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INCREASING RESISTANCE TO ULTRASONIC
CAVITATION EROSION OF METALLIC PARTS
BY MEANS OF SURFACE MODIFICATION

The current development of surface treatments, which are aimed at improving the
cavitation erosion (CE) resistance of the metal parts working under vibration condi-
tions in liquid environments, is reviewed. The ultrasonic-cavitation test, which is a
convenient and express method for evaluating the cavitation resistance of materials,
is also considered. The CE resistance of the metal samples is mainly tested using the
typical ultrasonic-vibration apparatus according to the ASTM G32-10 test standard.
The physical mechanism of the surface cavitation destruction based on the vaporous-
bubbles’ formation is described and analysed. This analysis allows for a better under-
standing of the role of the surface-treatment methods and their parameters on the
structure and mechanical properties of the near-surface region, helping to enhance the
protection against the destructive cavitation effects. Examples are given regarding the
effective methods for improving the surface-properties’ finish of various metal materi-
als, viz., coatings methods including microarc oxidation, arc spraying, high-velocity
oxygen-fuel deposition, cold spraying, cathode arc plasma deposition, laser surface al-
loying, and nitriding. Additionally, the methods of surface modification, such as laser
surface treatment, friction stir processing, and tungsten inert-gas welding/dressing,
are also concluded to be efficient CE inhibitors.
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1. Introduction
1.1. The Cavitation Phenomena

The cavitation and consequent erosion of the solid surface are the physi-
cal-chemical phenomena initiated by local pressure fluctuations in the li-
quid as a local static pressure decreases below some threshold value [1-4].
It was discovered over one hundred years ago. As established in the 1950s,
cavitation erosion is the kind of material damage that occurs due to the
violent collapses of cavitation bubbles [5—7]. The cyclic impact of the cavi-
tation pulses onto the material surface causes its gradual degradation, which
is usually called ‘cavitation erosion’ (CE). Such a degradation process con-
sists of three main stages (Fig. 1): incubation ([), acceleration (A), decel-
eration (D) and steady state (S). During the first stage, the material ac-
cumulates the impact energy accompanied by the elastic and plastic defor-
mation of the near-surface region. As a result of this process, the proper-
ties of the surface layer changed significantly. The next acceleration pe-
riod contributes to the intensive material loss. At the end of this stage,
the erosion rate achieves its maximum degree. The surface erosion extends
over the entire area subjected to the cavitation. Gradual changes in the
surface geometry led to the beginning of the next period, which is charac-
terized by a progressive decrease in the erosion rate. The last period of the
surface degradation is a steady-state one, during which the erosion rate is
almost constant due to slight changes in the surface geometry and struc-
ture. In the incubation period, the slip bands and plastic deformation-in-
duced pits at the material surface are observed and the deformation level
increases with the cavitation time. The repeated impacts of the cavitation
pulses also lead to the surface hardening and initiation of several microc-
racks, which over time turn into macrocracks and consequently to the mate-
rial mass loss. As a result, the geometry of the material surface changes
and decelerates the degradation process leading to a steady-state cavitation
period. Note that the processes surrounding the cavitation erosion of ma-
terial surface are highly complex, and they are associated with the micro-
plastic deformation and the stress fields generated as a result of the cavi-
tation-bubbles’ collapse close to the surface.

CE depends on the physical and
9 chemical properties of the liquid and af-
fected material, as well as on the cavita-
tion development called ‘cavitation in-

o |
§ TN 1 tensity’, which can be expressed by the
S P equation [9]
I A i Di S Fig. 1. Curves of the material surface degra-
H I dation during cavitation: I denotes a volume
Time (mass) loss; 2 is a volume (mass) loss rate [8]
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where K = 107 is a proportionality coefficient, T is a total measurement
time, r is a liquid density, c is sound velocity, M is a number of the pres-
sure intervals, k is the consecutive number of the interval, n, is a number
of pulses in the interval, p, is a value of the pressure amplitudes in the
k-th interval.

1.2. Cavitation Erosion Mechanism

In the 1950s, it was established that cavitation erosion was the kind of
damage that was caused by the violent collapses of the cavitation bubbles.
The mechanism of the cavitation erosion can be described as follows [1—4].
As usual, the liquid will contain either gaseous or vaporous bubbles, which
can serve as the cavitation nuclei. The bubbles become the storage of the
vapour or dissolved gases, when the pressure is reduced to a certain level.
As a result, the bubbles increase rapidly in size. Subsequently, when the
bubbles enter the reduced pressure zone, they are reduced in size due to
vapour condensation. Such condensation process takes place fairly quickly
and is accompanied by local hydraulic shocks, the emission of sound, the
destruction of the surface material bonds and other undesirable phenome-
na. It was established that the volumetric stability reduction in most li-
quids is associated with the contents of the various admixtures, such as
the solid nonwettable particles and gas-vapour bubbles. It is particularly
on the submicron level, which serves as the cavitation nuclei. A critical
aspect of the CE process is the destruction of material surface and mate-
rial displacement, which is caused by high relative motions between the
surface and the exposed fluid. During such motions, the fluid local pres-
sure is reduced. As a result, the temperature of the liquid reaches the boi-
ling point, and small vapour cavities are formed.

The two main CE mechanisms were suggested: 1) the formation of the
shock waves emitted into the fluid (I and II) and 2) if the bubble collapses
close enough to the solid surface, the microjet phenomenon occurs (III and

?
o
aq\

I Cavitation cloud II Pressure wave IIT Micro jet IV Pit formation
collapse emission formation

Fig. 2. Schematic view of micro-jet and shock wave formations and their effects [8]
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IV), as shown in Fig. 2. The outcome of the microjet impacts by the solid
surface is the formation of the single pits [8, 11]. Thus, the CE is a com-
plex phenomenon, involving the complicated flow phenomena combined
with the reaction of the particular material of which the solid surface is
composed.

1.3. Cavitation and Technique

The main result of the cavitation is the mass loss of the material, known
as CE. This phenomenon can be both harmful and useful in practical terms.
The mass loss due to cavities’ formations reduces the lifetime of the ma-
chine parts and/or equipment, which can cause catastrophic collapse [11—
13]. The damage caused by the CE gradually extravagates in many indus-
try fields, such as overflow components of the metallurgical, petrochemi-
cal, mineral mining and separation, water conservancy, transportation
and deep-sea mining vehicles [14, 15]. In addition, it was demonstrated
that the CE is a general phenomenon in such fields as aviation, navigation,
the hydraulic turbine of the hydropower station, the rudder blade or arm
of a high-speed vessel, and the afterburner fuel pump of the aeroengine
[16—19]. Therefore, the phenomenon of CE constantly attracts extensive
attention both in academic research and in industrial applications. This
includes numerous studies on using this phenomenon to modify metal sur-
faces to increase their hardness and wear resistance [20—26].

The CE resistance of bulk metallic materials is enhanced by increasing
their mechanical properties, i.e., hardness, tensile strength, yield strength,
strain energy, fracture toughness, and fatigue strength. Additionally, the
highest CE and corrosion resistance were reported for materials with ho-
mogeneous and fine-grained structures [4, 27—29]. Therefore, to predict
the erosion rate, it is important to determine the relationship between the
material properties and their cavitation dwell with resistance.

1.4. Ultrasonic Cavitation

The special type of cavitation is ultrasonic cavitation. The peculiarity of
this phenomenon is the emergence of nonlinear time-varying acoustic
waves, which are induced by vibrations propagated into the liquid medium.
Ultrasonic cavitation is sometimes called acoustic cavitation. Ultrasonic
cavitation, as a nonlinear acoustic phenomenon, involves the dynamic pro-
cesses of expansion, oscillation, compression, and collapse in the liquid
medium [30-34]. High-power ultrasound enhances the rate of the various
physical and chemical processes in such a liquid medium through the gene-
ration and subsequent collapse of the cavitation bubbles. The CE induced
by ultrasonic waves involves the transmission of the sound waves within
the ultrasonic frequency spectrum, which equals or exceeds 20 kHz,
through the liquid medium. The cavities in the liquid or bubbles form and
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Fig. 3. Schematic view of the ultrasonic cavitation [35]
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rapid growth and expansion to the critical size during alternating cycles
of compression—rarefaction, and implosion and violent collapse of the bub-
ble in the liquid (Fig. 3).

The Cavitation Test Method. The CE resistance of the metal samples
is tested using the typical ultrasonic vibration apparatus, as shown in
Fig. 4 (according to the ASTM G32-10 test method). The cavitation pro-
cess in the liquid medium can be generated by an ultrasonic horn supplied
either by magnetostrictive or piezoelectric transducers. When ultrasonic
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vibrations are switched on, the cylindrical cavitation cloud (bubbles) oc-
curs between the sample and the horn tip. The amplifying horn, which is
usually titanium-made, is the oscillator. The most commonly used liquid
medium is the tap water, the distilled water or the NaCl solution, which
are kept at 18-25 °C. The vibration frequency of the horn is in the range
of 20-40 kHz.

1.5. Ultrasonic Cavitation
and Surface Modification

With the progress of modern science and technology, ultrasonic cavitation
technology has been applied in many fields, such as mechanical proces-
sing, biomedicine, modification of the solid surface, chemical engineering,
dispersion and mechanical alloying of metallic powders, and so on [37—43].
The cavitation pitting of solid surfaces is also applied in many industrial
fields, i.e., ultrasonic cleaning and metal surface hardening. The impact
force affecting the material surface is formed due to the collapse of the
cavitation bubble, which leads to the phase transition and plastic deforma-
tion in the near-surface layers of the material. CE has a detrimental effect
on the material performance while having a positive influence on the sur-
face hardness [44—47]. One of the most popular applications of ultrasonic
cavitation is the execution of the cavitation tests of the materials to the
quantitative description of the relationship between the CE characteristics
in the controlled environment and the material properties. As a rule, the
material resistance to the CE is graphically presented by the mass/volume
loss vs. time dependence, or erosion rate during the exposure period in the
controlled liquid medium. Such an erosion test is significantly more ac-
celerated than the actual cavitation that the studied material will be sub-
jected to (so far, using either a much higher repetition rate of the cavita-
tion events, more energetic events, more developed cavitation, or a combi-
nation of these). The laboratory techniques include using ultrasonic vibra-
tions to generate cavitation and related phenomena, i.e., the cavitation
flow loops with strong separating flows, rotating disks, venture cavitation
flows, vortex generators, and submerged cavitating jets [1-4]. The most
commonly used standard procedure for determining material resistance to
CE is the ASTM G32-16 test method [8, 48].

The erosion loss of the materials was expressed in terms of the mean
depth of erosion (MDE) and the mean cavitation erosion rate (MCER), as
calculated according to the following equations:

AW AW

MDE = =", MCER = ————;
10pA 10pAA¢

here, AW is the weight loss in mg, At is the time interval in h, A is the
eroded area in cm?, and r is the density of the modified layer in g/cm?. In
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addition, CE resistance R, is defined as the reciprocal of the MCER [8]:
R = (MCER)'.

Among the many studies concerned with the problem of cavitation, a
special place belongs to works devoted to methods for protection against
this phenomenon that is harmful to technology. Below, there are examples
of the methods for improving the cavitation resistance of the metal sur-
face.

2. Anticavitation Protective Coatings

Over the past few years, metal alloys have been frequently protected from
CE-caused damage using hard material coatings that modify the surface
properties of the metal. Examples of the most effective methods of apply-
ing coatings that significantly improve the CE resistance of the metal
surfaces are considered below.

One of the most promising methods for producing protective coatings
is microarc oxidation (MAO) [49, 50]. MAO, also known as ‘plasma elec-
trolytic oxidation’ (PEO) [51], is the electrochemical and electrothermal
oxidation in the alkaline electrolyte, where the oxidation of a material
surface is driven by the supply of high voltage (up to 600 V) pulsed AC
power. MAO has attracted substantial attention, as the method is effective
for the surface coating methodology. The MAO coatings exhibited high
hardness, good adhesion, excellent corrosion and wear resistance. For
example, the formation of such coatings with excellent properties is the
modern way to address poor wear and CE resistance of aluminium alloys
[62]. That work contributed to understanding the reasons for the high CE
resistance of the MAO coatings. It also provides essential results on the
overall potential of MAO ceramic coatings as the future solution for ele-
ments of machines and devices exposed to cavitation loads produced from
the aluminium alloy 5056 (in wt.%: Cu 0.10, Mg 5.35, Fe 0.4, Si 0.32, Zn
0.1, Ti 0.15, Cr 0.18, Al rest). To produce the MAO coatings, an aqueous
solution of 2 g/L KOH and 5 g/L Na,SiO, was applied as the electrolyte.
The electrolyte temperature was controlled at 25-30 °C throughout the

process. The MAO treatment was car- 25

. . 1
ried out using the pulsed AC power

source using the following parameters: % 20

the current density, voltage, frequency, . 5

duty cycle, and duration time were &

25 A/dm? 280 V, 50 Hz, 50% and & 10

60 min, respectively. The cavitation =

tests were made by a vibratory cavita- 5

Fig. 5. Cumulative mass loss for Al alloy 5056 0 200 400 600 800
(1), and MAO coating (2) [52] Time, min
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Table 1. Characteristic values of the cavitation tests [52]

Coatings tie» Min MCER, mg/min trcEr A, (MCER)*! R
MAO 80 0.031 120 5.5 32.25 3.95
Al alloy 0 0.087 240 21 11.49 1

tion apparatus Hielscher UP400s (400 W, 24 kHz, 110 um peak to peak
amplitude in the distilled water at 22 °C) according to the ASTM G32-10
tests method recommendations.

As a result of the MAO process, Al,O; (g-Al,0, phase) coatings with
different structures were obtained depending on the material covering the
5056 aluminium alloy substrates. Figure 5 shows the course of CE curves.
Several characteristics of the material destruction stages can be distin-
guished, namely, the incubation period (r,,), for which there is no mass
loss; the period of the increasing cavitation erosion rate; and the maxi-
mum stage. The main results are listed in Table 1.

2.1. Arc-Sprayed Coatings

In recent years, considerable efforts have been devoted to investigating
the CE behaviour of Fe-based amorphous/nanocrystalline coatings. Such
coatings prepared by thermal spraying have been widely adopted by hy-
draulic machinery, power plants and coastal installations because of their
desirable combination of relatively low material cost, high hardness and
toughness, and outstanding corrosion and wear resistance [53, 54]. As
shown, the material surface roughness plays an important role in the CE
process. In the study [55], this factor was quantified using the example of
the CE behaviour of the FeCr19C0.1B1.6 (at.% ) amorphous/nanocrystal-
line coating prepared by arc spraying process on the stainless steel
1Cr18Ni9Ti selected as the substrate. The following arc spraying parame-
ters were used: the spraying voltage of 36 V; the wire feed rate of 2.7 m/
min; the compressed air pressure of 700 kPa; and a gun traverse speed of
100 mm/s. The thickness of the obtained coating was of about 230 um.
The operating parameters of the cavitation test according to the ASTM G32-
10 standard were as follows: the vibration frequency was of 19 kHz; peak-
to-peak amplitude was of 60 nm; the power of the ultrasonic generator was
of 250 W.

The cross-sectional microstructure of the FeNiCrBSiNbW amorphous/
nanocrystalline coating is shown in Fig. 6. It can be seen from the overall
view in Fig. 6, a, the coating is dense and has the typical lamellar struc-
ture with an average thickness of 230 pm. There is a good adherence to
the substrate owing to the uniform and compact interface between the sub-
strate and the coating layer. At high magnification (Fig. 6, b), one can see
some pores (less than 2% ), the unmelted particles and the microcracks.
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Fig. 6. Scanning electron microscopy images of the cross-section of the as-sprayed
FeNiCrBSiNbW coating: a — the overall view morphology, and b — the magnification
of the rectangular frame in a [55]

Fig. 7. The relationship between cumula- & 94 [
tive mass loss and CE time for the as- E‘ 21
sprayed FeNiCrBSiNbW coatings with three 2]
surface roughness levels: 80 (1), 600 (2), <18
and 1000 (3) grit grinding [55] 2 15
512
Besides the pores, appearing as black E 9
regions, the coating consists of bright % 6
white region, grey region, and dark § 3
grey region. The grey region is pri- © I | | | | .
marily a coating alloy with the chem- 20 40 60 80 100 120
ical composition of Fe71Ni5Cr15B3 Time, min

Si3Nb2W1 (at.%). The bright white

region and the dark grey region are the W-rich phase and the iron oxide
phase, respectively. TEM shows the nanocrystalline grains with dimen-
sions ranging from 70 nm to 130 nm are uniformly distributed in the
amorphous matrix.

Figure 7 shows the relationship between cumulative mass loss and CE
time for the FeNiCrBSiNbW amorphous/nanocrystalline coatings with
three surface roughness levels. The results show a considerable difference
in the mass loss rate of the as-sprayed coatings under three different sur-
face conditions (i.e., 80, 600, and 1000 grit grinding). At the same time,
the mass losses of all three coating specimens increase with the test time.
The incubation period is not observed for all three coating specimens,
which reflects that the surface conditions in this study put the coatings
one-step ahead of the CE damage process. The coating after 80 grit grin-
ding exhibits the greater mass loss (21.8 mg), while the coating after 1000
grit grinding has the lower mass loss (10.3 mg) after 120-min test.
Furthermore, the mass loss data of the coating after 600 grit grinding are
very close to that of the coating after 1000 grit grinding during the first
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30 min, but gradually higher than data are after 1000 grit grinding, when
the test time exceeds 30 min. This is because the higher the surface rough-
ness, the higher the density of the bubbles nucleated near the surface of
the coated specimen. Thus, the collapsing bubbles exert more impact on
the surface, and much more mass loss is observed.

2.2. High Velocity Oxy-Fuel Spraying

High velocity oxy-fuel (HVOF) is a thermal spray coatings process that
uses a mixture of fuel gas and oxygen to produce a high-velocity flame.
This flame is then used to heat and accelerate the stream of powdered ma-
terial onto the surface of the substrate, where it melts and forms the coat-
ing. This method produces a coating that is extremely dense and well
bonded to the substrate. This makes it ideal for applications that require
superior protection against abrasion and corrosion, as well as high-tem-
perature environments, including aerospace, automotive, oil and gas, and
many others. Usually, the HVOF coatings are less porous, show a low de-
gree of oxidation and hardness, and have higher bond strength than other
thermal spraying methods [566—59]. In particular, the next works have
demonstrated that HVOF is an effective technique to reduce the CE of the
metal parts.

The aim of the work [60] was to study the effects of the mechanical
properties and the microstructure on tribological behaviour and CE resis-
tance of the different cermet coatings deposited onto AZ31 magnesium
alloy by HVOF spraying. Three commercial tungsten carbide-based pow-
ders were employed: WC—Co—Cr, WC—Co, and WC—Cr,C,—Ni. The following
spray parameters were used for deposition of the coatings: oxygen flow
rate of 900 slpm, kerosene flow rate of 26 1/h, nitrogen flow rate of
12 slpm, powder feed rate of 70 g/min, water flow rate of 23 slpm, and
spray distance of 360 mm. The average thickness of the as-sprayed coa-
tings was in the range from about 184 up to 258 uym. The CE was gene-
rated by the magnetostriction-driven apparatus (20 kHz) with peak-to-
peak amplitude of 50 pym. The MDE and the MER values are listed in
Table 2.

As seen, the WC—Co—Cr coatings gave superior CE resistance and had
the lowest volume loss, which successfully mitigated erosion wear. The

Table 2. The MDE and the MER values as the cavitation test results [60]

CE results WC-Co—Cr WC—-Co WC-Cr,C,—Ni AZ31
Cumulative mass loss, mg 52.18 145.62 89.21 192.74
MDE, pm 19.50 53.64 36.44 567.15
MER, pum/h 3.76 12.76 8.61 144.48
Volume loss, mm?3 3.74 10.30 6.99 108.82
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Fig. 8. Cumulative ML (a) and MLR (b) vs. CE time of the coating and NAB in the
distilled water [60]

WC-Co—Cr coating had 1.8 times lower MDE than that of WC—Cr,C,—Ni
coating and 2.8 times higher CE resistance than that of WC—Co one. All
the tested cermets gave at least 10 times lower MDE than that of the ref-
erence AZ31 sample. The WC-12Co coatings sprayed by HVOF with dif-
ferent WC sizes were studied in [61].

Ship propellers suffered from serious coupling damage by CE when
operated at high speed in the marine environment. To improve the CE re-
sistance of the Ni—Al bronze (NAB) propeller alloy, the novel Cu-based
medium-entropy alloy (MEA) (Cub5AI20Nil2Ti8Si5, at.%) coating was
prepared by HVOF spraying technology in the study [62]. The optimized
coatings parameters are identified as 802.3 L/min of oxygen flow, 0.38 L/
min of kerosene flow, 320 mm of spray distance, 280 mm/s of spray gun
speed, 10.86 L/min of argon carrier gas flow rate and 5.5 rpm of the Cu-
based MEA powder feed rate. Cavitation was generated by the ultrasonic
generator with resonance frequency of 20 kHz and vibration amplitude of
60 nm. The distilled water was selected as the experiment environment.

XRD patterns for the as-sprayed coating and the NAB show that the
coating contains only the b.c.c. solid solution phase. The coating was about
367 nm thick. The coating exhibits much higher hardness (HV = 6.73 GPa),
and lower elastic modulus (E = 136.1 GPa) than those of the NAB. Figure 8
demonstrates the cumulative mass loss (ML) and the mass loss rate (MLR)
vs. CE time for the coating and NAB. As seen, both coating and NAB ex-
hibit no significant ML in the distilled water even when CE time achieves
up to 4 h (this time can be regarded as the CE incubation period). However,
when the cavitation time increases up to 10 h, the ML of the NAB increas-
es quickly and becomes significantly higher than that of the coating. The
cumulative ML and MLR of the NAB (19.1 mg and 1.06 mg/h) are 2.6 times
regarding that of the coating (7.3 mg and 0.41 mg/h) after CE for 18 h, which
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Fig. 9. Curves of the mass loss rates versus
time for the AISI 321 steel (1) and Fe-based
coating (2) [65]

MLR, mg/h

illustrates much better CE resistance of
the coating in distilled water. Thus, the
coating is expected to have better CE
resistance than the NAB.

It is well known that amorphous
metal alloys have several unique prop-
erties due to their disordered structure. However, the application of these
amorphous solids in the technology has been restricted due to their inher-
ent drawbacks, such as high fabrication cost, small-sized parts due to
technical difficulties and apparent room temperature brittleness [63]. In
this regard, it is proposed to use coating materials such as iron-based al-
loys, which have a good combination of strength and toughness, as well as
wear and corrosion resistance [64]. Due to their unique structure and
properties, Fe-based amorphous/nanocrystal coatings may have great po-
tential for CE resistance applications. Among various thermal spray pro-
cesses, HVOF spraying is reported to be a flexible and versatile technology
to prepare high-quality amorphous and/or nanocrystalline coatings [65].
In that work, the ultrasonic CE behaviour of the coating deposited under
the optimal HVOF spray parameters was studied. The Fe-based alloy pow-
der used in that study was the commercially available powder with the
chemical composition of (43.0-46.0 wt.% Cr, 5.6-6.2 wt.% B, 1.75-2.25
wt.% Si, 0.17 max wt.% C, 0.02 max wt.% S, and the balance Fe), and the
size distribution of 15-45 yum. The feedstock powder was coated on the
substrate of AISI 321 steel by the commercial HVOF thermal spraying sys-
tem. The spray parameters were maintained at the powder feed rate of 8
g/min, the spray gun speed of 500 mm/s, and the argon carrier gas flow
rate of 10.5 L/min during the experiment. The CE tests were carried out
using the vibratory ultrasonic cavitation equipment according to
ASTM Standard G32-10 with a frequency of 19 kHz and double (peak-to-
peak) amplitude of 60 um [33].

Figure 9 shows the mass loss rates vs. CE time for the HVOF sprayed
Fe-based coating deposited on the AISI 321 steel at room temperature. It is
also clear that the AISI 321 steel exhibited a higher mass loss rate at each
time interval than the Fe-based coating. The mass losses after the cavita-
tion for 27 h of the Fe-based coating and the AISI 321 steel were 10 mg and
60 mg, respectively. That is, the Fe-based amorphous/nanocrystalline coa-
ting prepared by HVOF exhibited better CE resistance than the AISI 321 steel.
This is mainly explained by the fact that the hardness of the Fe-based coa-
ting (HV,,=1121) is nearly 5 times that of the AISI 321 steel (HV,, = 260).

5 10 15 20 25
Time, h
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2.3. Cold Spray Coatings

The cold spray technique has been extensively used for the fabrication of
coatings to enhance the surface properties of metallic materials [66—68].
In the work [67], In718 nickel superalloy was used as the reinforcement
material within the ductile pure Ni matrix for cold spray. The authors
aimed to use the cold spray technique with high pressure for the manufac-
turing of the composite coating to achieve the enhancement of Ni coating
erosion properties and the avoidance of helium used for the deposition of
In718. The produced cold-sprayed coatings were studied in terms of the
microstructure and CE to investigate their potential use in the relevant
applications. The spherical Ni (16 pym) and In718 (15 pm, LPW) were used
as the powder feedstock in this study. Stainless steel 2205 specimens were
used as the substrate material. The two powders were mechanically blend-
ed at equivalent volume ratios before spraying. Nitrogen was used as the
propellant gas at a pressure of 3.0 MPa and a preheating temperature of
900 °C. The powders were fed into the system from the powder hopper
(PF100WL, Uniquecoat Technologies LLC, USA) with a feed rate of 210
and 234 g/min for the Ni and the Ni—In718, respectively. The CE tests
were implemented using the vibratory apparatus according to the
ASTM G32. The frequency of the vibrations was set at 20 kHz, and their
amplitude at the top of the ultrasonic transformer at 50 pm. The mass loss
and the degradation level were measured during the testing at preselected
time intervals, i.e., 30, 60, 90, 120, 150, 180, and 240 minutes.

The basic variables used for the evaluation of the CE resistance of
both the Ni and the Ni—In718 coatings were the mass loss (Fig. 10). It is
evident that the superiority of the cold sprayed composite deposit beco-
mes more intense especially between 90—180 min of exposure when its
mass loss tends to stabilize while the pure Ni mass loss increases expo-
nentially.

The CE demonstrated different features. The mass removal in the case
of the Ni coating mainly resulted from the formation of the craters with
irregular contours (Fig. 11, a). However, on the composite coating sur-
face, the aforementioned feature was accompanied by the coexistence of
intense interparticle microcracks with the particle boundaries (Fig. 11, b).

Probably, these particles are mainly _
In718, which protrude intact from the 3 S0t
Ni matrix. Repeated bubble collapse may & . 40 -
cause damage accumulation at two regi- é =30l
ons, within the particles and at the in- g%:
terparticle boundaries leading to partial & < 201
£ 10t
Fig. 10. Comparative CE results for Ni (1) and 50 100 150 200 250 300
Ni-In718 coatings (2) [67] Cavitation time, min
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loss behaviour, reducing the sites prone to detachment due to its enhanced
CE resistance.

The study [69] demonstrates that cold-sprayed bronze coatings have a
high potential for ensuring good performance in the rudder protection of the
classified shipbuilding steel GL-A with the composition (wt.%): Si 0.186, C
0.056, Cr 0.03, Cu 0.013, Ni 0.013, P 0.011; S 0.006, N 0.0041, Mo 0.002,
Fe balance. The present study investigates the coating formation by cold
spraying gas-atomized CuAll0Fe5Ni5 bronze powders. The cavitation tests
were performed according to ASTM G32-10 with a frequency of 20 kHz and
amplitude of 25 pm. The temperature of the distilled water was kept at 22 °C.

Figure 12 displays the developments of the mean cavitation-erosion
depths for the cold-sprayed bronze coatings for the bulk references steel
GL-A and the cast CuAl10Fe5Ni5. There are typical trends for materials
with a long incubation time of about 100 min for the steel and about
250 min for the cavitation-resistant cast nickel-aluminium-bronze, fol-
lowed by a steady cavitation rate. In contrast, the cold-sprayed bronze
coatings from the early beginning show high cavitation rates. That differ-
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ence can be attributed to the fact that cracks in the bulk material have to
be nucleated and spread by repeated deformation of the surface, whereas
the cold-sprayed coating already contains crack nuclei. In this comparison,
the cast bronze shows the lowest cavitation rates. The differences in the
steady state cavitation can be attributed to the material strength and prob-
ably toughness to avoid crack growth. As compared to the cast bronze, the
higher cavitation rates of the coatings can be attributed to the porosity
and the non-bonded internal interfaces, limiting the coating strength and
acting as the crack nuclei. The substrate temperature of 300 °C appears as
optimum for minimum coating cavitation.

As single impact morphologies show, cold spraying of CuAll0Fe5Ni
onto the hard-steel substrates is challenging due to the martensite content
in the powder that hinders uniform particle deformation. Cavitation re-
sistance is governed by the coating hardness and quantity of the non-
bonded areas that act as the nuclei for material losses. Thus, to achieve
the best coating performance, the spray parameters and powder feedstock
should be well tuned. In addition, spraying onto heated substrates results
in increased substrate deformability, higher bond strength and thermal
softening of already adhering layers. Thus, it improves the coating cohe-
sion and, in turn, the cavitation resistance. On the other hand, if the tem-
perature of the substrate is too high, then, the coating performance dete-
riorates due to surface oxidation.

2.4. Cathode Arc Plasma Coating

Cathodic arc plasma deposition has been used extensively in the coating
industries to deposit anticorrosion layers [70]. One such anti-corrosion
coating that has gained widespread popularity and applications is chromi-
um nitride (CrN) produced by numerous deposition methods reported in
recent publications [71]. In Ref. [72], the cavitation resistance of the var-
ious assemblies of CrN, electroplated Cr and AISI 4140 (wt.%: 0.39 C,
0.24 Si, 0.71 Mn, 0.029 P, 0.04 Ni, 0.18 Mo and 1.06 Cr) were performed
to reduce the risk of the CE that may occur on rotors of pumps, valves,
impellers, ultra-sonic agitators, cooling system, etc., which are used ex-
tensively in hydraulic power plants. The CrN coatings were deposited by
the cathode arc plasma deposition (CAPD) with and without an intermedi-
ate layer of the electroplated hard chrome, i.e., CrN—AISI 4140 and CrN—
Cr—AISI 4140. The interlayer of Cr was deposited by the commercial elec-
troplating (6 pm). The CAPD technique was used to deposit the CrN coat-
ings (1.2 pm). The CE behaviour of the CrN coatings on AISI 4140 steel
was investigated in freshwater. The CE tests were performed using the
ultrasonic vibration system according to the ASTM G32-85 standard.
Figure 13 shows the cumulative weight loss of the samples as a func-
tion of the increasing cavitation time. The uncoated AISI 4140 sample
shows the highest weight loss. The weight loss of Cr/AISI 4140, CrN/
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Fig. 13. Cumulative weight loss as a function of the cavitation time for AISI 4140 (1),
Cr/AISI 4140 (2), CrN/AISI 4140 (3), and CrN/Cr/AISI 4140 (4) [72]

Fig. 14. Cumulative mass loss of the AISI 420 steel as a function of CE testing time
for untreated (1) and carburized (2) samples [73]

AISI 4140 and CrN/Cr/AISI 4140 samples after 50 min was only one-third
that of the uncoated AISI 4140 steel. Thus, the cavitation resistance of the
coated samples is significantly improved in freshwater. At the same time,
the weight loss magnitudes of the studied coatings make the following
descending sequence: Cr/AISI 4140 > CrN/AISI 4140 > CrN/Cr/AISI 4140.

Another plasma coating method was studied in Ref. [73]. That study
aimed to investigate the application of the low-temperature plasma car-
burization of the AISI 420 martensitic stainless steel with the composition
(in wt.%): 0.305 C, 0.33 Si, 0.33 Mn, 0.019 P, 0.005 S, 12.21 Cr, 0.38 Ni,
0.025 Mo, 0.077 Cu, 0.006 Al, 0.043 V, 0.008 Nb, and Fe balance). The
carburization process was performed on the as-hardened (non-tempered)
samples, which were air-cooled from 1050 °C after a 0.5 h treatment at the
austenization temperature. The plasma carburization was carried out for
12 h at 450 °C using a gas mixture of 99.5% (80% H, + 20% Ar) + 0.5%
CH, (in vol.%) at a pressure of 400 Pa. The total gas mixture flow rate
was fixed at 1.67-10°% m3-s!.

Indirect CE tests were performed by the ASTM G32-10 standard using
the 20 kHz ultrasonic vibratory equipment with a peak-to-peak displace-
ment amplitude of 50 pym. Incubation period (IP), nominal IP (NIP), aver-
age erosion rate (AER), and maximum erosion rate (MER) were analysed.
To obtain the dependence of the cumulative mass loss (CML) on the expo-
sure time, the cavitation test was carried out until the erosion rate reached
the MER value. Figure 14 shows the CML as the cavitation-erosion time
function for the untreated and carburized surfaces. As seen, the NIP of
the carburized surface is approximately three times higher than that of
the untreated surface, i.e., 7.8 and 23 h for the untreated and carburized
samples, respectively.
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Fig. 15. SEM images of the as-polished (a—c) and as-carburized (d—f) samples in the
initial state (a, d), after the CE tests for 4 h (b, ¢), 18 h (¢), and 19.7 h (f) [73]

The surface morphologies are illustrated in Fig. 15, b, e, which respec-
tively present the surfaces of the untreated and carburized samples sub-
jected to 4 h of CE tests. For the untreated sample (Fig. 15, b), the intense
plastic deformation occurs along the interfacial boundaries between the
martensite (predominantly lath-type) grains and parent austenite grains.
Material flows, thereby, causing the accumulation of the strained mass at
the imperfections and protruding lips on the surface. The relatively in-
tense plastic deformation (Fig. 15, b) is evident when comparing the un-
treated surface with the initial as-polished surface (Fig. 15, a). Note that
the work-hardening effect due to the plastic deformation precedes crack
formation, resulting in an effective mass loss in the untreated sample af-
ter an IP of 6 h, which agrees well with its relatively high surface hard-
ness (approx. 8 GPa).

2.5. The Laser Surface Alloying

In work [74], the FeCoCrAINiTi_(x—molar ratio; x = 0.5, 1.0, 1.5 and 2.0)
high-entropy alloy coatings were prepared on 304 stainless steel by laser
surface alloying. Accompanying the increase in hardness, the alloy for
x = 2.0 exhibited the best CE resistance among the tested samples in dis-
tilled water. This is mainly due to the uniformly distributed hard interme-
tallic phases Ti,Ni and NiAl, which have a better ability to bear deforma-
tion and exhibit higher fracture resistance.

The study [75] aims for laser alloying of the surface on AISI 316 stain-
less steel using fine WC powder to improve the CE resistance. Fine WC
powder of approx. 1 mm in size was employed as a convenient source of
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Fig. 16. Cross-sectional views of the laser surface-alloyed samples WC-316-2 [75]

Fig. 17. Cumulative MDE as a function of the exposure time for AISI 316 steel (1) and
coating (2) [75]

tungsten and carbon in the laser surface alloying of AISI 316 stainless
steel for improving the CE resistance. Slurry containing WC powder was
pre-placed on the substrate by pasting and then processed using the high-
power 2.5 kW CW Nd:YAG laser to achieve surface alloying. Laser surfac-
ing was achieved by parallel tracks with 50% overlap. Laser processing
parameters and sample designations: laser power (kW) of 1.50-2.10, scan-
ning speed (mm/s) of 25—35, spot diameter (mm) of 4, fluence (J/mm?) of
12.0-15.0, Ar as the shielding gas. CE tests were performed using an ul-
trasonic vibratory facility conforming to ASTM Standard ASTM G32-92.
The peak-to-peak amplitude and the vibration frequency were 100 ym and
20 kHz. The cavitation liquid was 3.5% NacCl solution kept at 23 °C. The
MER was calculated at the end of the test period, i.e., 240 min, and the
reciprocal of MER was taken to be the CE resistance R,. As-received
AISI 316 stainless steel (designated in this paper as As-316), with compo-
sition in wt.%: 18% Cr, 14% Ni, 3% Mo, 2% Mn, 1% Si, 0.08% C,
0.045% P, 0.03% S, and balance Fe was used. The slurry was prepared by
mixing fine WC powder (particle size of @ 1 pm) and the binder (4 wt.%
polyvinyl alcohol (PVA)). The average thickness of the alloyed layer for
different samples was given as 0.35-0.60 mm.

With the suitable choice of processing parameters, the uniform al-
loyed layer free of cracks and pores was obtained, as shown in the optical
micrograph of the sample WC-316-2 in Fig. 16 (laser parameters: laser
power of 1.75 kW, scanning speed of 20 mm/s, spot diameter of 4 mm,
fluence of 22.0 J/mm?, overlapping of 50%).

The XRD data show that the laser treatment results in the dissolution
of fine WC powder in the melt pool. Then, they resolidified to form differ-
ent types of complex metal carbides M,,C,, M.,C,, M,C (M = Fe, W, Cr),
and tungsten carbides WC and W,C, together with the g-FeCrNiW phase.
Owing to the presence of the carbides, the microhardness HV of the al-
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loyed layer is significantly in-
creased from 200 HV for as-re-
ceived AISI 316 to ~1000 HV for § '
the laser-treated samples. AL N

The cumulative MDE as a 3
function of the time for various
samples in the CE test is given in
Fig. 17, a. The best value of the
CE resistance was obtained for Fig. 18. Cross section of the FeCoCrAINi
the sample WC—-316-2 (relative to HEA coating at low magnification [76]
AISI 316). The high cavitation erosion resistance of the laser surface-al-
loyed samples could be attributed to the microstructure composed of the
carbide dendrites and interdendritic carbide/g-FeCrNiW eutectic.

The authors [76] have selected the high-entropy alloy (HEA) system
FeCoCrAINi with equiatomic ratios of Co, Cr, Al, and Ni powders as the
CE-resistant coating on AISI 304 stainless steel using laser surface alloy-
ing. This treatment was carried out using the DL-HLT5000B-type contin-
uous-wave CO, laser. The following laser parameters were selected: laser
power of 2 kW, laser spot diameter of 3 mm, scanning speed of 3—7 mm-s™,
and high purity argon gas at the flow rate of 15 L min! was used as the
shielding gas to prevent oxidation. CE tests were carried out using the
ultrasonic-induced cavitation facility (HN-500M) conforming to the ASTM
Standard G32-92 using the 3.5% NaCl solution at 23 °C. The frequency
and the peak-to-peak amplitude were of 20 kHz and 60 um, respectively.
The sample was weighed at regular intervals. Then, the weight loss was
converted to MDE and MDER at the end of the test period. The reciprocal
of MDER was taken to be the CE resistance R,.. According to the XRD pat-
terns, the FeCoCrAINi HEA laser coating exhibits the single b.c.c. solid-
solution phase. Figure 18 shows the cross-sectional SEM micrograph of
the FeCoCrAINi HEA coating at low magnification. It is evident from
Fig. 18 that the HEA coating has an average thickness of 600 pum, being
dense and uniform with little holes, cracks or other defects. A good metal-
lurgical bonding between the coating and the substrate can be observed.

The cumulative MDE as the time function for various samples in the
CE test is given in Fig. 19, a and the corresponding R, is shown in
Fig. 19, b. As a fact, R, is increased for the coating, reaching 7.6 times in
comparison with that of AISI 304 steel substrate. It can be concluded that
the whole process of CE is divided into two stages. In the first stage of 5 h
for the steel, the MDE increases slowly, indicating that little material is
removed. At the second cavitation stage, the linear increase of MDE with
the test time begins. At the end of the test, the cumulative MDE of
AISI 304 steel substrate has reached 25.3 pym. On the contrary, no observ-
able cumulative MDE is recorded for FeCoCrAINi HEA coating in the
5-hours test, implying that the coating is still within the incubation peri-

Substrate
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Fig. 19. Cumulative MDE as a function of the cavitation time (a) and the CE resistance
R, (b) for AISI 304 steel (1) and HEA coating (2) after the cavitation erosion test in
3.5% NaCl solution [76]

od. Then, the cumulative MDE of the HEA coating increases at an ex-
tremely slow rate and reaches only 3.5 ym at the end of 15 h, about 1/8
that of the AISI 304 steel substrate. Thus, the CE resistance coating is 7.6
times that of the AISI 304 stainless steel. The increase in cavitation ero-
sion resistance could be attributed to the proper combination of hardness
and toughness, which would contribute to the high CE resistance to the
intense cavitation pulses. The microhardness of the HEA coating is more
than 5 GPa, which is 2 times larger than that of such steel. The effects of
laser treatment on improving CE are also described in the works [77, 78].

2.6. Nitriding Methods

Nitriding is a special hardening process that introduces nitrogen into the
outermost surface of the metal parts and components [79-81]. Recent
studies have found that nitriding provides the best CE resistance. Below,
there are examples of several works in this direction, which report on us-
ing plasma, chemical-thermal and laser nitriding technologies.

In work [82], the low-temperature plasma nitriding of ASTM A 743
grade CA-6NM martensitic stainless steel was performed. The average
chemical composition of the start material used in the study was 0.032%
C, 0.63% Mn, 0.52% Si, 12.25% Cr, 4.42% Ni, 0.43% Mo, 0.024% P,
0.015% S, and Fe balance (wt.% ). This material is typically applied for
the manufacturing of hydraulic pumps and turbine rotors.

The gas mixture of N, and H, was adjusted by the mass flow control-
lers of 8.33-10° m?.s™! operating at the full scale, respectively. The pres-
sure in the vacuum chamber was adjusted with the manual valve and
measured with the capacitance manometer of 13.3-10% Pa (100 Torr) in
the full-scale operation. The cathode was negatively biased at a voltage of
660 V using a square form pulsed power supply. To ensure a stable dis-
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Fig. 20. Cumulative mass loss of CA-6NM martensitic stainless steel as a function of
the CE time for the non-nitrided () and nitrided (2) samples tested for 12 h [82]

Fig. 21. The effects of the applied treatments on the hardness of nitride (1) and ni-
trided and annealed (2) samples of Ti—6A1-4V alloy [83]

charge, the electrical resistance was connected in series between the power
supply and the discharge chamber. The nitriding process was carried out
at 623 K for three different nitriding times of 6, 12 and 24 h, at a pres-
sure of 532 Pa. The gas mixture was 5% N, + 95% H,, with a gas flow of
5:107% m3.s7!. Finally, the evolution of the surface nitrided layer thickness
as a function of the nitriding time was in the diapason 3.9-9.2 pym. Such
thickness evolution as a function of the nitriding time tends to be charac-
teristic of the diffusion-controlled process. The steel in its start condition
as non-nitrided presents two phases, the a-Fe (b.c.c.) and y-Fe (f.c.c.), cor-
responding to tempered martensite and austenite (usually termed as re-
tained austenite), respectively. XRD indicated the formation of the nitro-
gen-expanded martensite (a-N—Fe) and austenite (y-N—Fe), respectively
and the eventual presence of &-Fe, ;N (Fe,,N,,, hexagonal) Fe nitride. All
these aspects point directly to the formation of the nitrogen-expanded
austenite in the nitrided layer. The high surface hardness on the order of
16—-18 GPa on average, obtained to the indentation depth of 100 nm, con-
firms the strengthening effect of the nitrogen in the investigated steels.
In the selected indentation depth (1000 nm), the hardness increment of
the nitrided surfaces was verified to be 2.5 times higher than that of the
initial non-nitrided material. The CE tests were investigated employing
the 20 kHz ultrasonic vibrator at peak-to-peak amplitude of 50 ym. The
cumulative mass loss (CML) as a function of the CE testing time up to
900 min (15 h) is presented for the studied samples in Fig. 20. Evidently,
the CE resistance of the CA-6NM steel low-temperature plasma nitrided
samples is strongly increased concerning the material in its start condition
as non-nitrided. It is also observed that the steel CE effect is directly re-
lated to the nitriding time. If the nitriding time is longer, the CE resist-
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Fig. 22. The effects of the applied treatments on the CE resistance of Ti—6A1-4V alloy
in the annealed (1), and nitrided (2) states: MDE (a) and MDER (b) as the functions of
the cavitation time [83]

ance of the treated steel is higher. Thus, the present work reports the CE
resistance increase for low-temperature plasma nitrided CA-6NM marten-
sitic stainless steel.

The work in the paper [83] aims to identify the contribution of gas
nitriding on ultrasonic CE of the Ti—6Al-4V alloy. Owing to good me-
chanical and corrosion resistance properties, this material was selected to
fabricate the components for aircraft, marine, power generation or bio-
medical fields. The chemical-thermal nitriding was performed in the flow
of 5 h™' nitrogen (grade 4.8 and 99.9998% purity) and 2 h™' NH, (grade
3.8, with NH, > 99.98%, H,0 < 200 ppm, oil < 10 ppm). One set of the
samples was further annealed at 700 °C for 240 min, to increase the nitro-
gen diffusion in the surface layers. The cavitation tests were made accord-
ing to ASTM G32-2010 standards, using ultrasonic vibratory equipment
with 20 kHz vibration frequency and 50 um peak-to-peak amplitude, by
immersion in tap water at a constant temperature (23 °C). Involving the
interface reactions between the gas and the alloy as the result of the gas
nitriding process, the TiN or Ti,N layers were formed on the sample sur-
face. The hardness of the nitrided samples appears higher than the one of
the additionally heat-treated samples (Fig. 21). The mean depth of erosion
(MDE) data detailed in Fig. 22, a indicates the significantly improved ef-
fects of the nitrided samples, compared to the sample after nitriding fol-
lowed by heat treatment. At the same time, both nitrided samples had a
substantially better cavitation resistance than the annealed Ti—6Al-4V
sample tested under the same conditions. The MDER parameter demon-
strates similar behaviour (Fig. 22, b).

As an example of the laser gas-nitriding study for improving the cavi-
tation resistance, we present the work [84]. In this work, the continuous
wave 2 kW Nd-YAG laser was used for the nitriding process under the
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Fig. 23. Cross-sectional microstructure after laser nitriding Ti [84]

Fig. 24. Relationship between the cumulative weight loss and CE time for as-received
(1) and laser nitrided (2) Ti—6Al-4V alloy surfaces [84]

pure nitrogen environment on the titanium and Ti—6A1-4V alloy surfaces.
Under the conditions of this study, the optimum set of laser power, beam
diameter, scanning speed and gas flow rate was found to be 500 W, 2 mm,
5 mm/s, and 60 °C/min, respectively and 50% tracks’ overlapping rate.
The cavitation tests were induced by longitudinal oscillation at 20 kHz
with the peak-to-peak amplitude of 50 pym in 3.5% NaCl solution at 23 °C.

After nitriding, the Ti surface became relatively flat and coloured in a
golden yellow. XRD analysis reveals both the cubic TiN and hexagonal Ti
phases. Figure 23 shows the cross-sectional microstructure of the nitrided
Ti. The microstructure of this surface layer is mainly composed of the TiN
dendrites. Good metallurgical bonding was demonstrated at the interface
between the nitride layer and the substrate alloy.

Figure 24 shows the relationship between the cumulative weight loss
of all tested samples and the CE time. As seen, the cumulative weight loss
of all tested samples increases with the development of the cavitation
time. In addition, the laser gas nitrided Ti and Ti—6Al-4V samples exhibit
excellent R, in comparison with the mechanically polished (MP) samples.
The weight loss of the nitrided samples is only about 0.90 mg, even after
a CE time of 8 h. The R, and its normalized values for the various test
samples can be positioned in the following descending row: laser gas ni-
trided > MP Ti6Al4V > MP Ti. As a result, the R, magnitudes for the
MP Ti and the MP Ti—6A1-4V samples were improved using laser process-
ing by 13.06 and 9.42 times, respectively. The increase in the microhard-
ness of the eroded Ti and Ti—6Al-4V samples was of 56.8% and 17.0%,
respectively.
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3. Surface Treatment Methods
3.1. Laser Surface Melting

Laser surface treatment to achieve melting, alloying, or cladding is an at-
tractive and promising method of metal surface modification. Laser sur-
face melting (LSM) is a simple method for surface modification, which
enhances the surface properties via homogenization and refinement of the
microstructure [85—87]. In Ref. [88], LSM was used to improve the CE
resistance of the manganese—nickel-aluminium bronze (MAB), which is
widely widespread in manufacturing large marine propellers. Chemical
composition of this alloy (wt.%): Cu 75.6, Mn 10.8, Al 7.8, Fe 3.6, Ni 2.2.
Before LSM, the samples were sandblasted to reduce the reflectivity of the
laser beam. LSM was carried out using the 2 kW CW Nd:YAG laser. Argon
flowing at 10 min! was used as the shielding gas. The surface melting was
achieved owing to a 50% -overlap between the melt track parallel to adja-
cent tracks. The CE test was carried out in a 3.5 wt.% NaCl solution at
23 °C using the ultrasonic vibratory facility conforming to the ASTM Stan-
dard G32-92, the peak-to-peak amplitude and vibration frequency of 100 pm
and 20 kHz, respectively.

The as-received MAB consists of a dark k-phase (intermetallic phase)
embedded in the matrix comprising a- and pB-phases. Under the laser irra-
diation, the thin layer of the sample surface melted and then rapidly so-
lidified by self-quenching. Results of preliminary trials on the laser pa-
rameters show that when the laser fluence is too low (<3 J/mm?), some k-
phase remains unmelted, and the microstructure is not homogeneous.
However, if the fluence is too high (>200 J/mm?), the grains in the melt
layer are heavily twinned. For the samples laser-treated with fluence in
the range selected in the present study, the microstructure of the melt
layer is homogeneous and refined. It consists of the single B-phase
(Fig. 25), in contrast to the complex and heterogeneous microstructure of

Fig. 25. SEM micrographs of MAB-2-35 showing (a) cross-sectional view of melt pool,
and (b) homogenized and fine-grained microstructure [88]
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Fig. 26. Cumulative mean depth of ero- 0.25
sion (MDE) as a function of the expo- g
sure time for as-received (1) and laser :: 0.20
melted (2) MAB [88] g
= 0.15
the as-received MAB. The grain 2
size in the melted layer is of the = 0.10
order of a few micrometres, which E
is much smaller than that in the J 0.05
as-received alloy. . . . . . .
The best MDE value is shown 0 60 120 180 240 300 360
in Fig. 26 for the as-received MAB Time, min

produced at the following laser

parameters: laser power of 1000 W, spot diameter of 2 mm, scanning
speed of 35 mm/s, fluence of 14.29 J/mm?2. The curve for the as-received
NAB has also been included for comparison. LSM of MAB has resulted in
the erosion resistance increase by a factor ranging from 3.9 to 5.8 times.
Such an increase is attributable to the B-phase, which has a higher hard-
ness than the a-phase, and grain refinement. It was concluded that for the
as-received MAB, CE was initiated at the k-phase and the o/p-interface,
and propagated in the matrix. For laser-treated MAB, erosion started at
some triple junctions and propagated along the grain boundaries.

3.2. Friction-Stir Processing

Friction-stir processing (FSP) is a solid-state surface modification tech-
nique, which is based on principles of friction-stir welding, and can be
used to repair and improve the quality of the local areas, such as strength
(and consequently the overall performance of the metal product). In this
method, the rotating tool plunges into the surface to be modified and then
travels along the surface. During FSP, material locally undergoes severe
plastic deformation at elevated temperatures caused by frictional and plas-
tic deformation-induced heat. As a result, the refined or ultrafine-grained
microstructure is formed due to dynamic recrystallization [89, 90]. It was
found that friction stir welded joints show remarkable fatigue life and
fatigue crack growth resistance compared with those of base materials
[91]. Owing to the cyclic nature of the cavity collapse, the CE damage is
usually considered a fatigue-like process. Therefore, it appears that FSP
can provide good CE resistance for the metal alloys.

Among structural materials, stainless steels, especially, of austenitic
grades (e.g., AISI 304L and AISI 316L), are of particular practical impor-
tance in the hydraulic components exposed to CE. The aim of the study
[92] was to improve the CE erosion resistance of AISI 316L stainless steels
using FSP to help evaluate the feasibility of repairing and strengthening
local areas in hydraulic machinery. The chemical composition of the
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Fig. 27. Cumulative mass loss (a) and mean depth (b) characterizing the CE as a time
function for as-received (1) and FSP 200-30 (2) AISI 316L steel samples [92]

treated samples in 315-30 (b) and 200-30 (c) regimes after the CE test for 30 h [92]

AISI 316L stainless steel (wt.%): C—0.026, Cr—16.5, Ni—10.0, Mo—2.0,
Mn—0.86, Co—03.36, Cu—0.22, Si—0.27, P—0.029, S < 0.003, Al—
0.003, Fe—balance. Before FSP, the samples were annealed to an austen-
itic structure. The WC-based tool with a shoulder diameter of 16 mm, pin
length of 0.5 mm, and pin diameter of 5 mm was used in the FSP proce-
dure. To obtain the different grain sizes in the sample structure, the sin-
gle-pass FSP was carried out at a constant traverse speed of 30 mm/min
and two different rotation speeds of 200 (sample 200-30) and 315 rpm
(sample 315-30). The CE tests were performed using a vibratory oscillator
operating at 20 kHz frequency and 50-pm peak-to-peak amplitude, accord-
ing to the ASTM-G32 in the distilled water at 25 °C. The CE test of each
sample was performed for 30 hours.

The average grain size of the base material is initially 14.8 ym, which
is reduced to 4.6 and 1.7 ym at the surface of FSP samples 315-30 and
200-30, respectively. It is the result of severe plastic deformation during
FSP. The XRD patterns of the base material and FSP samples show that
the phase microstructure of the steel samples does not change and remains
fully austenitic even after severe plastic deformation. The cumulative
mass loss and mean depth of erosion as a function of the exposure time are
shown in Fig. 27 for the as received and after the FSP samples. It is ob-
served that FSP has a remarkable effect on the CE resistance of AISI 316L
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stainless steel. In addition, the FSP samples significantly exhibit lower
mass loss over the whole cavitation test. The incubation times, during
which material loss is negligible, are approximately 0.5, 8 and 5 hours for
the as-received, 315-30 and 200-30 samples, respectively. Figure 28 shows
the surface morphology of the steel samples after the CE tests. The eroded
surface of the as-received material demonstrates the large and deep ero-
sion craters, while shallow pits were observed after the FSP. As observed,
the depth of the waviness in the surface of the 200-30 sample having the
smaller grain size is lower than that of the sample 315-30. Additionally,
the appearance of the eroded surface of the FSP samples looks to be more
homogeneous than the as-received material. The average hardness of the
as-received material is of 174 HV, whereas the surface hardness of the
FSP samples is of 327 HV and 384 HV for 315-30 and 200-30, respective-
ly. Therefore, the surface of the FSP samples is nearly twice as hard as the
as-received material.

Nickel aluminium bronze (NAB) is a copper alloy of high strength,
corrosion and erosion resistance. NAB consists of Al, Fe, Ni and Mn as the
alloying elements, which have high strength and erosion resistance [93,
94]. The combination of high strength and erosion resistance makes the
NAB to be a suitable material for marine and shipbuilding applications.
The failure of the marine system is still mainly attributed to seawater cor-
rosion and CE. Studies on the CE behaviour of the NAB alloys suggest
that the microstructure of NAB alloys influences the cavitation erosion
behaviour [95]. During cavitation, microcracks tend to propagate in the
a-phase, and the favourable nucleation sites are adjacent to x;; and «;,
precipitates [95—97]. The studies of the cavitation corrosion behaviour of
the NAB alloys concluded that the selective phase corrosion and cavita-
tion-induced stresses caused the micro-cracks propagation during cavita-
tion. The study [97] provided the basis for improving the CE resistance of

Table 3. The FSP parameters and response for the experimental design results [97]

rotational | traverse | Showider | Grain | Cigngiig? | Corrosion | Mass loss due
e | et | lometer | S| sength, || g
931 30 20 16.21 608.26 10.05 0.56
931 30 18 14.82 661.09 3.73 0.49
1216 40 20 17.14 644.03 7.18 0.76
1216 40 18 17.72 620.92 4.79 4.5
1216 30 20 18.50 612.28 4.56 2.09
1216 30 18 19.60 594.45 6.22 5.95
931 40 20 20.04 560.096 8.80 7.50
931 40 18 19.66 625.37 7.52 6.86
as-cast 190.15 661.09 36.05 38
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NAB alloys using the FSP. In this work, the effects of the process param-
eters on the cavitation and corrosion behaviour of the FSP-ed NAB alloys
were investigated. Chemical composition of NAB alloy (wt.% ): Cu 80.5, Al
9.6, Fe 3.6, Mn 1.5, Ni 4.8. The FSP process parameters, such as tool rota-
tion, traverse speed, and shoulder diameter, were used (Table 3). CE test-
ing for 4 hours of the as-cast and FSP-ed NAB surfaces was assessed using
the ultrasonic vibratory testing rig as per ASTM G 32-92 standards in
3.5% NaCl solution. The microstructure of the as-cast NAB alloy compri-
ses the coarse Cu-rich f.c.c. a-phases, B-phases and fine k-phase particles.
FSP causes the breaking of the coarser a- and B-phases and homogeniza-
tion of k-phases due to the severe plastic deformation. The micrographs
suggest that the FSP-ed surface consists of fine globular a-phases along
with some elongated banded morphology a-phases. The results obtained
for the grain size are listed in Table 3, and the grain size varied in the
range of 14.82 to 20.04 pum for the FSP-ed conditions, which was found to
be 190.15 ym for the as-cast condition. The effects of the input process
parameters of FSP on average grain size, ultimate tensile strength (UTS),
corrosion rate and mass loss due to cavitation are shown in Table 3. The
authors of Ref. [97] made the following conclusions based on the results of
the experiment. The cavitation resulted in a rougher surface containing
pits and cracks. The as-cast sample underwent higher surface and subsur-
face damage compared to the FSP-ed surface, which is attributed to the
homogenous and fine-grained structure with enhanced mechanical proper-
ties. The hardening capacity, grain size, and strain-hardening exponent
are the significant parameters correlated with the mass loss in regression.

3.3. Tungsten Inert Gas Welding

Tungsten inert gas (TIG) welding or dressing is the process in which an
arc is formed between the non-consumable tungsten electrode and the work
piece to join the metals together. The shielding gas is used to protect the
weld from atmospheric contaminants that could cause weld defects such as
porosity. The TIG process, known for its ability to produce high-quality
welds and coatings, allows for precise control over the microstructural
characteristics of the deposited alloy [98—101]. Currently, TIG welding/
dressing procedures are mostly used in the aerospace industry for produc-
ing structural parts with high requirements for welding joints because of
their high quality, efficiency, and flexibility. Below, there are given typi-
cal examples of the successful application of TIG for the enhancement of
the CE resistance of metallic materials.

For example, the authors of Ref. [102] applied TIG method to improve
the CE resistance of the nodular graphite cast iron. This material has an
excellent casting capacity, good machinability, and a lower price compared
to steel. It is of importance that due to the spherical shape of the graphite,
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Fig. 29. SEM images of microstructure of the nodular graphite cast iron used in the
experiments (a) and TIG remelted layer, using 60-A current (b) [102]

the tendency to propagate cracks is reduced, leading to mechanical strength
and toughness characteristics comparable to the ones of the unalloyed
steels with a similar structural matrix (ferrite and pearlite content). This
alloy is used for manufacturing crankshafts for automotive engines, press-
es, and rolling mills, as well as pump and valve bodies [103—105]. The in-
vestigated material was the ferrite—pearlite matrix nodular cast iron with
the following chemical composition (wt.%): C—3.57, Si—2.51, Mn—0.23,
P—0.044, S—0.01, Fe—rest. According to Fig. 29, the base metal micro-
structure consists of approximately 60% ferrite and 40% pearlite. The
TIG experiments were conducted using an electric arc voltage of 9.5 to
10 V with 10 cm/min welding speed, 1.5 mm as the distance between the
electrode and the sample, and 3-mm scanning steps, for four values of the
welding current: 60, 70, 80, and 90 A. The cavitation tests were conduct-
ed using the piezoceramic vibrating system according to the requirements
of ASTM G32-2010.

TIG heating leads to the local melting of the sample surface, followed
by rapid cooling (over 150 °C/min), and the primary crystallization pro-
cess starts with the undercooling of the melt, when the temperature falls
below the equilibrium coexistence of the liquid and solid phases. As a re-
sult of this treatment, the solidification occurs based on the metastable
Fe—Fe,C system. In the marginal layer, the white cast iron structure is
formed instead of the one corresponding to the stable Fe—C system.
Figure 29, b illustrates the fine microstructure of the marginal layers,
made up of ledeburite eutectic, acicular cementite, dendritic transformed
austenite, and traces of nodular graphite, undissolved during heating at
the melting temperature. Increasing the current from 60 A to 90 A and
the heat input from 3420 to 5400 J/cm results in a slight increase in the
quantity of undissolved graphite nodules. The SEM images of the melted
area processed at 60 and 90 A show that the cementite phase has a plate-
like morphology with a thickness of 1 ym and a length of more than 10 pm.
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Fig. 30. SEM images at different magnifications of the 165 min cavitated surface for
TIG re-melted sample of cast iron: x150 (a), x500 (b), and x1500 (¢) [102]
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Fig. 31. Influence of the CE time on MDE (a) and MDER (b) for the stress-annealed (1),
and surface TIG re-melted samples using 90-A (2) and 60-A (3) cur-rents [102]

The space between the eutectic plates is less than 0.5 pym. During the pri-
mary crystallization process, the adjacent graphite nodules (Fig. 29, a)
transform to the fine and acicular eutectics consisting of the thin and long
cementite (Fig. 29, b) and the transformed austenite plates. The topogra-
phy of the cavitated samples after 165 min erosion revealed that smaller-
scale craters with depths of less than 1 pm are formed in TIG-melted
(Fig. 30). Around the small craters, there is the work hardening due to the
repeated impact of the cavitation bubbles. The material removal is due to
the initiation of the fatigue cracks on the interface of the overlapping lay-
ers during remelting (Fig. 30). Figures 14 and 31, a, b highlights the MDE
and the MDER dependencies as the function of the CE time. These charac-
teristic curves for the 60 and 90 A currents are compared to those of the
heat-treated nodular iron by stress annealing. The lowest values of MDE
and MDER were obtained after TIG remelting using the current of 60 A with
a heat input of 3420 J/cm. By comparing the values at the end of the cavi-
tation tests (after 165 min) and according to ASTM G32-2010, the cavita-
tion erosion resistance (R__, = 1/MDER) is 7.3 for 60 A, 4.3 for 90 A, and

cav
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2.2 for the annealed state. By TIG remelting of the surface, an increase in
CE of approx. 2 to 3 times was obtained, depending on the current used.

The experimental results of the CE test showed a significant improve-
ment in the nodular cast iron resistance after the TIG remelting. Compared
to the structural condition obtained from the stress relief annealing, the
layers processed at the 60 A current show an increase of about three times
for the CE resistance. For a higher 90-A current, the cavitation resistance
increase is approximately two times. The remelting of the nodular cast
iron via TIG, without the filler material, proved to be a simple and inex-
pensive way to produce hard surfaces with a unique microstructure and
high cavitation resistance.

Additionally, work [106] compares the effects of the TIG process and
stress-relieving annealing treatment on the degradation mechanism by CE
of the grey cast iron with the microstructure consisting of the lamellar
graphite incorporated in the pearlite matrix. As shown, TIG allows provid-
ing a double lower CE-induced mass loss and a triple lower erosion rate
than those observed after heat treatment.

4. Summary and Conclusions

Cavitation is the highly complex surface process, in which the liquid stat-
ic pressure falls below its vapour pressure, resulting in the formation of
small vapour-filled bubbles in the liquid. Their appearance is the first
event in this process. The second stage of cavitation includes the subse-
quent collapse or implosion of the vapour bubbles back to the liquid state
when the local static pressure again becomes higher than the fluid vapour
pressure. As vapour bubbles collapse near the material surface, they gen-
erate high-speed and high-energy liquid jets and localized shockwaves,
which can cause the removal of the material from the surface, leading to
the so-called ‘cavitation erosion’ (CE).

Understanding the CE mechanism and its potential for surface damage
is crucial in designing and maintaining the metal systems and parts that
involve the vibration fluid flow. The mass loss owing to the cavities formed
during CE reduces the lifetime of the machine parts and/or equipment,
which can cause a catastrophic collapse. The damage caused by the CE grad-
ually extravagates in many industry fields, such as overflow components of
the metallurgical, petrochemical, mineral mining and separation, water con-
servancy, transportation and deep-sea mining vehicles. As demonstrated,
the CE is a general phenomenon in such fields as aviation, navigation, the
hydraulic turbine of the hydropower station, the rudder blade or arm of the
high-speed vessel, and the afterburner fuel pump of the aeroengine.

The special type of cavitation is ultrasonic cavitation. In this case, the
CE induced by ultrasonic waves involves the transmission of the sound
waves within the ultrasonic frequency spectrum, which equals or exceeds
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20 kHz, through the liquid medium. The cavities (bubbles) in the liquid
are formed and grow, when the negative pressure amplitude drops to or
below the vapour pressure of the liquid. Subsequently, these bubbles col-
lapse during the cycle of the positive pressure and generate high-pressure
shockwaves and microjets. One of the most important applications of ul-
trasonic cavitation is the execution of the cavitation tests of the materials
to provide a quantitative description of the relationship between the CE
characteristics in the controlled environment and the material properties.

As a rule, the material resistance to the CE is presented graphically by
the ‘mass/volume loss vs. exposure time’ curves or erosion rate during the
exposure period in the controlled liquid medium. Such an erosion test is
significantly more accelerated than the actual cavitation that affects the
studied material in its operational life. This is due to either a much higher
‘repetition rate’ of the cavitation events, their higher energetic, more de-
veloped cavitation, or a combination of the above. Therefore, the ultra-
sonic cavitation test is a convenient and express predictive method for
evaluating the cavitation resistance of materials. The CE resistance of the
metal samples is usually tested by the typical ultrasonic vibration appara-
tus according to the ASTM G32-16 test standard. The most commonly
used liquid medium is the tap water, the distilled water or the NaCl solu-
tion, which are kept at 18-25 °C. The vibration frequency of the ultra-
sonic horn is in the range of 20—-40 kHz.

Among many studies devoted to the problem of cavitation, a special
place is occupied by works devoted to methods of protection against this
phenomenon that is harmful to technology. The present paper reviews the
current development of surface treatments aimed at improving the CE re-
sistance of the metallic parts working under vibration conditions in differ-
ent liquid environments. This analysis allows for a better understanding
of the role of the surface treatment methods and parameters on the struc-
ture and mechanical properties of the near-surface region, helping to en-
hance the protection against the destructive cavitation effects. The follow-
ing methods of applying protective coatings are considered: microarc oxi-
dation, arc spraying, high-velocity oxygen fuel deposition, cold spraying,
cathode arc plasma spraying, laser surface alloying, and gas and plasma
nitriding. Several high-energetic surface treatment methods, such as laser
surface melting, friction stir processing, and tungsten inert gas (TIG)
welding (dressing), are considered. Quantitative estimates of the improve-
ment in CE resistance obtained using high-frequency cavitation tests are
presented. The extent of the CE resistance of the analysed coatings is ob-
served to be 6-t0-30 times higher compared to untreated metal materials,
including the alloys based on Fe, Cu, Ni, and Al.
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TacturyT Metanodisuku im. I'.B. Kypaiomosa HAH Vkpainu,
oyabB. Akazemika Bepuagcekoro, 36, 03142 Kuis, YKpaina

2 HamionanpHull TeXHiUHNN yHiBepcuTeT YKpalHu
«KuiBcbkuii monitexuiunuii imcrutyt imeni Irops Cikopceskoro,
upoct. Bepecreiicsruii, 37, 03056 Kuis, Ykpaina

HIIBUIIEHHS CTIMKOCTU IO VJIBTPABBYKOBOI KABITAIIITHOT
EPO3If METAJIEBUX JIETAJIEN HIJISIXOM MOJIN®IKYBAHHS ITOBEPXHI

PosrigaHyTo mMOTOUYHMIT PO3BUTOK OOPOOJE€HBH MOBEPXHi, CIPAMOBAHUX HA MHiABUIIEHHS
crifikocti mo xasitamiiinoi eposii (KE) meraseBux BupOOiB, AKi IpaIioTh B yMOBax
BiOpamii B pizkux cepemoBuiiax. TaKo PO3TJIAHYTO YJIbTPasBYKOBe KaBiTalliline rec-
TYBaHHS, AKe € 3PDYYHUM { €KCIPEeCHUM METOZOM OI[iHIOBAHHS KaBiTamiitHoil crifikocti
marepianiB. Crifikicts 1o KE 3paskiB Merasy mepeBasKHO IepeBipAETbCA 3a JOIIOMOTO0
THUIIOBOTO YJIbTPasBYKOBOT'O BiOpalifiHOTO mpuJany BiAMIOBiAHO M0 CTaHAAPTy BUIPOOY-
Banb ASTM G32-10. Ounucano Ta mpoaHasi3oBaHO (ismuHWIT MexaHi3M KaBiTamiiiHOI
IEeCTPYKIIi IMOBEepPXHi Ha OCHOBiI YTBOPEHHS MHapOINOAiOHMX mopo:KHUH. Lleit anamis mae
3MOTY JIilIie 3pO3yMiTH BIJIMB METOLiB OOPOOJIEHHA MOBEPXHi Ta iXHiX mapameTpiB Ha
CTPYKTYPY 1 MexaHiuHi BJIACTUBOCTI MMPUIIOBEPXHEBOI 00J1aCTi A HiABUIIEHHS 3aXUCTY
Bix pyliHiBHUX edeKTiB KaBitarnii. HaBemeno npukmaayu eeKTUBHUX METOLIB IOJIIMIIIIEH-
HA BJIACTUBOCTE! ITOBEPXHi Pi3HMX MeTaJleBUX MarepiayiB, a camMe: METOOU HAaHECEHHS
TOKPUTTIB, Y TOMY YMCJi MiKPOAYyTrOoBe OKCUAYBAaHHSA, AYTOBE HANOPOIIIEHHSA, BUCOKOIII-
BUJKiCHe KUCHEeBe OCA[)KeHH:, XOJIOJHe HAIlOPOIIIeHHs, KaTOAHO-IyroBe IIJIa3MOBe Oca-
I'KeHHA, Jla3epHe JeTyBaHHs IOBEPXHI i asdoryBaHHA. Kpim Toro, 3po6/ieHO BUCHOBOK,
o Taki meronu MOAU(IKYBaHHSA MMOBEPXHi, AK JladepHe 00POOJIEHHSA MOBEPXHi, 00po-
OeHHA (PPUKIINHUM IEePEeMilllyBaHHAM i 3BapIOBaHHSA /IIJIABJIEHHA BOJIb(DPAMOBUM €JIeK-
TPOXOM B iHepTHOMY rasi Takoxk € epexTuBHUMU iHTiIGiTopamu KE.

Karouosi cimoBa: xasiTaris, moBepxHeBe 0OpOOJEHHS, IMOKPUTTS, €pO3ifiHa CTiMKicTb,
yJIbTpa3ByKoOBa BiOpaiis, kaBiTaiiiiHi BUnpoOyBaHHs.
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