pits with larger areas occur
at the surface of SMA. It should also be noted that
these pits are shallow and surficial, based on the
roughness values and AFM analysis. On the contrary,
in the case of stainless steel, the results of these
parameters indicate that a larger number of smaller
pits are formed at the surface. Such differences in
behavior can be attributed to the different
microstructures of SMA and stainless steel, which are
austenitic and martensitic, respectively. The average
values of the minimal radius of an individual defect
are about twice as small for SMA as they are for
stainless steel, indicating that the defect is
exceedingly thin and narrow in some places. The
obtained average values for the roundness of induced
pits that developed at the SMA surface indicate that
they are more like circle shapes than those formed at
the stainless sample surface since the SMA average
value of roundness is closer to the value 1.

The mass loss rate could be very useful for
different period determination. Based on the obtained
results, the samples’ mass loss rate is given in Figure
9. The sample steel 316L is characterized by a short
incubation period (10 minutes) accompanied with a
short accumulation period (10 to 45 minutes). The
attenuation period is achieved in 45 minutes. Further
experiments could lead to achieving a steady state
period. Different results were obtained for CuAINi
SMA samples. The incubation period was similar (30
minutes), but the accumulation period was much
longer (up to 200 min), and the attenuation period
after that time of exposure.

m 316L | ® CuAINiSMA |
000304 @ 0.00020"
0.0025
0.000167
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Figure 9. The mass loss rate of the 316L steel and CuAINi shape memory alloy (SMA) sample during cavitation testing
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4. Conclusions

The presented investigation involved the
examination of the cavitation erosion resistance of
two metallic engineering materials. The determination
of mass loss and levels of surface degradation was
carried out during the testing process. Furthermore,
the measurement and analysis of various selected
morphological parameters of defects induced by the
cavitation load were conducted using image analysis
software tools.

The obtained results
conclusions to be drawn:

. In terms of mass loss, it was observed that
both materials exhibited excellent resistance to
cavitation erosion, as the decrease in mass was
negligible in these samples.

. Exceptional resistance to cavitation erosion
is also indicated by the measured levels of
degradation which are very low at 1.5 % and 1.25 %
for the stainless steel and CuAINi SMA samples,
respectively.

. It should be emphasized that similar results
of mass loss and degradation level for both tested
materials were obtained; however, since the duration
of cavitation exposure exceeded 420 minutes, it is
evident that the CuAINi SMA sample exhibited a
higher degree of cavitation erosion resistance in
comparison to the sample of stainless steel.

. The average measured values of selected
morphological parameters representing each defect or
pit indicate the following findings: fewer shallow pits
with larger areas occur at the surface of CuAINi SMA,
whereas a greater number of smaller and deeper pits
are formed at the surface of stainless steel, the pits on
the CuAINi SMA surface indicate that they are more
circular than those formed on the stainless steel
sample. These differences can be attributed to the
dissimilar microstructures of CuAINi SMA and
stainless steel.

. Mass loss rate diagrams pointed out
differences in the cavitation periods for samples. The
CuAINi SMA sample exhibited longer times for each
period of cavitation. The largest difference was in the
duration of the attenuation period.

. According to the results obtained and
previous analysis, both materials can be considered
reliable candidates for application in cavitation
erosion conditions, despite the large differences in the
examined materials.
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Apstrakt

Inzenjerski materijali Cesto su izloZeni raznim izuzetno teskim uslovima, kao Sto su visoke temperature i/ili visoki pritisci,
termicki udari, agresivnim rastvorima ili kavitacionoj eroziji. Fenomen kavitacione erozije ocekuje se kod tecnosti u
pokretu, gde delovi opreme ukljucuju lopatice turbina, propelere velike brzine ili delove pumpi. Takvi uslovi obicno
izazivaju degradaciju povrsine sa defektima u obliku udubljenja i pukotina, Sto rezultira smanjenjem cvrstoce i
potencijalnim rizikom od kvara, kao i skracivanjem zivotnog veka materijala, Sto zahteva dodatne troskove za analizu
kvara, popravku i/ili zamenu delova. Ovaj rad predstavilja glavne rezultate studije otpornosti na kavitacionu eroziju dva
razlicita inZenjerska materijala, austenitnog nerdajuceg celika 316L i CuAINi legure sa efektom pamcenja oblika (SMA).
Ispitivanje kavitacione erozije sprovedeno je koris¢enjem ultrazvucne vibracione metode sa stacionarnim uzorkom.
Poredenje ponasanja ova dva materijala u uslovima kavitacione erozije prikazano je na osnovu rezultata gubitka mase i
analize udubljenja nastalih tokom vremena. Alati za analizu slike koriséeni su za kvantifikaciju nivoa ostecenja povrsine.
Detaljne analize su pokazale da je CuAINi legura sa efektom pamcéenja oblika (SMA) pokazala superiorniju otpornost i
bolje ponasanje u poredenju sa nerdajucim celikom.

Kljuéne reci: Kavitaciona erozija; 316L celik; CuAINi SMA; Analiza slike
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