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Abstract
Cavitation erosion process is a very complex phenomenon depending not only on
the type and unsteadiness of cavitation, but also the response of the propeller and
rudder materials to the cavitation energy imparted upon. It is highly destructive
in nature and can cause severe loss in the performance of the ships that may
eventually lead to frequent dry dockings, inspections and preventive maintenance
or replacement of the damaged parts, resulting in a rather expensive maintenance.
The aim of this PhD project is to look at different aspects in characterising the
materials generally used for manufacturing the ship propellers and rudders based
on their resistance to cavitation erosion. It aims to understand the cavitation
phenomena simulated by the ultrasonic vibratory probe device on various ship
propeller material samples. Several ultrasonic vibratory cavitation tests were
conducted for cavitation erosion, pure corrosion and combined cavitation
erosion-corrosion on the two most common metallic propeller materials, Duplex
Stainless Steel (DSS) and Nickel Aluminium Bronze (NAB), especially comprising
of well-formed oxide films in different conditions. The investigation of the
synergistic effect existing between the cavitation erosion and corrosion was
carried out with the help of steady mass loss over a period of time and in-situ
electrochemical measurements of corrosion. Alicona was employed for surface
analyses, and comparisons between gravimetric and volumetric/optical loss
measurements were obtained using precision weighing machine and Alicona
respectively. Ag/AgCl reference electrode was used for in-situ electrochemical
experiments done on both the sample materials kept at open circuit potential, and
electrochemical impedance spectroscopy to study the corrosion behaviour during
the experimental tests.
In order to understand the combined synergistic effects of cavitation erosion and
corrosion in seawater five different methods were employed to measure and
quantify synergism. The experiments were conducted using an ultrasonic
vibratory horn functioning at 19.5 kHz frequency and 80 μm ± 0.2 μm peak-toi

peak amplitude. The test methods used to obtain the synergy included gravimetric
mass loss technique, volumetric mass loss and mean depth of penetration rate
methods, and polarization technique. Scanning electron microscopy was used to
analyse microstructural characteristics of the cavitated sample surfaces, as well
as the transverse-sections of the surface features. The materials were subjected to
pure erosion, pure corrosion and the combined effect of erosion-corrosion in
order to understand and measure the individual contributions of each aspect.
The extensive experimental results obtained and the conclusions drawn have
attempted to address the aim of the research, and meet all the objectives to the
best effect. Synergism was found to have measurable impact on the cavitation
erosion-corrosion of both NAB and DSS. NAB underwent selective phase attack,
resulting in increased material removal especially in the presence of corrosive
environment. Whereas, DSS was observed to undergo ductile failure in the
cavitated zone in the form of extrusion of the austenite at the cavity boundary
along with microcracks and cleavage facets that could be attributed to the
austenite to martensite transformation by either high strain or high temperature
generated during cavitation. The implications of immersing as-cast NAB in 3.5%
NaCl solution for few months seemed to drastically change the synergy behaviour
of the material. Whereas, DSS, having higher mechanical and corrosion property
as compared to NAB seemed to give best outcome for cavitation erosioncorrosion.
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Chapter 1:
Introduction
1.1. Cavitation – Background and Theory
The cavitation phenomenon has been known especially to ship builders and
engineers since the 18th century. In 1754, it was first reported by the famous Swiss
mathematician Euler, on a particular design of water wheel and the influence it
might have had on the wheel’s performance [1]. Such a process is destructive in
nature and causes severe loss especially in performance of the ships. The resultant
destruction and losses could lead to expensive maintenance in the form of
frequent dry dockings, inspections and prevention or replacement of the damaged
part itself [2].
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The word cavity is derived from the Latin word ‘cavus’, which means hollow [3].
Cavitation is a fluid mechanics phenomenon, which occurs whenever there is
fluctuation in the pressure field and/or the velocity of the fluid. Hence, regions
where the flow conditions cause the absolute pressures in the fluid to fall below
its vapour pressure, causing the fluid to boil even at ambient temperature undergo
cavitation. This causes small vapour bubbles called “cavities” to form within the
fluid. These cavities implode when the surrounding pressure rises again. Theses
collapsing create a very high localized and instantaneous pressure, where the
vapour pressure of water can go from 1.704 kN m-2 at 15°C up to 101.325 kN m-2
at 100°C [4], resulting in high intensity shock waves and jet impacts, which can
significantly erode any material surface in contact. And this phenomenon of
bubbles collapsing on the material surface, causing erosion, is termed as cavitation
[5].
It is often deemed detrimental to anything it comes in contact with, causing
erosion of materials. Cavitation damage is a serious issue, especially in restricted
waterways with high flow-rates, pumps, impellers, turbines, and boat and marine
propellers. It can also occur during a traumatic brain injury causing pressure
change in the brain agar phantom, and even during pressure changes in the fluid
in the heart and knee joints [2], [6]–[9]. Figure 1.1 shows severe cavitation damage
that has incurred in various different machine parts such as propeller blades,
tunnels, turbines and pump impellers [8], [9].
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(b)

(c)

(d)

Fig. 1.1: (a) Sheet and cloud cavitation damage together with a tip vortex on a
propeller blade [9]; (b) Cavitation damage on the blades at the discharge from a
Francis turbine; (c) Cavitation damage to the concrete wall of the 15.2m diameter
Arizona spillway at the Hoover Dam; (d) Axial views from the inlet of the cavitation
and cavitation damage on the hub or base plate of a centrifugal pump impeller [8].
Marine vessels in particular suffer severely from cavitation in the harsh marine
environment. Many counter measures are adapted in order to avoid or reduce
cavitation, such as, ships and boats can lower the rotational speed (rpm) of the
propellers, and hence, the speed of the vessel. Submarines can make further
adjustments by lowering their propulsion system or diving to a higher-pressure
region, to lift the end pressure of the propeller above the vapour pressure of the
liquid.
However, cavitation erosion has been desirous in some special situations as well,
such as subsurface drilling, welding and process mixing applications where the
associated turbulence caused by cavitation is advantageous. A recent
development in mixing micro-technology called cavitation micro-streaming,
whereby a gas bubble inside a liquid is made to oscillate at various frequencies,
which greatly enhances the mixing of blood samples with reagents [3].
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Ultrasonic waves have also been used to induce complex high-frequency
alternating compression and rarefaction phases in liquids, causing cavitation. This
has helped for the cavitation effects to be usefully applied for cleaning surfaces,
for non-invasive operations in the field of medicine, such as in the wear of knee
joints, and in a variety of cardiovascular applications of lasers and ultrasound, for
breaking down agglomerates in the textile finishing industry, and in sewage
treatment plants, where cavitation can help break down the molecules and
bacteria cell walls, as well as pollutants and dissolve out minerals from organic
material [10], [11]. However, cavitation in marine propulsion system is inevitable
and can cause severe damage in the form of cavitation erosion and corrosion [2],
[12].
The study on the correlation between erosion and corrosion is also an important
subject to understand the interaction between them. The simultaneous existence
of mechanical erosion and electrochemical corrosion is a common scenario for
engineering alloys used in marine environments. However, the effects of erosion
and corrosion in general are not always additive owing to the interactions
between them, which makes understanding this interaction even more
complicated. The overall damage arising from cavitation erosion and corrosion
including the interaction between them is termed as cavitation erosion–corrosion.
Hence, it is a tribo-corrosion process which involves mechanical as well as
electrochemical factors, formation and removal of the passive and tribo films, and
either synergism or antagonism of wear and corrosion [13]. The relative
significance of corrosion, erosion, and the interaction between them depends
especially on the material and the environmental system [14]. The nature of the
interaction depends on a number of factors such as the passivity of the metal
surface, the adherence of the corrosion product, the metallurgy of the metal, the
amount of dissolved oxygen, the presence of aggressive radical ions, and the
intensity of the cavitation. These factors also help determine the mode of
corrosion and the rate of erosion–corrosion loss. Several studies on synergy have
been conducted in the past but these were usually carried out under various
different conditions by different authors, making results difficult to correlate
[15]–[18].
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In many cases, the service life of equipment and hydraulic structures subjected to
cavitation erosion-corrosion can range from months to years. Because of these
relatively lengthy periods required to observe measurable erosion in the field,
many different techniques have been developed to achieve the significant time
compression. The time compression factor currently achievable in accelerated
erosion tests is as high as 105 [19].
At present, the industry has to rely on several factors such as laboratory testing,
use of accelerated erosion testing methods, and comparative tests between the
new material and previously used materials. However, despite the numerous
investigations into the subject of cavitation many of the accompanying effects are
still unexplained. Prediction of the occurrence of cavitation as well as the material
performance is very important since it leads to a loss of mechanical efficiency. It
is very difficult to predict the cavitation location and its intensity under
hydrodynamic conditions considering the complexity of the process that involves
the areas of acoustics, thermodynamics, optics, plasma physics and chemistry. It
involves good knowledge of both the material and the cavitation environment.
Numerical analysis is especially a challenge since highly localized variations in
density exist between the gas and liquid interface whereas, remainder of the flow
generally remains incompressible [13], [20], [21].

1.2. Boat and marine propellers
1.2.1 Boat and marine propulsion System
The propeller is a vital part of a ship/boat. Marine vessels as well as boats move
forward when the water is thrust through the propeller blades as they rotate. The
ship propulsion system mainly comprises of either one, two or, in very rare cases,
more than two propellers, propeller shaft bearings, power turbine, clutch and
gearbox, and propulsion motor. The propeller is generally the only component
that is positioned externally on the boat or marine vessels. It is a rotating blade
system that propels to exert enough thrust for the ship to move forward by using
5

the power generated and transmitted by the main engine of the ship. Figure 1.2
illustrates a marine propeller thrusting water through its blades [22], [23].

Fig. 1.2: Marine propeller thrusting water through its blades [22].

A propeller may consist of any number of blades more than 1 and based on the
number of blades the propellers can be classified in to different types of propellers
[23]. Propellers can also be classified depending on the pitch of the blade: fixed
pitch (FP) type, where the position of the blades are fixed permanently to the hub,
thereby giving the propeller a constant pitch, and the controllable pitch (CP) type,
where the blades can be rotated about its vertical axis to adjust the pitch. Fixed
pitch propellers are cast in one single block. Due to a constant pitch, the ship
maneuverability becomes extremely difficult especially when operating in heavy
weather conditions. Most ships with low requirement for good maneuverability
are generally equipped with a fixed pitch propeller. Whereas, the propellers with
controllable pitch have a relatively large hub compared to the fixed pitch
propellers. This is because the hubs require large space for hydraulically activated
mechanisms that control the pitch (angle) of the blades. And hence, due to the
relatively larger hub, the propeller efficiency of the controllable pitch propeller is
slightly lower than that of a fixed pitch propeller. Also, it is up to 2-3 times more
6

expensive, than a corresponding fixed pitch propeller [23], [24].
Since propellers are subjected to heavy loads, to maintain the strength of the
propellers, they cannot be manufactured with less than four blades [23], [25], [26].
A propeller produces a thrust through the production of lift by their rotating
blades, which create a difference between the pressure on the face and the back
of the propeller blades [27]. It is during this pressure difference created that a
propeller undergoes the risk of encountering cavitation at the low-pressure
end/side of the propeller blade, leading to loss in propeller efficiency.
1.2.2 Propeller materials
A propeller material has certain factors that it must suffice before it can be chosen
for boat and ship propeller building. These factors include the material properties,
physical as well as chemical, propeller efficiency, the design benefits,
manufacturing and maintenance cost, durability, the ideal usage, ease of
reparability, the working environment, etc. The most desirable mechanical
properties of a propeller material have to be its high strength, toughness, ductility,
and fatigue strength. This way the blade dimensions and thickness can be
controlled without compromising the efficiency. Another very important property
desirable for a propeller material is resistance to corrosion, especially in corrosive
environments such as seawater.
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General
Propeller
Materials
Low Carbon
Steel

Ultimate
Tensile
Strength
[MPa]
504

Yield

Brinell

strength

Hardness

[MPa]

[HB10]

330

137

661

498

210

Stainless Steel

2205 Duplex
Stainless Steel

Disadvantages

Inexpensive

Poor corrosion
resistance

Ductile, higher

13/4
Martensitic

Advantages

corrosion
resistance than

Expensive

austenitic SS

774

542

233

High strength,

Hydrogen

high corrosion

embrittlement

resistance, high

and pitting

durability and
easily reparable

Low alloy
steel

803

493

236

High

Prone to

hardenability,

austenite

high

retention and

temperature

corrosion

strength, and
stress relief
Manganese
Bronze

496

227

130

Possible

resistance, easily

dezincification

reparable

Nickel
Aluminium

High corrosion

650

273

161

Bronze

High corrosion

High density and

resistance, easily

expensive

reparable, high
resistance to
notch sensitivity

Composite/
Polymer

-

-

-

Light weight and

Delamination,

corrosion

difficult to repair

resistant

Table 1.1: Standard propeller materials, their mechanical properties,
and their advantages and disadvantages [28].
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Table 1.1 tabulates the standard materials used for propeller fabrication, their
mechanical properties such as tensile strength, yield strength and Brinell
hardness, and also the advantages and disadvantages of each material with
respect to fresh and marine water usage [28]. The conventional materials used for
boat and ship propellers include composite/plastics, aluminium bronze alloys,
various different grades of steel and stainless steel (SS) [29]. The first materials
widely used for ship propellers were cast iron, however, their low strength, low
ductility, high risk of corrosion and erosion, and reduced fatigue strength in
seawater rendered them non-ideal for robust propeller engineering. Nowadays,
the most widely used materials for the boat and marine propellers are stainless
steel grades, and copper alloys such as nickel aluminium bronze and manganese
bronze. Although, stainless steels are difficult to cast, they exhibit excellent
mechanical properties and resistance to corrosion, which make them ideal for
propellers [4].
1.2.3

Propeller issues

There are several propeller related problems that a ship may encounter during its
lifetime. This may include propeller induced vibrations caused by inaccuracies in
pitch, camber and section shape, blade tip erosion due to abrasives in the
surroundings, propeller induced engine overload, unsynchronized propellers,
corrosion and propeller cavitation [30].
During the ship movement, the friction of the hull creates a boundary layer of
water, called friction belt, around the hull. The velocity of the water on the surface
of the hull in this friction belt is equal to that of the ship, and reduces with
increasing distance from the hull surface. The thickness of this friction belt increases with its distance from the hull fore-end and hence, it is thickest at the aftend of the hull. This causes a certain wake velocity to manifest due to the friction
along the sides of the hull, which is further augmented by the ship’s displacement
of water. This, in turn, also causes wake waves at both fore and aft. The combined
effect results in the propeller behind the hull to work in a wake field. Therefore,
the water at the propeller will have an effective wake velocity in the same
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direction as the ship’s velocity, expressed by a dimensionless form called the wake
fraction coefficient. The value of the wake fraction coefficient depends on the
shape of the hull, the location of the propeller, and its size, and has a great
influence on a propeller’s efficiency. A larger wake fraction coefficient increases
the risk of propeller cavitation, due to an inhomogeneous distribution of the water
velocity around the propeller.
The effects of cavitation, including loss of speed and damage to the propeller
blades, could be minimised by ensuring that the propeller has sufficient blade area
relative to the area described by the propeller blade tips [23].
The cavitation erosion on propellers may occur behind the blade of a rapidly
rotating propeller or an overloaded propeller, i.e. when the surface area of the
propeller is insufficient for the size or weight of the vessel. It may also occur when
air is sucked into a propeller while a boat makes a sharp turn, or when wave action
brings the propeller out of the water, or when too much power causes bubbles of
partial vacuum. These bubbles can have varying degrees of effects, such as
reduction in thrust, noise at a high propeller rpm, and visible damages seen on the
propellers even after short amounts of run time.
In order for cavitation to occur, the bubbles generally need a surface on which they
can nucleate, which is where the propeller surface comes into play. Depending on
the either side of the propeller, the pressure can be higher or lower. Cavitation
bubbles form on either the low-pressure side (suction side) at as low as 80°C or
on the high-pressure side (discharge side) at as high as 150°C. Figure 1.3 shows
cavitation formation on the suction side of the propeller [14]. As water rushes in
to fill the vacuum, it is vaporized due to the lowered pressure. It implodes against
the propeller blades with enough force to cause pitting, which in turn leads to poor
balance, vibration, and further pitting, so that the metal of the blades is greatly
weakened [31], [32].
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Fig. 1.3: Cavitation formation on the suction side of the propeller [14].

When cavitation occurs, depending upon its extend and severity, the propeller
may suffer from performance breakdown, noise, vibration and erosion. Partial
cavitation on a propeller blade does not affect its thrust. In fact a small amount of
cavitation may even increase the camber of the blade section, and hence, increase
the thrust. But when cavitation covers about 20 – 25% of blade section, both thrust
and torque are reduced. As thrust decreases more rapidly than torque, it reduces
the propeller efficiency. On commercial propellers, this rarely happens since the
propeller loading and the rate of rotation is low. However, on highly loaded
propellers and particularly propellers with high rotational speeds, such as the fast
naval ships at full speeds, tugs in towing condition, fast ferries, container ships,
etc., the effect of cavitation influence the performance characteristics. Hence,
detection of this detrimental phenomenon can be vital for the longevity of the
propeller. Chapter 2 further elucidates on the mechanism of propeller cavitation
and the various types of propeller cavitation.
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1.3. Aims and Objectives
This research stems from the studies conducted by Lloyds Register to characterize
several propeller materials according to their response to cavitation erosion in
laboratory prepared ASTM standard seawater [33]. The materials tested were
2205 duplex stainless steel (DSS), as-cast nickel aluminium bronze (NAB), 13/4
martensitic stainless steel, 42CrMo4 low alloy steel, carbon fibre reinforced
composites, and LRAH32 low carbon steel. During their tests, they obtained
periodic measurements of mass loss and acoustic emission signatures on the
specimen. From their experiments they established that DSS and NAB produced
the best results. Hence, only the two materials have been used for the current
research.
The main aim of this PhD project was to investigate the relation between
cavitation erosion and corrosion of the two chosen propeller materials, DSS and
NAB, and the interaction between them. The main objectives of the research
involved:
•

Use of ultrasonic cavitation rig under ASTM G-32 standards. Steady state
mass loss of material was conducted using the ultrasonic vibratory
sonotrode with in-situ electrochemistry to understand cavitation erosioncorrosion behaviour of the materials.

•

Study of the detailed mechanisms involved within cavitation erosion and
corrosion. Comparisons were made before and after each experiment
between mass losses using both gravimetric as well as volumetric
measurements obtained using precision weighing machine and Alicona
respectively, and also the surface profilometry using Alicona.

•

Understanding the electrochemical aspects of cavitation erosioncorrosion, and the corrosion behaviour of the material samples used
during the experiments. This would further help establish the existence of
synergy and the interaction between the cavitation wear and corrosion.
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•

Study the air- and water-formed protective films on NAB samples. The
novelty of the research included investigating the effects of cavitation on
the well-developed films on NAB using SEM of the cavitated surfaces and
their transverse sections. Attempts were also made to understand the
corrosion behaviour of NAB with water-formed oxide films.

•

Understanding and attempting to quantify synergy to the best effect from
the results obtained, using various methods.

1.4. Scope of the Research
The scope of the research is as follows:
•

Chapter 1 briefly outlines the concept of cavitation, ship propellers, their
functions and problems faced, and lays out the aim and objective of the
research project.

•

Chapter 2 elucidates the cavitation processes involved, the stages of
cavitation wear process and occurrences, the wear incurred by propeller
materials due to cavitation, and the different types of propeller cavitation.

•

Chapter 3 gives the literature review on cavitation erosion test methods,
cavitation erosion-corrosion test methods, and synergistic effects between
cavitation wear and corrosion.

•

Chapter 4 details the different propeller materials used, NAB and DSS, and
their material properties. It also discusses the methodology employed in
conducting the experiments in order to understand the cavitation erosioncorrosion behaviour of the ship propeller materials used.

•

Chapter 5 gives the erosion rate, topographical and microstructural
analyses for the cavitation erosion-corrosion experiments conducted on
the test materials.
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•

Chapter 6 gives the electrochemical and corrosion analyses for the results
obtained using electrochemistry for the sample materials.

•

Chapter 7 focuses on the various synergy results obtained from the
experimental tests conducted in chapter 4, 5 and 6, and discussion on the
results obtained.

•

Chapter 8 reviews the conclusion of the research done so far, the prospect
future plan for the research for the next one-year, and the corresponding
Gantt chart.
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Chapter 2:
Cavitation process
Cavitation can occur in all types of liquids. Different liquids will generally have
different degrees of resistance to cavitation as they depend upon their tensile
strength as well as concentration of gas and foreign particles in the liquid to a
considerable degree. But for the cavitation to occur, several factors such as the
vapour pressure, the liquid temperature, the amount of dissolved gas, the
nucleation of the bubbles, their growth and the imminent collapse are requisite
[34], [35]. The following section discusses the mechanism of the cavitation
phenomenon, the erosion incurred and its effects on propellers.
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2.1. Mechanism of Cavitation
2.1.1. Nucleation
One of the most important factors for cavitation to occur is the existence of nuclei
and nucleation sites. The prediction and control of nucleation sites is, however,
very uncertain even for water. Any liquid most certainly contains dissolved air in
the form of miniscule gaseous and/or vaporous bubbles whose diameters may
vary from a few microns to the visible bubbles of the order of 1mm, which serve
as the cavitation nuclei [5], [34]. When these nuclei enter a low-pressure region
where the equilibrium between the various forces acting on the nuclei surface is
un-established, cavitation begins to occur. As a result, bubbles appear at discrete
spots in low-pressure regions [36]. Nucleation of vapour bubbles in a metastable
liquid is an important yet not well-understood phenomenon. In most liquids, the
reduction in volumetric stability is facilitated by the presence of external surfaces,
which usually take the form of various admixtures such as dissolved or suspended
impurities, particularly those on a sub-microscopic level, or even the walls
containing the liquid, and serve as cavitation nucleation sites [5], [37].
There are mainly two types of nucleation modes: homogeneous and
heterogeneous. Homogeneous nucleation takes place when there is no prior
presence of additional gaseous phases in a liquid phase [38], [39]. It takes place
due to the distribution of thermal energy among the molecules in the liquid
volume. But due to the difference in the level of excitation in each molecule, the
cavitation nuclei are rather unstable. A gas bubble will easily dissolve in an undersaturated solution, while the effect of surface tension will cause it to dissolve in a
saturated solution. However, it will not dissolve in a super-saturated liquid due to
the conflict between the bubble surface tension and the growth of the bubbles by
diffusion [36]. A heterogeneous nucleation, on the other hand, comprises of small
pockets of gas that are stabilized at the bottom of the cracks or crevices, found on
hydrophobic solid impurities in the liquid, that may exist without dissolving into
the liquid [1], [40]–[42]. Figure 2.1 shows a heterogeneous nucleation process in
a crevice of a suspended micro-particle in a liquid [1].
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Fig. 2.1: Nucleation model for a crevice in an entrained micro-particle in a liquid
[1].
The beginning of cavitation phenomenon is termed as the cavitation inception.
This stage is crucial as nuclei play the main part in the initial formation of
cavitation, and once the cavitation occurs these nuclei lose their importance [34].
The initial formation of vapour is however much more complicated, because pure
water has been observed to withstand much lower pressures than the equilibrium
vapour pressure without vaporization. This is mostly due to the cohesion of the
water molecules, which gives water high tensions [34], [37], [43]–[45]. The
cohesiveness of liquid molecules is generally stronger than the adhesion between
the liquid molecules and the container surface it is in contact with. So, when a low
pressure occurs on a surface, cavitation starts. The vaporization pressure of a fluid
is dependent on its temperature, as shown in Figure 2.2. The vapour pressure of
water drastically increases with the rise in temperature hence, increasing the
chances of cavitation in water [46].
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Fig. 2.2: Equilibrium water vapour pressure of water vs. temperature plot, adapted
from Ref. [46].
However, cavitation is not always a consequence of the reduction of pressure to
the liquid’s vapour pressure at a specified temperature. Cavity formation in a
homogeneous liquid requires a sufficiently large amount of stress to rupture the
liquid. This stress represents the tensile strength of the liquid at a given
temperature[45]. The temperature of the liquid as well as any contamination in
the liquid, which is unavoidable in practice, determine the tensile strength of
water [43], [44], [46]. However, the tensile strength, due to the adhesive forces
between a surface and the liquid, is still in orders of magnitude higher than the
equilibrium vapour pressure [34].
2.1.2. Bubble formation, shape distortion and collapse
Once the pressure in the liquid is reduced to a certain level, cavities become the
repository of vapour or dissolved gases. This change in the hydrodynamic
pressure causes phase transition in the liquid, forming a two-phase flow mainly
composed of the liquid and its vapour. The immediate result of this condition is
the rapid increase in the cavity size. When this larger cavity enters a zone of higher
pressure, there is a reduction in its size as a result of condensation of the vapours
in the liquid causing collapse of the bubble [47]–[51]. During the collapse,
particles of liquid surrounding the bubble quickly move to its centre. Kinetic
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energy from these particles create local water hammers of high intensity (shock),
which grow as the particles progress towards the centre of the bubble [5].
However, due to the rise in the pressure inside the bubble, the contraction of the
bubble eventually slows down and stops. After the collapse, the bubble reappears
in the form of a rebound bubble of smaller size. The rebound happens due to gas
trapped in the bubble at the collapse. The cavitation bubbles are filled with a
mixture of vapour and non-condensable gas, the origin of which is still unclear,
but is thought to come from a combination of gas dissolved in the water, and gas
created at the energy deposition due to the generation of the bubbles. The quantity
of these non-condensable gas in the bubble influences the maximum radius of the
rebound bubble [52]–[55].
During a bubble collapse the shape of the bubble is distorted, depending on its
location from a solid or a free surface in the liquid, due to the Rayleigh-Taylor
instability theorem of the existence of instability at the interface between fluids of
two different densities that occurs when the fluid of lower density tries to
accelerate through the fluid of higher density [56]. The two major ways a bubble
generally distorts are either spherical or asymmetrical, and the shape of the
rebound bubble is determined by the symmetry or asymmetry of the dynamics of
the collapse. A perfectly spherical collapse produces a spherical rebound bubble,
however, an asymmetry leads to the deformation of the bubble and in some cases
the apparition of a ‘re-entrant’ jet emerges from the rebound bubble. This reentrant jet, also known as microjet, is caused due to the Rayleigh-Taylor instability
theorem. The spherical bubble starts to deform because of the pressure variations,
obtaining a toroidal shape [57]–[59]. Figure 2.3 represents the theoretical shapes
of Plesset and Chapman (solid lines) compared with the experimental
observations of Lauterborn and Bolle (dotted lines) [1], [45], [60], [61].

21

Fig. 2.3: Vapour Bubble Collapse near a solid boundary in a quiescent liquid
comparing the theoretical observations of Plesset and Chapman (solid lines), with
the experimental observations of Lauterborn and Bolle (dotted lines) [1], [45],
[60], [61].

2.2. Cavitation Impact
2.2.1. Microjet impingement
As depicted in Figure 2.3, the bubble placed close to the wall initially collapses
spherically (shown by sphere number 0), and the re-entrant jet penetrates the
fluid between the bubble and the wall as the bubble is rebounding from the first
collapse (most prominent in sphere number 7) [45]. When the pressure within the
bubble rises steeply, with the gas content acting as a hard spring, abruptly
stopping the inward motion and driving the bubble back into expansion, this is
known as rebounding of the bubble [62]. This rebound bubble then collapses
releasing a high velocity destructive impact to the boundary wall while a microjet
is obtained and a powerful shock wave is emitted. The impact of this microjet
occurs before the bubble reaches minimum size, and the microjet flow vanishes as
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the bubble re-expands. The pressure within the bubble rises steeply, with the gas
content acting as a hard spring, abruptly stopping the inward motion and driving
the bubble back into expansion [62].
When the bubble surroundings are strongly asymmetrical such as near a solid wall
or a free surface, a re-entrant microjet emerges. In case of a solid boundary near
the bubble, the furthest side of the bubble wall accelerates inward through the
centre more rapidly than the side close to the wall, typically resulting in a reentrant microjet that penetrates the bubble at a very high speed [45], [63], [64].
But it is not necessarily always the case. As observed by Benjamin and Ellis, when
a spherical bubble much closer to a solid wall collapses, it collapses in what is
called a “pancake” mode where the hemispherical bubble flattens down on the
wall before dissipating with no recognizable microjets, see Figure 2.4 [64].

Fig. 2.4: Growth of cavity into a hemispherical bubble and undergoing the
“pancaking” mode of collapse against a solid wall. Timing A and B at 0 and 0.4 ms;
C and D at 5.8 and 11.4 ms; E, F and G at 16.8, 17.4 and 17.8 ms respectively [64].
Other strong asymmetries may also cause the formation of a re-entrant jet such as
a solid surface. Bubbles collapsing near a free surface have been observed to
produce a re-entrant jet directed away from the free surface as observed by
Chahine [65]. This is due to the critical flexibility of the free surface that separates
the circumstances in which the re-entrant jet is directed away from rather than
toward the surface. Hence, flexible coatings or liners may be a mean to avoiding
cavitation damage on ship propellers as demonstrated experimentally and
analytically by Gibson and Blake [66]. Another possible asymmetry may arise at
the close proximity of other bubbles within a small cavitation cloud as observed
by Chahine and Duraiswami in their experiment that the bubbles on the outer
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edge of such clouds tend to develop jets toward the center of the cloud [67].
The rebound bubble can also sometimes break into several bubbles. This
phenomenon is called fission of the bubble. It is thought to be caused by either
Rayleigh-Taylor instabilities on the bubble interface or by the re-entrant jet at the
collapse of the bubble [56]. It has also been shown that when bubble fission
occurs, the resulting rebound bubble is smaller than expected because the process
dissipates energy [68].
Ebullition can occur the instant pressure drops. Due to this, vapour bubbles form
and collapse frequently and quickly (within ms), often accompanied by the
devastating impact on the adjacent metal surface. Many other experimentalists
have subsequently observed re-entrant jets forming in cavitation bubbles during
their collapse near solid walls. The way cavities collapse seems to differ from one
cavity to another depending on the initial distance of the cavity centre from the
wall [45].
The difference in the development of the microjets can be compared using the two
different series of pictures taken of two individual bubbles by Tomita and Shima.
In their experiment of laser-induced cavitation bubbles in water, they observed
and recorded the process of microjet evolution using an Imacon high-speed
camera with a Xenon micro-flash as a light source. They used a lens with a focal
length of 150 mm, and later magnified about 3 times the original size on the
polaroid film. The interval between the numbered frames was 2 μs, and the frame
width set at 1.4 mm. The maximum bubble radius reached was approx. 1.3 mm.
As seen in Figure 2.5 (a), the 1st bubble is initially spherical, situated close to the
solid wall. The typical development of the microjet is as illustrated in Figure 2.5
(a), where an asymmetrical implosion was observed to take place, and a liquid jet
was seen to penetrate the bubble surface at a recorded velocity of 98 m s-1. After
the impingement of the liquid jet, it rapidly flowed outwards with a maximum
speed of 134 m s-1. As can notably be observed, the size of the liquid jet became
wider as time lapsed [69].
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(a)

(b)
Fig 2.5: Series of photographs showing the development of the microjet in a bubble
collapsing (a) very close to a solid wall; and (b) away from the solid wall at the top
of the frame . The interval between the numbered frames is 2µs and the frame
width is 1.4mm [69].

When the bubble is further away from the wall (as in Figure 2.5(b)), the events are
comparatively different. Figure 2.5(b) illustrates the series of the formation of two
toroidal vortex bubbles in frame 10 and 11, after the microjet has completed its
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penetration of the original bubble (similar to Figure 2.3) at a velocity of 98 m s -1
[45], [60], [69].
The cavitation process can be divided into two principal types: vaporous and
gaseous. Vaporous cavitation takes place if the bubble grows explosively in an
unbounded manner as liquid changes into vapour. This situation occurs when the
pressure level goes below the vapour pressure of the liquid. Whereas, gaseous
cavitation is a diffusion process that occurs whenever the pressure falls below the
saturation pressure of the non-condensable gas dissolved in the liquid. While
vaporous cavitation is extremely rapid, occurring in ms, gaseous cavitation is
much slower; the time it takes depends upon the degree of convection (fluid
circulation) present. It is only under the vaporous cavitation conditions that
cavitation wear occurs. Gaseous cavitation mostly creates noise, generates high
temperatures and degrades the chemical composition of the fluid through
oxidation [5].
2.2.2. Shock waves
When the cavitation bubbles collapse, they force energetic liquid of very small
volumes, thereby, creating spots of high temperature and emitting destructive
shock waves. These shock waves produce a crackling noise during cavitation [70],
[62]. Figure 2.6 gives an example of a high-speed photographic sequence, which
probes the final collapse stages. This series was taken at 20.8 million frames per s
with an image converter camera. The maximum number of frames per shot is
limited to eight. Therefore, four different shots corresponding to nearly identical
bubbles have been combined together [62]. The picture shows a series of bubble
growth, followed by collapse and finally, radial expansion of shock waves from the
bubble.
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Fig. 2.6: A spherically symmetric shock wave emitted by a laser-generated bubble
upon first collapse taken at 20.8 million frames per s with the arrangement
depicted in frame 1. The frame size is 1.5 x 1.8 mm2 and the exposure time is ca. 5
ns [62].

In Figure 2.6, a free spherical bubble (frame 1) produced in water is shown to
undergo a rapid first collapse from frame 17 onwards and, in this process, radiate
a spherically symmetric shock wave. The series starts after the bubble has reached
maximum radius at frame 4 and 5. The bubble is seen as a dark disc as the
illuminating backlight is deflected of the bubble wall. From the point of maximum
expansion (frame 5), the bubble starts to shrink, gaining speed at an ever
increasing rate, driven by the ambient pressure and leading to a collapse with
strong compression of the bubble content in the final phase. In the stage of
maximum compression (frame 16), an outward going shock wave is emitted (the
circular ring seen around the black dot). The shock wave propagates at about the
velocity of sound, i.e. at about 1500 m s−1 in water [62].
Another important feature of cavitation phenomenon is the amount of energy
dissipated during the collapse. When the cavitation bubbles collapse, they force
energetic liquid of very small volumes, thereby, creating spots of high temperature
and emitting destructive shock waves. A major part of the shock wave energy is
dissipated within the first 100 μm from the bubble wall [71]. These shock waves
produce a crackling noise during cavitation [62], [70]. The energy emitted during
collapsing of a cavity is generally of low order and does not cause the actual
damage. However, when highly localized, these repetitive collapses are known to
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erode almost anything over time. These bubble collapses also produce high impact
forces, causing work hardening, fatigue and cavitation pits resulting in cracks,
wear and erosion of the material. Surface damage similar to surface fatigue takes
place and particles smaller than those generated by surface fatigue are removed
[62].
The impulses that result when vapour bubbles form and collapse cause individual
symmetrical craters and permanent material deformations on the surface [5]. The
pittings due to fatigue and plastic deformation caused by the collapses on the
metal surface produce great wear on the components, and dramatically shorten a
propeller or pump's lifetime since, after a surface is initially affected by cavitation,
it tends to erode at an accelerating pace, and also undergoes oxidation especially
under corrosive environment. The cavitation pits increase the turbulence of the
fluid flow and create crevices, which act as nucleation sites for additional
cavitation bubbles. The pits also increase the components’ surface area and leave
behind residual stresses. This makes the surface more prone to stress corrosion
cracking (crack occurring in and propagated by corrosive environment) [72].
2.2.3. Cavitation wear
Cavitation wear is mechanical in nature and cannot occur without the application
of the tensile and compressive stresses. Cavitation wear damage undergoes
several periods of activity. Depending on the surface structure, the material
surface is deformed, loosened and eventually eroded in various ways due to the
frequent strain from the shock waves [5], [73], [74], [10]. The rate of erosion is a
function of the exposure period and it increases from negligible values, reaching a
maximum before decreasing again and finally levelling off to a steady value. Figure
2.7 classifies the typical cavitation erosion process into four periods, indicating
the incubation period, the maximum rate period, deceleration period and the
steady-state period, also indicating the different physical changes undergoing
during each stage [5], [10], [75].
•

Incubation period – This is the “zero loss” period depicted by zone I in
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Figure 2.7, where the mass loss is almost zero or negligible [5], [10], [75].
The micro-cracks nucleate around grain boundaries and inclusions due to
both elastic and plastic deformation of the surface [5]. The surface of a
ductile metal first undergoes elastic deformation and then plastic
deformation causing dents and bulges to arise with time. After the
deformability of the material is exceeded, fractures occur and individual
particles break off [10].
•

Acceleration period – The steep linear rise in zone II corresponds to the
maximum rate period when the crack growth proceeds in relation to the
degree of splitting, shearing and tearing action on the material [5]. This is
due to internal tensions forming at the end of the incubation phase that
exceed the material strength [10].

•

Deceleration Period – Shown in zone III, the mass loss rate decreases
after a certain amount of time till it reaches a steady period. For certain
materials, this period sometimes consists of oscillating rate period [5],
[10], [75].

•

Steady-state period – Most of the time the material erosion rate reaches
a steady period, zone IV, where the rate of crack nucleation and
propagation becomes constant for the remainder of the exposure time [5].
This is because the surface, that is already strongly fractured, reduces the
probability for an implosion close to the surface. The fractured surface acts
as a kind of protective cushion. As a result, the material erodes at a lower
steady rate [10].

29

Material mass loss

Time period
Fig. 2.7: Typical classification of erosion periods [75].

Figure 2.7 depicts the material mass loss rate curve where, the incubation period
is generally extremely difficult to observe in some accelerated tests. But, its
duration is actually very important to determine the life of the cavitating device
[75].
Cavitation erosion process is a result of both mechanical as well as
electrochemical action and is known to be a very complex phenomenon depending
not only on the type and unsteadiness of cavitation, but also the response of the
material to the cavitation energy [17], [76]. The shock wave generated impinges
on the adjacent metal surfaces and destroys the material bonds. It first produces
a compressive stress on the solid surface, and then when it is reflected, produces
a tensile stress that is normal to the surface. Any system that can repeat this tensile
and compressive stress pattern is subject to cavitation wear. Cavitation wear is
similar to surface fatigue wear, hence, hard ductile materials that resist surface
fatigue also resist cavitation damage [5].
In cavitation wear, micro-cracks propagate to the point where the material can no
longer withstand the impulse load that the imploding vapour bubbles impose,
causing the particles to finally break off. As with any fatigue failure, micro-cracks
first form at stress risers (notches, tears, undercuts, welding defects, etc.) or at
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heterogeneous areas of the material such as at the directionality of metal flow,
inclusions, and decarburized sections. Therefore, a rough surface is prone to
cavitation wear. And because pits and a rough profile characterize the cavitation
damage, the damage increases as the surface becomes rougher [5].
A critical aspect of the cavitation wear process is surface destruction and material
displacement caused by high relative motions between a surface and the exposed
fluid. The amount of damage that cavitation causes depends on how much fluid
pressure and velocity the collapsed bubbles create. As a result of this pressure and
velocity, the exposed surface undergoes widely varying intensities. Each
imposition lasts only a short time. For example, in a study conducted by Akhatov,
et al. on collapse and rebound of laser induced cavitation bubbles, a bubble of
maximum radius between 0.5 and 3mm seemed to collapse in about 100 𝜇s [5],
[52]. The impulse magnitudes and collapse times are greater for larger bubbles at
given collapsing pressure differentials. Thus, the greater the tensile stress on the
fluid (the lower the static pressure), the larger the bubbles, the more intense the
cavitation would occur causing more damages [5].

2.3. Cavity properties
As mentioned earlier, the bubbles that collapse away from a surface have high
pressure of up to 8 GPa forming inside them and collapse in a symmetrical
(spherical) way, whereas the bubbles that collapse closer to a solid surface
generate high stress with a re-entrant jet. For example, at 68 μm distance away
from the surface, the shock pressure generated by the bubble was measured up to
1.3 ± 0.3 GPa [71].
Franc and Michel estimated in their study the impact pressures and the duration
of the impact on four different phenomena associated with the various forms of
cavity collapse, namely: the micro bubble collapse, an impinging microjet, the
collective micro-bubble cloud collapse, and the impacting cavitating vortices.
Table 2.1 gives the mechanisms of the bubble collapse along with their type of
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loading, amplitude and the time period of the collapse [77], [78].
The pressure amplitude and pulse period of a cavitating bubble jet can be
estimated from the pressures found in the water hammer. As shown in Table 2.1,
a cavity bubble of 1 mm diameter is estimated to produce a jet diameter of 0.1 mm
with a pressure pulse for duration of about 0.03 μs. The duration of the pressure
pulse is generally fixed by the diameter of the jet. However, in case of a collective
collapse, the pressure wave emitted by the collapse and rebound of a particular
bubble tends to enhance the collapse velocities of the neighbouring bubbles, thus
increasing the amplitude of their respective pressure waves. Franc and Michel
concluded that the most aggressive acoustic power was emitted from the
collective micro-bubble collapse. They also established that the cavitating vortices
were an effective mean to focus the release of acoustic power, thereby increasing
the aggressiveness [77], [78].
Mechanism

Type of loading

Amplitude

Duration

[MPa]

[μs]

Micro-bubble collapse

Pressure wave

100

1

Microjet (from a

Impacting jet

150

0.03

Pressure waves

>100

>1

Impacting jet

>100

> 10

1 mm bubble)
Collective micro-bubble
collapse
Cavitating vortices

Table 2.1: Review of impact loadings for different cavity phenomena
[78].
In 1977, Tomita and Shima [79] conducted the adiabatic calculations for handling
liquid compressibility, where they obtained that the maximum gas temperatures
in the bubble centre was as high as 8527°C. However, despite the small elapsed
times, Hickling [80] demonstrated that heat transfer between the liquid and the
gas was equally important due to the extremely high temperature gradients and
the short distances involved. In later calculations, Fujikawa and Akamatsu [81]
included the heat transfer and, for a case similar to that of Tomita and Shima [79],
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found lower maximum temperatures and pressures of the order of 6427°C and
84.8 MPa, respectively, at the bubble centre, which seemed to exist for a fraction
of a microsecond. For example, within 2 μs, the interface temperature dropped
from maximum interface temperature of about 3127°C to 27°C [81]. It was also
found that a bubble having a maximum radius of 1.45 mm could give a maximum
implosion depth of 7 μm on softer materials such as aluminium [82].

2.4. Cavitation Detection
On ship propellers, noise can be created due to the individual or combined effects
of sudden collapse of a cavity bubble, or the periodic fluctuations of the cavity
volumes. On the other hand, the inception stage of cavitation may affect the noise
level [83]. Cavitation implosion usually produces loud crackling noise that can be
easily detected by acoustical emission (AE) instrumentation, by machine vibration
sensors, through sonoluminescence measurement, hydrophones, vibration
analysis or change in performance from that produced under single-phase flow
conditions (for example, loss of flow, rigidity and response) [84]. Detecting
acoustic signals from cavitation has proven to be a powerful technique for
understanding the cavitation process [85]. AE transducers detect the high
frequency noise created by the cavitation bubble implosion as well as the highfrequency acoustic energy released by the development of crack in a solid material
surface due to cavitation. AE sensors are generally either directly mounted on the
flow boundaries, or attached to the sample materials [84]. It has been found by
Alfayez, Mba and Dyson, who conducted AE analysis to measure cavitation, that
AE technique was suited for detecting incipient, and not developed, cavitation
[86].
Hydrophones are another means for acoustic cavitation detection. Time domain
signals or output signals from the hydrophone can be recorded using an
oscilloscope or a dynamic signal analyser like the Hewlett Packard 3561A [84].
Piezo-electric and Fibre-optic hydrophone (FOH) sensors are the two types of
hydrophone sensors that are used as acoustic cavitation detectors. As observed by
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Bull, Civale, Rivens and Haar, Piezo-electric hydrophones have higher sensitivity
than FOH sensors, but FOH sensors are useful for applications involving limited
space or magnetic resonance-guided studies [87].
National Physics Laboratory (NPL) has developed cavitation sensors that detect
broadband acoustic signals emitted by oscillating and collapsing bubbles. The
sensor spatially resolves cavitation activity in cleaning vessels and sonochemical
reactors. NPL has also developed a signal processing electronics unit, called
Cavimeter, designed to be used with the cavitation sensor. It provides a near realtime indication of the acoustic signals emitted by oscillating and collapsing
bubbles detected by the cavitation sensor [85].
Detection of erosion at an early stage through acoustic measurements can be
valuable in modifying the operating profile of the vessel apart from taking
preventive maintenance. In a fluid flow system (unlike an ultrasonic tank), vapour
bubbles form where, fluid tensile stresses (low pressures) occur, and vapour
bubbles collapse in higher-pressure regions. Compressive stresses can be
imposed on the fluid. So the region, where damage occurs, is often separate from
the region in which cavities are created, leading to an incorrect diagnosis of the
problem [5].
The detection and quantification of cavitation can also be done using optical
techniques such as sonochemistry and sonoluminescence. Both help detect the
location and intensity of the cavitation, mainly by monitoring the light emission
during cavitation due to its reaction with radicals. As observed by Price in his
study for detection of cavitation by sonochemistry, he quantified that the radical
production as well as other physical (e.g. acoustic emission) and chemical
(product analysis) techniques allowed the amount of cavitation to be measured
[88].
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2.5. Propeller Cavitation
2.5.1. Effects of cavitation on ship propellers
When the propeller rotates, it absorbs the torque developed by the engine at given
revolutions and converts that to the thrust which, in turn, pushes the vessel
through the water. As the hydrofoil passes through the water, it induces a positive
pressure on the face of the blade, while a negative pressure acts on its back. The
ratio of the absorbed power and the delivered thrust to the total blade area of the
propeller is called, respectively, the power and the thrust loading. If either of these
exceed a certain value, depending on the propeller type, the flow around it, the
mean depth below the water relative to its diameter, and the relation between
them, then the flow pattern of the water over the propeller blades breaks down
causing cavitation which may lead to severe loss of thrust along with physical
damage to the surface of the propeller blades and, also, the rudder and local steelwork of the vessel’s hull. Cavitation is a highly complex phenomenon and the
pitting damage it causes usually appears by an increase in the propeller rpm
without a commensurate increase in the speed of the ship [4].
As mentioned in chapter 1, section 1.2.3, cavitation erosion may occur either
behind the blade of a rapidly rotating propeller or on the face of propeller blades
when the propeller is overloaded. Cavitation can attack several different parts of
ships. The propeller itself is the greater zone of cavitation due to induced high local
velocities (or low pressures) around the blades and vortexes [83]. Based of the
angle of inclination, α, of the ship propeller the location of the cavitation attack can
vary greatly.
2.5.1.1.

Positive angle of attack

As seen in Figure 2.8, a positive angle of attack, α > 0, can be seen to cause
cavitation at the back of the profile and towards the trailing edge. Figure 2.8 shows
the angle of inclination and attack of the propeller blade with two points of
stagnation, at the leading edge and at the trailing edge. Stagnation point refers to
the region where the pressure distribution is either zero or negligible. Figure 2.8
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shows that when the pressure distribution exceeds the cavitation number (-1), it
enters the cavitation zone where the propeller blade starts to cavitate at the backend [83].

Fig. 2.8: Positive angle of attack on the propeller blade with pressure distribution
at different areas of the propeller blade [83].
Where, L is lift force, V is the undisturbed flow velocity, P0 is the undisturbed fluid
pressure, ΔV and ΔP is the integration of the velocity and the pressures,
respectively. T.E is the tail end and L.E. is the leading end of the of the propeller
blade, ΔP/q is the pressure distribution around the blade, and σ is the cavitation
number.
2.5.1.2.

Zero angle of attack

This is when the angle of attack, α ≅ 0. This results in the cavitation zone formation
behind the maximum thickness region of the profile at the back (i.e. towards
trailing edge) [83].
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2.5.1.3.

Negative angle of attack

When α<0 cavitation will likely occur at the face of the profile rather than back as
in the positive angle of attack case as seen in Figure 2.9 and the pressure
distribution graph across the propeller blade with negative angle of cavitation
attack in Figure 2.9. As seen from figure, when the pressure distribution exceeds
the maximum negative value of cavitation number, it reaches the cavitation zone
where the blade starts to cavitate [83].

Fig. 2.9: Negative angle of attack on the propeller blade with the pressure
distribution depicting the cavitation zone on the propeller blade [83].
Changing the angle of attack on a propeller blade influences the extent and
position of cavitation. The angle of attack can be increased by keeping local
velocity constant and by increasing rate of propeller rotation. Different rotational
speeds affect results in different cavitation patterns. Generally, it is the peak
values of the negative pressure distribution that, when exceeding the cavitation
number, cause cavitation to occur [83].
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2.5.2. Types of propeller cavitation
The type of propeller cavitation can be classified depending on the physical
appearance of the cavitation, such as:
•

Bubble cavitation,

•

Sheet cavitation,

•

Vortex cavitation,

•

Root cavitation.

Figure 2.10 shows the schematic figure of all the possible locations of cavitation
attack on a propeller [83].

Fig. 2.10: Different locations of cavitation attack causing different types of
cavitation [83].
2.5.2.1. Bubble Cavitation
The natural type of cavitation following from expanding nuclei is the bubble
cavitation. It is the vaporous type of cavitation that has destructive consequences
on the contact materials. Cavitation erosion due to bubble cavitation is a serious
problem especially in heavily loaded propellers. When the nuclei grow to visible
sizes and larger, due to a low external pressure, the gas content inside the bubble
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as well as the surface pressure on the bubble wall become insignificant and the
pressure inside the bubble will be close to the vapour pressure, causing cavitation
erosion. Figure 2.11 shows bubble cavitation on the model of a ship propeller [89].
Bubble cavitation is primarily affected by the pressure distribution, which causes
high suction pressure in the mid- chord region of the blade section. Thus the
combination of camber line and section thickness plays an important role on the
susceptibility of a propeller towards bubble cavitation [83].

Fig. 2.11: Bubble cavitation occurring on the model of a ship propeller [89].
The origin of each bubble in Figure 2.11 is a nucleus, which grows with decreasing
pressure. The essential element of the formation of bubble cavitation is that the
bubbles have time to grow without causing flow separation. The result is that the
cavitation bubbles move with the flow. Therefore, this type of cavitation is also
called traveling bubble cavitation [89].
2.5.2.2 Sheet Cavitation
This is a type of fixed cavitation where the cavities form on a solid boundary and
remain attached as long as the conditions that caused their formation remain
unchanged. Also known as steady-state cavitation, sheet cavitation is a region of
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vapour that remains approximately at the same position relative to the profile or
propeller blade [90]. Sheet cavitation occurs when the pressure distribution has a
strong adverse pressure gradient and the flow separates from the blade surface.
Sheet cavitation initially becomes apparent at the leading edges of the propeller
blades, when the blade sections are working at large positive angle of attack, or on
the face side if the attack has a large negative value [83]. The surface of sheet
cavitation can be very glossy, at least at model scale, but at full scale, the surface
is often not as transparent. An example of sheet cavitation on a ship propeller is
given in Figure 2.12 (a) [90].

(a)

(b)

Fig. 2.12:(a) Sheet cavitation on a propeller blade [90]; (b) Vortex cavitation of the
blade tip [91].
Sheet cavitation can have considerable volume of cavitation bubbles on the
propeller blade whose dynamic behaviour may generate strong pressure
fluctuations at frequencies lower than the noise frequencies. Which is why, these
pressure fluctuations tend to have very large wavelength and, hence, are
independent of the compressibility of the flow. Therefore, the pressure around the
propeller and aft end varies in phase with the compressibility of the fluid. Which
distinguishes the “Cavitation Induced Pressure Fluctuations” from cavitation
induced noise. The constant phase of the cavitation induced pressure causes hull
vibrations. This is different from the pressure field from the passage of a blade
without cavitation, which is felt at different times at different places along the hull
[83]. Without diffusion the pressure in the sheet cavity will be close to the
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equilibrium vapour pressure and the surface of the cavity can be considered as a
free surface [90].
2.5.2.3. Vortex Cavitation
The propeller blade producing thrust sheds vortices from its trailing edge. These
vortices are generally strong at the tip and the root. The strength of the vortex
shed from the blade tip increases downstream as the induced velocities increase.
The pressure at the core of a vortex tends to be lower than that in the outer layers,
and if the pressure at the vortex core falls to the vapour pressure then it results in
tip vortex cavitation. Vortices are important for ship propellers because the
pressure in the core is low and thus cavitation may occur. Vortex cavitation takes
place in three places, the propeller hull, the blade tips, and the hub, forming in
zones of high shear. Cavitation in the vortices shed by the blade roots appears as
this rope with several strands. When the vortex cavity extends from the propeller
to the hull of the ship, it is referred to as propeller hull vortex cavitation. It is not
generally erosive if not very aggressive or in excessive amount. However, it is a
major source of noise during cavitation. As noise is used to detect ships, it is
important to keep cavitation minimum within navy ships and submarines. They
are easily observed and detectable due to noise as well as due to the occurrence
of the cavitation on the blade tips of the propellers. Figure 2.12 (b) shows a trail
of water cavitating the propeller blade around the blade tip [1], [91].
2.5.2.4. Root Cavitation
Propeller root cavitation can be among the most complex of the cavitation
damages. Root cavitation is known to originate in the high angle of attack caused
by the variations at the blade roots due to the propeller shaft’s inclination. Root
cavitation erosion cannot be easily reconciled. It may appear at different times in
the propeller rotation if the circulation around the root is sufficiently strong and
can be sufficiently aggressive to cause erosion damage. The top of the wedge can
be at the leading edge, but it can also start on the blade itself. Root cavitation is
related to the horseshoe vortex developed at the root as well as inclined shaft and
wake shadow effect created by the shaft brackets, bossings, etc. It is commonly
observed on controllable pitch propellers (CPP) [2], [83].
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2.6. Effect of corrosion environment on propeller cavitation
Cavitation is complex phenomenon that involves not only the erosional aspect but
also the corrosion aspect especially in the marine environment. In most cases,
the damage to materials in a cavitated region occurs almost entirely due to
mechanical processes, there is also evidence that electrochemical corrosion is
often a very important factor. There are several factors influencing cavitation
damage in an aggressive environment such as the sea, which includes the chemical
activity/corrosion reaction occurring, as well as the dissolved or entrained gas
content in the water, the temperature, the vapour pressure, and other such
properties of the water, etc. [92].
2.6.1. Effect of temperature
In the marine environment, the seawater has many particles (organic and
inorganic) dissolved or suspended in the water. These can react chemically with
the propeller materials, depending on their chemical inertness. In the presence of
cavitation, these reactions can sometimes be affected, due to the aggressive nature
of the process. Cavitation is known to generate or produce temperature, even
though it does not increase the temperature of the surrounding drastically.
However, the temperature of the micro - environment around the cavity is
certainly affected for fraction of a s. Which may induce corrosion or enhance the
reaction, as observed by Okada [93].
The effects of temperature of the liquid on the damage process have been studied
extensively [94]–[97]. From these studies it was observed that at lower
temperatures, the vapour pressure of the liquid was relatively low, however, the
amount of dissolved or entrained gasses were found to be relatively high. Which,
in turn, provided cushioning effect for bubble collapse, causing relatively low
damage. On raising the liquid temperature just enough to make some of the
dissolved gas to be liberated, but without increasing the liquid vapour pressure
too high to stop cavitation, it was seen that this increment in the vapour pressure
provided additional unstable nuclei. This, in turn, led to the inception of more
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cavitation bubbles, and hence, an increase in the cavitation damage. And on
further increment of the temperature, the pressure also rose above the liquid
vapour pressure to provide the considerable cushioning for the collapsing bubbles
and reduce further damage [92].
2.6.2. Effect of chemical activity and corrosion
As already mentioned, the marine environment comprises of an amalgamation of
gases, chemicals, organic and inorganic particles, corrosive solutes, abrasives, etc.
dissolved or suspended in the liquid medium. These substances may induce a
chemical reaction with the propeller materials under the right conditions. It has
been observed that there have been electrochemical and chemical reactions
occurring during the cavitation damages. This has been attributed to the
production of very high temperatures, ranging up to of thousands of degrees, in
the gases within the cavities themselves (as mentioned in section 2.3) [92].
Also, materials comprising of protective oxide or passive films may also suffer
corrosion due to the rigorous erosion of the protective layers, causing pits, pores
and cavities that act as the sites for pitting corrosions, crevice corrosion, and other
chemical reactions. From the observations made on the chemical corrosion
occurring during cavitation attack it has been established that the materials may
undergo corrosion whilst exposed to cavitation. As reported by Nowotny [97], for
the cavitation tests conducted in tap water in a venturi tunnel, several brass
specimens as well as various steel samples were seen to exhibit pronounced
tarnishing. He reported that after long exposures to cavitation, thick oxide films
seemed to form and attach themselves to the substrate metal. These films were
then seen to get subsequently removed by cavitation erosion, which further
facilitated a secondary chemical effect within the localized micro-pores created by
the mechanical attack [92].
However, use of corrosion inhibitors has been seen to reduce the influence of
corrosion during cavitation erosion damage. Tests conducted by Rheingans [98]
on steels and various non-ferrous metals in sulphuric acid and hydrochloric acid
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for 2 h showed lower effect of the corrosive medium on the samples when
compared to those cavitated in distilled water. Hence, corrosion inhibitors have
been tried and used with increasing frequency as prevention to corrosion induced
damage [92].
2.6.3. Effect of liquid properties
Many studies have also been conducted in order to understand the effect of water
properties, such as surface tension, viscosity, liquid compressibility, etc. on the
cavitation-induced damage. As reported by Nowotny, while keeping other factors
constant, the damage of the test material is expected to increase with an increase
in the surface tension. This is due to the dynamics of transient cavities, where the
increment in the collapse pressures causes an increment in the surface tension,
leading to higher cavitation damage [92], [97].
Another important liquid property is its viscosity. It has been found that higher
viscosity of liquid tends to reduce the pressures in liquids, resulting in reduction
of cavitation damage. This was because the viscosity in the liquid was seen to help
dampen the cavitation bubble collapse. Also, the effects of other liquid properties
like compressibility and density also showed that cavitation damage increased
with increase in density and decrease in compressibility (based on the Rayleigh
theory of bubble collapse) [92].

2.7. Summary
In this chapter the main mechanisms of cavitation process were explained in
detail. The details looked at the nucleation of the cavity bubble, the growth of the
nuclei into bubbles, the collapse of the bubble, and the subsequent rebound of the
bubbles. The most important factor for cavitation to occur comprises of the
existence of nuclei and nucleation sites, which is due to the inevitable existence of
dissolved air in the liquid. These nuclei, when pass through a low-pressure zone,
grow in size reaching a critical size as they enter a high-pressure flow region.
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Beyond this critical size, the bubbles collapse, imploding at a very high intensity,
producing a very high pressure of up to 8-GPa and temperatures over 8500°C in
the centre of the bubble.
The bubbles collapse in two ways namely, symmetrical and asymmetrical
depending on the distance of the cavity bubble from a solid surface. The bubbles
collapsing asymmetrically tend to have a rebound, called fission of the bubble, that
result in to a re-entrant jet responsible for a high intensity shock wave and jet
impingement that causes, combined with the high temperature emitted from the
bubble, severe damage to the surface and material in the form of erosion and
corrosion.
The erosion of material itself happens rapidly with repeated implosion of the
bubbles on the material surface, the rate of which can be described using a typical
cavitation erosion mass loss rate S-plot that includes an incubation period, the
acceleration period, and finally a steady-state period. This phenomenon is a
serious issue for marine and boat propellers. Cavitation may also be detected
using audio as well as visual means such as acoustic emission instrumentation
machine vibration sensors, sonoluminescence measurement, and hydrophones.
Propeller cavitation effects propellers depending on the angle of attack, positive,
negative or zero, and occurred in four major ways which are bubble cavitation at
the propeller blades, sheet cavitation that attacks the tip of the propeller blades,
vortex cavitation that effects the hull, the propeller hub as well as the blade tip,
and root cavitation forming at the roots of the propeller blades.
Hence, understanding the cavitation phenomenon, the various mechanisms
involved, the different angles of attacks on the propeller blade and the different
ways of propeller cavitation, and the working conditions themselves may aid in
understanding propeller cavitation mechanism altogether. This could provide
insightful knowledge on the ways to combat, prevent or reduce cavitation of boat
and marine propellers.
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Chapter 3:
Literature Review
Marine propellers undergo cavitation inevitably throughout their lifetime, one of
the consequences of cavitation on these marine propellers is the damage that
occurs to the propellers due to the detrimental effects of cavitation in the form of
cavitation erosion, corrosion and bent trailing edges along large amplifications of
vibration-exciting hull forces and the noise. Many research studies have been
employed to understand these detrimental effects of cavitation in the form of
individual cavitation tests under different techniques and on different materials
for their behaviour towards cavitation. This chapter gives an overview on the
current knowledge and relevant studies conducted to understand the cavitation
phenomenon.
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3.1. Cavitation test methods
In 1893 Barnaby reported the performance of a ship to be well below her designed
speed of 27 knots (50 kmph), in the trials of the Torpedo boat destroyer HMS
‘Daring’. Barnaby and Parsons traced this characteristic to poor propeller
performance due to formation of vapour bubbles on the blades. The term
“cavitation” was termed for the first time following a proposal by E. R. Froude
[99]–[102]. Shortly afterwards Parsons built the world’s first cavitation tunnel to
observe the phenomena in model scale and tested the propellers of his famous
world’s first steam turbine boat “Turbinia” shown in Figure 3.1. He also
constructed a larger tunnel 15 years later in which he could test 12” diameter
propeller models [1], [100], [102].

Fig. 3.1: Parsons’ cavitation tunnel 1895 [1].
Between 1908-1924 detailed knowledge on the cavitation onset was collected, in
1917 British physicist, Lord Rayleigh, investigated the cause of quick erosion in
the fast rotating ship propellers where he discovered that the effect of cavitation
was the source of the problem, also tests with Venturi nozzles conducted by
Föttinger in 1932, and pressure measurements on circular arc and aerofoils
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performed by Ackeret in 1930 as well as Walchner in 1932 gave more meaning to
the study of the phenomenon [10], [102].
Since, 1960 onward ultrasonic waves have been used to induce complex highfrequency alternating compression and rarefaction phases in liquids, causing
cavitation. This has helped for the cavitation effects to be usefully applied for
various applications such as cleaning surfaces, non-invasive operations in the field
of medicine, in the wear of knee joints and other varieties of cardiovascular
applications of lasers and ultrasound. It has also been used for breaking down
agglomerates in the textile finishing industry, and in sewage treatment plants,
where cavitation can help break down the molecules and bacteria cell walls, as
well as pollutants and dissolve out minerals from organic material [10], [11].
Several studies have been conducted in the field of cavitation, multiphase flow,
cavitation erosion, as well as cavitation due to vibration. Different methods have
been applied to study cavitation behaviour of materials in varying mediums such
as distilled water, tap water, artificial as well as natural sea water, mercury, to
name a few [73], [103]–[107], and the microstructural changes due to cavitation
have also been investigated [21], [108].
A comprehensive set of cavitation damage data was obtained by Hammit and
Garcia [103] in a vibratory facility using water, mercury at room temperature, and
even liquid lithium and lead-bismuth alloy at a high temperature of 815°C as test
fluids to better understand the cavitation damage process and the effects of
different fluids and material properties. Materials tested included a wide variety
of metals and alloys including 304 SS, 316 SS, cobalt, molybdenum, carbon steel,
plexiglas, copper, copper-nickel bronze, copper-zinc alloy, nickel, etc.. As a result
it was found that ultimate resilience (UR), which is the ability of the material to
absorb energy during elastic deformation, was the most successful of the
conventional mechanical properties for predicting cavitation damage and a
damage predicting equation was derived using only the ultimate resilience which
is given by equation 3.1:
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2

𝑈𝑅 = 𝑈𝑇𝑆 ⁄2𝐸

…(3.1)

Where, UTS is the ultimate tensile strength and E is the elastic modulus.
However, corrections for cavitation “thermodynamic effects” and net positive
suction head were also conducted. They also conducted a comparison between
venturi and vibratory cavitation damage which showed that the relative rankings
of materials remained about the same for mercury, and a good correlation was
obtained between the data for mercury medium from the venturi and ultimate
resilience. However, due to the greater effects of corrosion in the low intensity
cavitation field the same correlation could not be applied for the water venturi
data [103].
There have been several test methods employed to re-create cavitation in the
laboratories since 1940 [109]. The three most prominent methods are ultrasonic
or vibrating horn test method, cavitating tunnel test method, and cavitating liquid
jet erosion test method. The most widely used standard is the international
standards organization called the American Society for Testing and Materials
(ASTM) International. The ASTM standards used for the cavitation testing
methods are:
ASTM G32-16: Standard test method for cavitation erosion using vibratory
apparatus, where G is for corrosion, deterioration, and degradation of materials,
32 is the assigned sequential number, and 10 signifies the latest year of update 2010. This test method may be used to estimate the relative resistance of
materials to cavitation erosion as may be encountered, for instance, in pumps,
hydraulic turbines, hydraulic dynamometers, valves, bearings, diesel engine
cylinder liners, ship propellers, hydrofoils, and in internal flow passages with
obstructions[110].
ASTM G134 – 95(2016): Standard test method for cavitation erosion via liquid
jet impingement [111].

50

ASTM D2809 – 09(2016): standard test method for cavitation corrosion and
erosion-corrosion characteristics of aluminium pumps with engine coolants
[112].
Other standards used are the British Standards (BS) under British Standards
Institution (BSI) such as BS EN 60609-2:1999 – Cavitation pitting evaluation in
hydraulic turbines, storage pumps and pump turbines – Evaluation in Pelton
turbines, and BS ISO 7146-2:2008 – Plain bearings – Appearance and
characterization of damage to metallic hydrodynamic bearings – Part 2: Cavitation
erosion and its counter-measures [113]–[115]; and DYNAJETS® under
DYNAFLOW, Inc. for cavitating Jet erosion testing and droplet impact erosion
testing [116]. Many of the devices used have little relationship to actual field
conditions. For this reason they have been typically used for screening tests of
different types of materials. Recent research at St. Anthony Falls Laboratory
(SAFL) aimed at relating screening tests to predictions of service life in various
applications [117]. The most commonly used device is the ASTM vibratory
apparatus. An oscillating horn produces a periodic pressure field that induces the
periodic growth and collapse of a cloud of cavitation bubbles. A sample placed at
the tip of the horn or immediately below it is easily eroded. The standard
frequency of operation is 20 kHz, which produces a very high erosion rate due to
the rapid recycling of the cavitation process. This is the technique used at SAFL
[118].
Several comparisons have also been made between different types of cavitation
test methods such as venturi apparatus, vibratory apparatus, single hydrofoils,
radial pumps, etc. Among the various laboratory techniques used in the literature
to study cavitation, three have been most commonly used for erosion
measurements namely rotating disk, the hydrodynamic tunnel and a vibratory
device. The characteristics of these facilities and their applications have been
described by Preece [119] and Hammitt [74]. Stettler et al. [4] tested specimens of
Armco iron, brass and cast steel on a magnetostrictive vibratory device, on a
rotating disk and in the impeller chamber of a water turbine. They observed a
statistical distribution of the pits in flow cavitation, but compact damage in
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vibratory tests. Using a micro-hardness measurement technique, they evaluated
the depth of the hardened layer in iron alloys as 30 - 60 μm for vibratory cases and
250 - 500 μm for the other cases. Hoss et al. [5] investigated the erosion of pure
aluminium in different cavitation devices. They assert that there are many
similarities in the kinetics of material loss and in the evolution of microstructure.
Table 3.1 gives a brief comparison among the various methods used for cavitation
[21], [103], [105], [120], [121].
Time taken to
Techniques

Principle

achieve
measurable loss

Cavitating Jets

High speed and pressure jet discharge

A few days

cause cavitation
Cavitation tunnel Radial divergent introduced in the flow

Minimum 10 h

to create unsteady cavity
Vibratory

Ultrasonic vibratory horn is used to

cavitation

create cavitation

Venturi flow test

Cavitation is introduced by using a

30 minutes
16 h

venturi throat
Rotating disk

A disk with cavitation inducers and

24 h

specimens fixed on it rotates in water
to provide cavitating flow)
Radial pump

Samples are mounted on an impeller

A few days

blade rotating in a closed loop of
cavitation flow
Circular Leading

Closed loop with an air dome and

Edge (CLE)

vacuum pump to enable variation of

Single hydrofoil

the static pressure.

A few days

Table 3.1: List of different methods of cavitation tests [21], [103], [105],
[120]–[123].
In comparison to the other methods of cavitation techniques, tests conducted
using an ultrasonic vibratory rig has been known to give the most reproducible
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cavitation results within a controlled laboratory environment. However, the
cavitation generated is generally under more hydrostatic conditions, and hence,
differs significantly from that on a propeller or a rudder. The cavitation bubbles
produced are of nearly uniform sizes, forming at the same locations, and excited
at a fixed frequency. Whereas, the actual cavitation fields have varying bubble
nuclei sizes and cavitation forms, at forming at varying exciting frequencies at
various locations of the propeller, among many other variables [124].
Hansson and Morch [122] compared the initial erosion stage of aluminium and
austenitic stainless steel exposed to vibratory-induced and flow cavitation
comprising of a channel with a Venturi test chamber. They observed that, in flow
cavitation, erosion starts immediately at the onset of cavitation and appears as an
isolated, hollow and plastically deformed area of diameter up to about 300 μm for
aluminium and 80 μm for stainless steel. Whereas, cavitation generated with a
magnetostrictive oscillator produces a few visible indentations in soft materials,
it does not show any visual surface changes in stronger materials but induces
significant work hardening.
Karimi and Avellan [123] tested specimens of indium and α + β brass in various
different cavitation equipments such as Francis turbine model, a cavitation water
tunnel, a vibratory cavitation device, and our vortex cavitation generator.
Scanning electron microscopy was employed to examine the surface deformation
and the development of damage in exposed specimens. It was observed that for all
the techniques except for the vibratory cavitation device the damage initiated with
the formation of isolated pits and craters of similar morphologies and sizes, that
were believed to be produced by collapse impingements. As for the vibratory
cavitation, the damage was found to initially scatter uniformly over the specimen
surface and develop progressively. The wear scar topographies of severely eroded
surfaces in all the types of cavitation methods did not exhibit any noticeable
differences. On further examination under transmission electron microscopy, it
was seen that the subsurface microstructures in eroded specimens indicated
dislocations and the appearance of large-scale deformation twins. Additionally,
there were hardened superficial layers in the specimens formed in flow cavitation
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that were thicker than those in vibratory cavitation. This was considered
responsible for higher erosion rates.
In general, the erosion process in the vortex cavitation generator device is similar
to that which occurs in the Francis turbine model and in the cavitation water
tunnel. Therefore, it could be considered as a credible laboratory cavitation device
for studying vortex cavitation phenomena and for use in predicting the erosion
behaviour of hydraulic machinery.

The differences between the erosion

mechanisms in flow and vibratory cavitation are attributed to the differences in
the spatial distributions of the cavities and in the intensities of collapse
impingements.
In contrast with flow cavitation, in vibratory cavitation there is no singular
character of the collapse impacts. Damage is distributed uniformly over the
exposed area and develops with exposure time. For brass specimens exposed to
flow cavitation attack, both the α-phase and the β-phase are simultaneously
affected. However, in vibratory tests, erosion begins from grain boundaries and
progresses in the β-phase before developing in the α phase. The thickness of
subsurface hardened layers in flow-cavitation-eroded specimens is higher than in
vibratory cavitation tests. This results in a higher destructive power for flow
cavitation attack.
A detailed comparison of cavitation erosion was performed by Hammit and He
[105] in tap water for five alloys in a vibratory (no-flow) system and a venturi
(flow) system using the vibratory system in the University of Michigan, at a
frequency of 20 kHz and the specimen diameter of 13.92 mm, which Hammit also
used in several other cavitation experiments conducted, shown in Figure 3.2. The
effects of temperature variation (28 – 93°C), venturi throat velocity (34 – 49 m
s−1) and vibratory horn double amplitude were studied. Correlations between
maximum erosion rate, incubation period (IP), the material mechanical
properties, Brinell hardness and ultimate resilience were made. And as a result it
was found that only moderate correlations between maximum erosion rate, IP and
the material mechanical properties were found. They established one way of
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measuring the cavitation intensity using the cavitation erosion rate that can be
expressed in terms of the ratio of volume loss rate over exposed area. This ratio is
termed as the mean depth of penetration rate (MDPR).

Fig. 3.2: Vibratory system in the University of Michigan used by Hammit and He [105].

It was found that IP data could be used to predict eventual maximum mean depth
of penetration (MDPRmax) values according to the relation:
MDPRmax−1 ∝ (IP)n

…(3.2)

Where, n ≈ 0.93 for the vibratory data, and
n ≈ 0.95 for venturi data.
The cavitation intensity measured using MDPRmax was found to be 10–20 times
greater in the vibratory system as compared to the venturi system, depending on
horn amplitude and material. This ratio varied between 5 and 30 if individual
materials were considered separately, with the ratio being the greatest for 1018
carbon steel and the least for 316L SS [105].
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Hammit conducted a series of tests with Zhou in 1983 using the same vibration
facility in the University of Michigan as shown in Figure 3.2, where they compared
the tests results obtained from both vibration system and a Venturi system,
changed the parameters of the experiment such as temperature, pressure,
vibration amplitude and materials, and also conducted tests in different mediums
of salt and alkali solutions [73], [106], [107]. From these studies it was concluded
that a good correlation could be found between MDPRmax and IP for both the
vibratory as well as venturi facilities, of the form MDPRmax-1 = aIPn. A maximum
damage rate temperature of 160 °F was found for vibratory cavitation erosion
tests for all the materials tested. The cavitation intensity in the vibratory system
was found to be 10 - 20 times greater than the venturi system, depending on horn
amplitude and the test material. The MDPRmax ratio varied between 5 and 30 if
individual materials are considered separately, being greatest for 1018 carbon
steel and least for 316 SS. It was also concluded that general mechanical property
correlations between MDPRmax-1 and either UR or Hardness (HB) for all materials
tested was not found to exist for either facility [105].
Bachert, Dular, Baumgarten, Ludwig and Stoffel [125] conducted an experimental
investigation of the erosive aggressiveness of cavitation in the initial and
developed stage involving three different cavitation test configurations. These test
methods involved a radial pump system with two-dimensionally curved impeller
blades, a single hydrofoil system and a rotating disk unit. The tests were
conducted for copper, due to its low hardness and mechanical properties, for 1 h
under three different methods of cavitation investigations. The first cavitation
investigation method was based on “pit-count” method, where only plastic
deformation was responsible for erosion and the erosion aggressiveness was
measured based on the number and size of pits in relation to time of exposure to
the cavitation. The second technique applied acoustic measurements involving
structure-borne noise sensors and signal processing systems, this method applied
the principle of pressure waves emitted by imploding bubbles that are held
responsible for the pitting. The third technique employed the mass loss
measurement. While the pit-count method and acoustics were carried out for all
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three of the configurations, the mass loss investigation was however only
applicable for the rotating disc test rig since it was the only configuration to
produce sufficient mass loss at the given test duration time. The results from pitcount and mass loss methods were comparable using digitally recorded images.
The experimental results demonstrated the significant influence of the flow
velocity and the rotation speed on the erosive aggressiveness of the cavitating
flows.
The effects of cavitation on microstructure were also studied. Li, Zou, Zheng and
Yong [108] investigated the changes of surface layer mechanical properties for
DSS and austenitic SS after cavitation corrosion using nano-indentation. They also
investigated the relationship of surface layer mechanical properties with
cumulative mass loss and microscopic corrosion morphologies using weight loss
method and SEM. The results showed that although SS with different
microstructures exhibited different corrosion morphologies after cavitation
corrosion, there was a common threshold for the degradation of surface layer
mechanical properties. This threshold was not related with the microstructures of
SS; however, below this threshold the SS were heavily subjected to cavitation
corrosion and the microscopic morphologies of their corroded surfaces changed
significantly. Hence, it was concluded that the microstructures had significant
effects on the changes of surface layer mechanical properties with displacement.
Choi, Jayaprakash and Chahine [120] conducted another test involving the two
accelerated erosion testing methods namely ASTM G32 Ultrasonic Cavitation
Erosion tests and the DynaJets® cavitating jets to study the cavitation pitting. They
examined pitting rates during the incubation period where the test samples were
presumed to undergo localized permanent deformations shaped as individual
pits. In this study, samples from three metallic materials made of aluminium alloy
(Al7075), NAB and DSS (A2205) were subjected to a vast range of cavitation
intensities generated by two different cavitating methods, by cavitating jets at
different driving pressures and an ultrasonic horn. The cavitated sample surfaces
were then examined and characterized with a non-contact 3D optical scanner for
a statistical analysis of the pit population and its characteristics. They established
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that the various cavitation field strengths could be correlated to the measured pit
distributions. Statistical analysis of pitting data revealed that the distribution of
pits with diameter may be approximated using a Weibull three-parameter
function,
𝐷 𝑘

N = N*𝑒 −(𝐷∗)

…(3.3)

Where, N is the Weibull three-parameter function, D* is characteristic pit
equivalent diameter, N* is characteristic pitting rate or number of pits per unit
area per unit time, D is the pit diameter, and k is the shape factor. They found that
both D* and N* could be attributed to and depended upon the material and the
given level of cavitation intensity, whereas k was found to be both material and
cavitation field strength independent. They observed that during the short
exposure to cavitation field the sample underwent plastic deformation resulting
in pit formation. Using a value of k = 0.7 for the optically scanned and counted pits
could be the overall pit number versus diameter distribution could be calculated.
The geometric characteristics of the pits were also studied. On average, the pit
shapes were similar in terms of pit depth to diameter ratio and pit volume to
diameter ratio. These geometric ratios were more or less independent of the
materials and the cavitation intensities, and always corresponded to very shallow
pits with aspect ratio (depth to diameter) of less than 10% [120].
They also conducted systematic long term erosion tests on several materials using
the same accelerated erosion testing methods: the modified ASTM G32 Ultrasonic
Cavitation Erosion tests and the DynaJets® cavitating jets with a varying jet
pressures between 1000 to 7000 psi to understand the intensity of the cavitation
of a given cavitating flow field and the resistance of the material to cavitation
erosion. The combination of accelerated erosion testing and analysis helped
establish a comparative evaluation and energy ranking of the materials and the
erosion testing methods. Comparisons of the erosion rates from the two
accelerated erosion methods using various different cavitation intensity levels
showed that while ranking of several materials conformed with different erosion
intensities and test methods, some materials responded to erosion depending on
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the cavitation intensity applied. To prove this, they employed a simple
mathematical equation to express the erosion progression with characteristic
parameters such as time, t, which occurs at 75% of the time of maximum rate of
erosion, and a corresponding material characteristic mean erosion depth, ℎ̅, used
to normalize the mean depth erosion and time, the simple erosion depth time
evolution expression found is:
2
̅
ℎ̅ = 1 − 𝑒 −𝑡̅ + 𝑒 −1 𝑡1.2

…(3.4)

Through this mathematical representation of the erosion time evolution it was
possible to compare various materials tested under cavitation fields of different
intensities and rank them based on their cavitation resistance, following the
determination of the two main characteristic parameters: characteristic mean
depth of erosion and characteristic erosion time [121].
Xiaojun [126] attempted to understand the effects of surface modification
processes on cavitation erosion resistance. For his PhD thesis he tried to evaluate
the inﬂuence of the surface ﬁnishing procedure on the surface features for which
two procedures were tested namely grinding and tungsten inert gas (TIG)
remelting. The experiments were conducted in two stages, the ﬁrst stage included
metallurgical features characterized by optical and scanning electronic
microscopy to evaluate microstructures, the phases were identiﬁed using X-ray
diffraction, they also employed EDS to determine the dilution, and Vickers
indenter for micro-hardness proﬁles. Four different materials were deposited
with metal inert gas (MIG) welding, namely the AISI 309 SS, two cobalt SS
(Hidrology 914 and Cavitec), and a low carbon cobalt alloy (Stellite 21) whose
surfaces then prepared using grinding and TIG remelting. The second stage
involved the evaluation of the cavitation erosion behaviour using the ASTM 63292
ultrasonic vibratory tests on two materials, Hidroloy and Stellite 21. As a result, it
was observed that TIG remelting of the MIG deposited multilayer surface resulted
in the structure reﬁnement that the remelted surfaces had superior cavitation
resistance as compared to ground surfaces due to prolonged incubation period of
the samples under cavitation caused by remelting of the surface, they also
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concluded that austenite to martensite phase transformation in SS was
responsible for up to 25% of the erosion stage since the ε-martensite plate
fracture absorbed most of the impact energy.

3.2. Ultrasonic vibratory cavitation method
In ultrasonic cavitation tests, an ultrasonic vibratory transducer that employs a
magnetostrictive ultrasonic horn, most commonly oscillating at a high frequency
of 20 kHz, generates the cavitation cloud. This oscillation of the horn induces cyclic
formation of very high and very low pressures, which generates the high negative
tension in the liquid, causing growth and implosion of the cavitation bubbles
[124].
According to ASTM G-32 standard [110], the samples are made into “buttons” of
the material to be tested with threaded appendage that is affixed to the end of the
horn, subjected to cavitation resulting from the vibrations of the horn. The
cavitation cloud forms and collapse at the tip of the specimen. An alternative G-32
test configuration, also called indirect or stationary specimen method, consists of
separate specimen sample placed at a small distance from the horn. A conical
cavitation cloud is generated in between the sample and the tip of the horn [124].
The test procedure comprises of exposing the sample to cavitation for a certain
period of time, with periodic recording of the sample weight for weight loss
calculation as a function of time. Several researches have been done in order to
understand the material behaviour and the cavitation phenomenon under the
ultrasonic vibratory cavitation. Figure 3.3 shows the two different types of test
configurations used widely, the direct and the indirect methods [124].

60

Fig. 3.3: The direct and indirect test configurations used for the ultrasonic
vibratory cavitation test method under ASTM G-32 standards [124].
Other erosion characteristics such as volume loss and maximum depth incurred
have also been recorded, along with photographic accounts of the evolution of the
eroded region as a function of time [124].
Barber [127] attempted to develop a correlation between the product of ultimate
resilience and the cavitation damage volume loss rate (VLR) of a material to the
acoustic energy present in a cavitation field for this Masters thesis in University of
Michigan. The product of this correlation (i.e. UR x VLR) was termed as “erosion
power”. Also, to quantify cavitation noise (i.e. acoustics), another quantity called
“spectral area power” was used, which was the energy/time imparted to the
specimen surface by the cavitation cloud. And the ratio of erosion power to the
spectral area power was considered to be the “cavitation erosion efficiency” which
represented the actual amount of energy/time imparted from the cavitation cloud
to the material. This cavitation erosion efficiency was calculated using a vibratory
cavitation rig, which employed acoustic “wave guide” probes that comprised of a
barium titanate piezoelectric crystal assembly and conducting epoxy instead of
conventional pressure probes due to the high temperatures involved, between
250°C - 550°C. The test material and test liquid used were 304 SS and liquid
sodium respectively. As a result of the experiment it was determined that
maximum damage occurred at an intermediate temperature (350°C - 400°C) and
the effect of temperature in cavitating the material over volume loss rate could be
predicted in terms of the erosion power.
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In the vibration cavitation experiment conducted by Hammit and Zhou [128] for
elevated temperatures, the vibratory cavitation erosion (VCE) curves in tap water
from Ann Arbour without deaeration were presented for different material
samples of cast iron (3% C), 1018 carbon steel, and 316 SS using the same
vibratory facility as shown in Figure 3.2, at suppression pressures of 1-2 bar, with
a frequency of 20 kHz and horn amplitudes of 25.4, 35.1 and 45.2 μm and at
varying temperatures of 27°C - 110°C [106]. Similar study was also conducted by
Hammit, Iwai and Okada using the same facility to study the effects of temperature
on the cavitation erosion of cast iron at various water temperatures and horn
amplitudes under a constant pressure of 1 bar.
As a result it was found that the erosion processes for cast iron under the highest
temperatures used (90 and 110°C) were similar to those at room temperature
[128]. It was also found that the maximum mass loss rate first increased with
temperature, where the erosion was most substantial at the highest damage
temperature (110°C), forming a peak and then gradually decreased with further
increase in the temperature. This behaviour was mostly attributed to the
increased chemical action under high temperatures, especially for cast iron. It was
also found that amplitude played an important role in the maximum damage
temperature, especially for cast iron. The occurrence of black oxide rim were also
observed to be formed on each of the 1018 carbon steel specimens but only at the
highest temperature, which was assumed to be due to corrosion effects at the
higher temperature [106], [128].
Another test conducted by Hammit and Zhou [73] evaluated the “incubation
period” (IP) stage of cavitation erosion for which short-duration vibratory horn
tests were conducted on 1100-O aluminium alloy and 316 SS in tap water to obtain
wide range of mechanical properties. The test was also conducted at a frequency
of 20 kHz with horn amplitudes of 25.4, 35.1 and 45.2 μm and at the water
temperatures of 27, 71 and 93°C. The effects of horn amplitude and temperature
were investigated. Keeping the temperature and probe amplitude constant it was
observed that the IP for 316 SS was about 500 times that for aluminium alloy
1100-O. This ratio could also be predicted by applying the relation,
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MDPRmax−1 = k(IP)n

…(3.5)

Furthermore, fatigue cracks and individual-impact craters were found for 316 SS
whereas, only individual craters were found for aluminium alloy 1100-O, although
the two ductilities were approximately equal. It was concurred that if IP was based
on the attainment of a given mean depth of erosion MDP, then the incubation
period based on the eroded area only was much less than the conventional
incubation period, which was based on the total specimen area. It was also verified
that only bubble collapse stresses were to be considered important in the
vibratory horn test even though specimens were vibrated under very high
accelerations [73].
Hammit and Zhou [106] also conducted VCE tests at a frequency of 20 kHz and
amplitude of 35.1 μm, on AISI-SAE 1018 carbon steel in Ann Arbour tap water and in

mild (0.1 M) aqueous solutions of CaCO3, CaO, NaHCO3 and NaOH at a temperature
of 27°C, a double amplitude of 35.1 μm and a pressure of 1 bar. Tests were
conducted for a maximum of 150 min test duration and it was observed that at the
maximum duration the mass loss in tap water with no additive was the least.
However, it was reversed in the case for shorter test times. The results showed
that the damage around the central damage portion was greater for solutions than
tap water [106], [107]. The SEM image of the eroded regions, both central and
transition, under Ann Arbour tap water can be seen in Figure 3.4 (a) and (b).
There were formations of cracks in the transition region for CaCO3 solution
(Figure 3.4(c)), and for CaO solution a small, undamaged area near a heavily
central damaged area was observed as can be seen from Figure 3.4(d). Cavitation
under NaHCO3 solution showed a narrow boundary between the central portion
and the transition region and also a much more complex damage pattern in the
central damage region as shown in Figure 3.4(e). Finally, the highest amount of
weight loss was observed for NaOH solution (Figure 3.4(f)). The biggest difference
between mass loss among the various solutions was found to be about 10% – 30%,
this was considered beyond natural data scatter for such vibratory tests, which
lead them to also consider the effects of released gases and other particles in the
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solution since it was established in 1979 by Singer and Harvey that reduction of
the gas content in the medium resulted in a decrease in the maximum erosion rate
with a corresponding increase in the characteristic time [104], [107].

Fig. 3.4: SEM micrographs obtained from cavitation erosion test performed on AISI-SAE 1018
carbon steel at a test duration of 150 min: (a) central damage region; and (b) transition region in
Ann Arbour tap water; (c) central and transition region in 0.1 M CaCO 3; (d) central and transition
region in 0.1M CaO; (e) central and transition region in 0.1MNaHCO3; (f) central and transition
region in 0.1 M NaOH [107].

In their experiments, Hammit and Zhou [107] also established that for most
vibratory tests there are three easily distinguishable damage regions for all
cavitated surfaces, the generally undamaged rim, central heavily damaged region,
and transition region. The relative areas of the three regions for the conducted test
for AISI-SAE 1018 carbon steel in various aqueous solutions were about 53.5%,
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0.13% and 46.4%, respectively. The results showed that the solutes used did not
necessarily affect the erosion rate and extent of the damaged regions. The increase
in damage rate with respect to tap water was about 50% for the maximum test
duration. Cracks, inter-crystalline fractures and single-blow craters were found to
be most concentrated in the central region, as observed under optical micrographs
and SEM photomicrographs of the surface (for a test duration of 150 min).
Feller and Kharrazi [129] investigated the cavitation behaviour and cavitation
erosion resistance (CER) i.e. the ability of the material to withstand and resist
cavitation, for 10 pure metals namely aluminium, cobalt, chromium, copper, iron,
magnesium, molybdenum, nickel, tungsten, zinc, and several commercially
available alloys such as copper-, iron-, nickel- and cobalt-based alloys using mass
loss measurements and surface analysis with SEM and X-ray photoelectron
spectroscopy (XPS). They used laboratory vibratory apparatus for the cavitation
tests with a frequency of 21.5 kHz at 20°C and amplitude of 35 μm for pure metals
and about 40°C and amplitude of 60 μm for alloys, the specimens being mounted
opposite to the horn to investigate the role of the covalent bonding of these metals
and hence the binding energy and the crystal structure of the base metal. In their
conclusion they found that the binding energy, the crystal structure of the base
metal, and the allotropic deformation and transformation abilities of the alloys
had the predominant influence on CER. They also found that the second-phase
particles were preferentially removed as a result of the initial deformation and
cracks at the particle-matrix interface. Single-phase alloys belonging to the dband metals such as Co, Cr, W with high covalent bonding, low stacking fault
energy and high corrosion resistance exhibited highest CER.
Another important factor in cavitation erosion is the impact load acting on the
material surface due to cavitation bubble collapse. The impact load measurement
and its relation to cavitation flow have been studied extensively by Okada, et al. in
1995 and by Franc et al. in 2011 [130], [131]. Okada et al. established the relation
between impact load and erosion damage in their experiment comparing venturi
test system with vibratory test systems. They also developed a pressure detector
consisting of a test specimen with a diameter of 3 mm and a piezoelectric ceramic
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disk that could measure impact loads and erosion damage simultaneously for both
venturi tests and vibratory tests. Impact loads by collapsing bubbles were
observed directly in a venturi tunnel however, they were observed as piled-up
pulses on an alternate wave of hydrodynamic pressure produced by a vibrating
disk in a vibratory device. They also compared the impact load occurring in an
early stage in the venturi facility and vibratory device with indent size observed
with a microscope on the surfaces of pure aluminium, pure copper and austenitic
304 SS. The static load and the area of indents were measured with a 600 micro
diameter hardness tester with a spherical indenter. As a result, a linear relation
was obtained between the impact load and the area of indents for Cu, Al and 304
SS in both the venturi as well as the vibratory tests, and the resultant slope
provided the dynamic hardness under impact load due to cavitation bubble
collapse. It was also observed that a linear relation existed between the critical
impact loads of face centred cubic (fcc) metal and the dynamic hardness under
impact loads due to cavitation bubble collapse irrespective of the type of test
methods and test conditions such as type of apparatus, flow velocity for venturi
test and the distance between a vibrating disc and specimen for vibratory test.
However, Franc, Riondet, Karimi and Chahine [131] established in their
experiment that there was an uncertainty on the measured values of impact loads.
They measured the impact load in a high-speed cavitation loop by means of
conventional pressure sensor flush-mounted in the region of maximum damage
near the cavity. Hence, special effort needed to be made to compare quantitatively
pitting test results and impact load measurements.

In a study by Laguna-Camacho et al. [130] on cavitation erosion of engineering
materials, tests were conducted on different materials such as pure aluminium
(99% aluminium) and 1045 steel which were used as vibratory specimens,
whereas untreated 6082 aluminium alloy, 304 SS and 4340 steel were used as
“stationary” specimens under a sonotrode of diameter 12 mm at the operating
frequency of 20.7 kHz with a 1 mm gap between the specimens and the vibratory
horn. Tests were conducted using tap water and tap water with silicon carbide
(SiC) particles to act as abrasives during the cavitation erosion process. While in
66

the first case low erosion rate was observed, for the latter case there was an
increase in the erosion wear rate, which in turn helped to evaluate the
performance of all the tested materials at different testing conditions. A highspeed camera was also used to analyse the bubble formation in the radiating
surface of the horn made of 2024 aluminium alloy. In the video captured it was
possible to observe the bubble formation, which is a significant parameter since it
determines the amount of physical damage occurring on the material surface
[132]–[134].
The observed bubble formation was found to be similar to the process of cone-like
bubble structure observed in other cavitation studies (see Figure 3.5) [133], [134].
Additionally, high-speed videos were obtained as abrasive particles were used to
conduct the tests. In these, it was possible to observe how abrasive particles were
moving along the two surfaces, staying in the clearance to cause higher wear
damage on both surfaces. The “stationary” specimen was located at a 1 mm
distance with respect to the position of the “vibratory” specimen, which was
attached to the radiating surface. Optical microscopy was used to identify the wear
mechanisms which were characterized by a pitting action when only tap water
was used whereas some scratches and irregular indentations similar to those
observed in abrasive wear were seen on the surfaces with abrasive particles [135].

Fig. 3.5: Cone-like bubble structure for different acoustic intensities I. Sonotrode C:
(a) 1.8 W cm-2, (b) 3.5 W cm-2, (c) 5.3 W cm-2, and (d) 8.2 W cm-2 [134].

Cavitation erosion tests were also carried out for plastic samples by Hattori and
Itoh [136]. They conducted the tests for epoxy resin, polypropylene, high-density
polyethylene and polyamide 66, and the relation between cavitation erosion
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resistance and the mechanical properties were examined. The changes in the
mechanical properties were mostly attributed to temperature due to low thermal
conductivity of plastic under cavitation erosion condition. They found that
cavitation erosion resistance of plastics ranged between 0.5 (for epoxy) to 30 (for
polyamide 66) times that of carbon steel of SS400. This was due to the relatively
small acoustic impedance of the plastics causing the impact loads applied by
bubble collapse to become very small. It was also revealed that the cavitation
erosion of plastics was caused by fatigue fracture similar to metals..
As results, it was observed that specimens abraded with SiC particles had higher
mass loss than the tests using only tap water. Also, specimens attacked with SiC
particles had less roughened surface compared to the tap water test. Optical
microscopy was used to identify the wear mechanisms, which were characterized
by a pitting action when only tap water was used whereas the damage on the
surfaces caused by abrasives was characterized by a combination of small pits and
irregular scratches and grooves generally observed in abrasive wear. With the
help of the high speed camera it was possible to observe how abrasive particles
were moving along the two surfaces, staying in the clearance to cause higher wear
damage on both surfaces [135].

3.3. Cavitation wear vs. fatigue failure
Several tests have also verified the relation between cavitation erosion and fatigue
failure of the materials. It has been observed that for many erosion resistant
materials such as 304 SS fatigue is the predominant failure mode [136]–[139]. It
has been established that due to the cavitation bubbles imploding on the specimen
surface random field of pressure changes form leading to local plastic
deformation. As a consequence this plastic deformation cause initiation and
propagation of fatigue microcracks, which finally causes the fatigue failure and
material erosion.
Experiments conducted by Ahmed, Hokkirigawa and Oba [137] to observe the
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cavitation erosion mechanism and the IP of VCE showed this relation between
cavitation erosion failure and fatigue failure. Vibratory erosion experiment under
ASTM standard was carried out with SEM and profilometer observation on the IP
of VCE for an erosion resistant material 304 SS. The tests conducted under
uniform cavitation nuclei size distribution resulted in polishing lines on the
surface that acted as the initializing point for the formation of pits whose
diameters and the shapes were independent of the test time (t < 20 min). As a
result, it was observed the any roughness on the surface acted as weak points for
pit formation along the polished lines and the rate of formation of pits initially
increased with test time but gradually decreased after 15 min. Also most of the
test surface was locally plastically deformed from the beginning of the vibration
resulting in characteristically wavy surface undulation directions of the grain
boundaries, slip bands and twin lines as shown in Figure 3.6 ((a) – (d)). These
undulations greatly affected the roughness on the eroded surface and remained
unchanged in shape and number but their width and height altered with time.

Fig. 3.6: Development of plastic deformation near the centre for various t:
(a) 0 min; (b) 5 min; (c) 15 min; (d) 20 min [137].

Again, Ahmed, Hokkirigawa and Oba [138] investigated the failure mechanism of
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VCE in details for 304 SS. It was deduced that in the highly accelerated erosion
process of ultrasonic cavitation the collapsing of massive voids accompanied by
shock pressures caused the most amount of erosion. It was also confirmed from
systematic observations of eroded surfaces and dislodged particles that the
predominant failure mechanism in cavitation erosion was fatigue. At the
beginning of vibration, the eroded surfaces were seen to plastically deform locally
and there was a growth in slip bands with time. At this stage the successive growth
of the slip bands were in the transverse direction and were found to be below the
fatigue limit. As can be seen in Figure 3.7 (a) it was observed that the sites of high
stress concentration such as pits, burrs, polishing line traces and discontinuities
on the slip bands formed plastically caused nucleation of cracks. The fatigue cracks
initiated and propagated first at an inclination to the surface before propagating
parallel to the surface (see Figure 3.7 (b)). And finally, as an important feature of
fatigue failure process, fatigue striations and ‘tire tracks’ on the rupture surfaces
seemed to appear.

(a)

(b)

Fig. 3.7: (a) Crack nucleated from the voids growth and coalescence at 40 min; and
(b) Initiation and progress of the fatigue crack at 45 min [138].

Osman and Ahmed [139] investigated the cavitation damage progress in the
incubation period using stepwise erosion and image process techniques.
Experiments were conducted using ultrasonic vibratory tests where cavitation
damage process of SS during the incubation period was detected and evaluated.
For image processing SEM imaging was undertaken to record the eroded surface
for several different locations. They also measured the surface roughness the
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testing time. In addition to that, image processing based on discrete wavelet
transforms and fractal analysis had been adopted in the experiment to
characterize the damage images. As expected they found that the surface
topography seemed to plastically deform that lead to the fatigue failure, which was
the predominant mechanism. It was also found that the feature parameters
showed a linear increase with the testing time and showed good correlations with
the roughness parameters. The extracted feature parameters included Shannon
entropy, energy loss, fractal dimension and fractal intercept. Osman and Ahmed
also established the relationships between feature parameters and roughness
parameters as linear and it was established that the best correlation was for the
Shannon entropy.
Cavitation erosion tests were also carried out for plastic samples by Hattori and
Itoh [136] where they conducted the tests for epoxy resin, polypropylene, highdensity polyethylene and polyamide 66, and the relation between cavitation
erosion resistance and the mechanical properties were examined. It was revealed
that although the impact loads acting on the surface of plastics were lower than
metals the cavitation erosion of plastics was caused by fatigue fracture similar to
metals. Therefore, the resistance and the incubation period of cavitation erosion
of plastics could be evaluated in terms of bubble collapse impact energy and the
strain energy obtained from the fatigue strength for unit volume removal in the
maximum erosion rate stage. The changes in the mechanical properties were
mostly attributed to temperature due to low thermal conductivity of plastic under
cavitation erosion condition. They found that cavitation erosion resistance of
plastics ranged between 0.5 (for epoxy) to 30 (for polyamide 66) times that of
carbon steel SS 400. This was due to the relatively small acoustic impedance of the
plastics causing the impact loads applied by bubble collapse to become very small.

3.4. Cavitation erosion-corrosion
Along with the wear analysis, another method employed to investigate cavitation
bubble dynamics used in many cavitation studies is electrochemistry. It has been
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applied to understand overall cavitation damage, tribocorrosion, synergy
between cavitation wear and corrosion processes as well as the electrochemical
protection provided by it to the cavitating material against cavitation damage
[140]–[145]. Data from combined wear–corrosion testing enables important
information relating to the relative influence of the mechanical and
electrochemical factors in affecting the mass loss rate under cavitation and liquid–
solid erosion to be obtained. It is possible to identify how much of the total mass
loss due to wear–corrosion is due to cavitation erosion and electrochemical
corrosion [146]. Generally, the passivation film behaviour is considered as the
most important reason affecting the cavitation corrosion rate, and the studies on
the rupture of the passivation film in different corrosive environments are of the
main concern.

It has been already established that high intensity ultrasound causes the
formation of cavitation bubbles, which collapse in a manner that in the presence
of a solid surface form high velocity fluid microjets directed toward the surface.
These microjets cause intense fluid agitation at the surface, which in turn
enhances transportation of momentum, heat, and mass, influencing the behaviour
and integrity of surface films with respect to the metal electrodes [147]. It has
been found that for most metals, passivation dominates the cavitation corrosion
rate especially if in a corrosive medium [148]. It has also been found that active
radicals are released during bubble collapse that cause chemical reactions to take
place even in a neutral medium such as de-ionized water [149]–[153]. The
behaviour of the passive film under cavitation involves a complex and interrelated
set of processes. Hoar attempted to review and quantify the features of
passivation [154]. Primarily, passivation is a metal chemical reaction that results
in the creation of an oxide monolayer firmly attached to the metal. This oxide
monolayer is called passive layer that forms a compact barrier between the metal
and solution. The oxide reaction can be expressed as:
M + H2O → MO(s) + 2H+ + 2e-
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…(3.6)

Where, M referes to metal ion, and e is electron. A mathematical model was
proposed by Perusich and Alkire [141] determine the reaction and transport
between liquid microjets and a reactive solid surface. The conditions were
estimated under which oxide de-passivation (breaking down of metal oxide film
in an acidic environment) and re-passivation (addition of layer of oxide after depassivation) occurred as a function of ultrasonic intensity, surface film thickness,
and fluid microjet surface coverage. The model was based on the concept that
cavitation induces sufficient momentum and mass transfer rates (water hammer
pressures) at a surface to create oxide film stresses leading to de-passivation.
Ogino, Hida and Kishima [155] investigated susceptibility of materials to
cavitation erosion-corrosion in 1987 for martensitic type 431 SS with a variety of
strengths and corrosion resistance introduced by tempering at high temperatures
of 200 - 750°C and quenching from 1060°C by vibratory corrosion in corrosive
media of 3% NaCl solution, 0.1 N HCl and 0.1 N H2SO4. The tests were conducted
at either a low frequency of 6.5 kHz with a double amplitude of 75μm or at 20 kHz
with 50 μm amplitude at 22°C. The susceptibility of 431 SS to erosion-corrosion
was investigated as a function of tempering temperature. The results indicated
that the maximum erosion rate as well as minimum corrosion resistance occurred
for samples tempered at 550°C irrespective of the vibratory conditions. Also
observed was the drop in hardness and strength corresponding with the fall in the
corrosion resistance of the material samples. Hence, it was concluded that the
susceptibility to erosion-corrosion depended predominantly upon the mechanical
strength.
Several investigations on effect of microstructure of the material on the cavitation
morphology lead to a correlation between the cavitation erosion behaviour and
its resulting mechanical properties as wells as microstructural changes. In a paper
by Dongliang, Zou and Yong [108] the changes of surface layer mechanical
properties for 2205 duplex SS and austenitic SS after cavitation corrosion were
investigated by nanoindentation, and the relationship of surface layer mechanical
properties with cumulative mass loss and microscopic corrosion morphologies
was further investigated by mass loss and SEM. The results showed obvious
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effects of the microstructures on the changes of surface layer mechanical
properties with indentation depth. Although SS with different microstructures
have different corrosion morphologies after cavitation corrosion, the threshold
for the degradation of surface layer mechanical properties remained constant for
all of them, below which the SS were heavily subjected to cavitation corrosion and
the microscopic morphologies of their corroded surfaces changed markedly. This
threshold however is not related with the microstructures of the SS.
As per the behaviour of the microstructure of the sample materials during
cavitation erosion, it has been observed by Wantang [156] that the characteristics
of microstructure does in fact change during cavitation erosion as investigated
using X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM)
analyses for steel (ZG0Cr13Mn8N) with metastable austenite. The results showed
that the microstructure of the surface layer of the steel specimens that consists of
α'-martensite, metastable austenite, γ, and a few ε-martensite had increased
dislocation density and straight or planar dislocations on the surface. It also
induced γ → ε, ε → α' and γ → α'- martensitic transformation.
Li, Han, Lu and Chen [157] from Lanzhou Institute of Chemical Physics most
recently investigated the cavitation erosion behaviour of Hastelloy C-276 alloy
using an ultrasonic vibratory apparatus in pure water under 1Cr18Ni9Ti stainless
specimen as the probe tip and compared it with that of 316 SS, at a vibratory
frequency of 20 kHz and 50 μm amplitude. The temperature was kept constant at
25°C and a gap of 0.5 mm between the probe and the specimen was maintained.
Hastelloy C-276 is a nickel-molybdenum-chromium alloy widely used as a critical
component in aerospace, chemical and nuclear industries because of its good
corrosion resistance and high temperature strength [157]–[160]. SEM and field
emission scanning electron microscopy (FESEM) were employed to observe the
surface morphology and microstructural evolution of the eroded surface. In their
investigation, they attained the mean depth of erosion (MDE) and erosion rate
curves vs. test time for Hastelloy C-276 alloy [157].
The test was conducted for 9 h and the results showed that the MDE for Hastelloy
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C-276 alloy was about 1/6 times lower than that of SS. And the incubation period
of Hastelloy C-276 alloy was observed to be about 3 times longer than that of 316
SS. The predominant cavitation erosion mechanism was analysed and it was found
that the initial cavitation damage occurred mainly from the twin grain boundaries.
Cavitation-induced nanometre-scaled precipitates rich in molybdenum (Mo) and
tungsten (W) were formed in the eroded surface because of the strong mechanical
action and thermal effect produced by bubble collapsing near the surface during
the cavitation erosion process that is expected to play a significant role in the
cavitation erosion resistance of Hastelloy C-276. Another peculiar feature
observed was the selective cavitation erosion of material surface regions that
were rich in Mo. This selective cavitation erosion was considered as the
predominant erosion mechanism in Hastelloy C-276 alloy surface [157].
In a paper by Neville and McDougall [146], they studied the characteristics of a
commercially pure titanium (CP-Ti) and three alloys in two wear–corrosion
situations which were: (a) erosion–corrosion, where the wear was due to solid
abrasives in a liquid medium and (b) cavitation–corrosion, where the wear was
generally due to cavitation. The erosion–corrosion characteristics of each material
was assessed using an impinging-jet apparatus. The tests were performed at an
angle of impingement of 90°C at a particle velocity of 17 m s-1 and in a saline
solution of 3.5% NaCl at 18°C. A series of experiments was conducted to determine
the mass loss by combined erosion–corrosion before independently determining
the electrochemical corrosion contribution to mass loss. It was seen that exposure
to liquid–solid erosion caused disruption of the passive film on Ti, which lead to
active corrosion of the Ti layer. In contrast, the materials exhibited passive
behaviour in static conditions and when exposed to a cavitating liquid only CP-Ti
became active.
Dezhkunov, Kulak and Francescutto [142] studied the effect of ultrasound
cavitation of the model reversible electrochemical reaction involving the redox
species. The impact of the pressure pulses, generated by asymmetrically
collapsing cavitation bubbles, on the rate of the electrochemical reaction was
analysed within the framework of “Marcus theory,” which explains the rate of
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electron transfer reactions of electron jumping from one chemical species called
electron donor to another species called electron acceptor [161]. The linear
growth of the exchange current density (i0) with the ultrasound intensity (J) in the
In i0 versus J1/2 plot was demonstrated, and it was observed that there was a
decrease in ∆i at high intensities of ultrasound due to the shielding of the electrode
from the acoustic field by the cloud of cavitation bubbles. The results obtained
showed that the electrochemical response at certain potentials appeared to be
essentially dependent on the intensity of cavitation, and sonoelectrochemical
measurements could thus provide important information about the development
of the cavitation process. The sensitivity of the electrochemical systems to the
ultrasound was also useful for realizing an effective cavitation ‘solion’, i.e. a
cavitation sensor of “chemotronic” type i.e. electrochemistry and electronics
[142].
A set of experiments designed to characterize an ultrasonic reactor were
presented at the University of Southampton by Birkin et al. [143]. These include
electrochemical, acoustic and imaging of the reactor deployed. In particular an
electrochemical technique that could detect the erosion caused by single inertial
cavitation events within an ultrasonic reactor was reported. The technique relied
on the erosion/corrosion of an electrode surface. In order to operate this system
an opto-isolation approach was discussed which enabled the electrochemical
measurements to be undertaken within an earthed metallic ultrasonic bath. They
combined the mapping of the reactor with luminescent imaging.
The cavitation erosion and corrosion characteristics of various engineering alloys
including grey cast iron, steels, copper-based alloys and SS were studied by means
of a 20 kHz ultrasonic vibrator at a peak-to-peak amplitude of 30 μm in distilled
water as well as in 3.5% NaCl solution at 23°C by Kwok, Cheng and Man [162]. The
contributions of pure mechanical erosion, electrochemical corrosion, and the
synergism between erosion and corrosion to the overall cavitation erosion–
corrosion in 3.5% NaCl solution were determined. It was found that in 3.5% NaCl
solution, the effect of corrosion on the overall cavitation erosion–corrosion was
most pronounced (how much – show percentage) in mild steel and grey cast iron,
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whereas the SS only suffered pure mechanical erosion in 3.5% NaCl solution in the
presence of cavitation owing to the unfavourable local environment for pit
growth.
However, in-situ electrochemical analysis of samples under ultrasonic vibration
cavitation has yet to be fully explored and hence, a detailed research study needs
to be carried out in order to analyse the corrosion reaction and chemical changes
taking place during cavitation erosion which would, in turn, help in understanding
the synergy between the cavitation wear and corrosion.

3.5. Synergy between cavitation erosion and corrosion
Several studies have been conducted and proven the existence of synergy between
cavitation erosion and corrosion, and that this synergy can have significant effect
on the cavitation behaviour of the test materials [17], [149], [162]–[169]. Zheng,
Luo and Ke [149] tested the effect of cavitation on electrochemical corrosion of
20SiMn low alloy steel, 0CrI3No5Mo stainless steel and CrMnN DSS in various
aqueous mediums such as 0.1 mol L-1 HCl, 0.5 mol L-1 NaCl, and 0.5 mol L-1 NaCl +
0.15 mol L-1 Na2NO2 solutions, using magnetostrictive-induced cavitation rig and
potentiodynamic

polarization

curves.

They

used

a

three-electrode

electrochemical cell with saturated calomel reference electrode and a platinum
counter electrode for the in-situ electrochemical measurements. They observed
that cavitation affected the cathodic corrosion behaviour and the anodic corrosion
behaviour differently in the test media. While cavitation seemed to accelerate the
cathodic reaction and shift the free corrosion potential in noble direction for nonpassivating system, such as 20SiMn low alloy steel in NaCl solution, it affected the
anodic reaction more by 2 orders of magnitude, strongly shifting the free
corrosion potential in cathodic direction due to erosion of passive film for selfpassivating systems like 0CrI3No5Mo SS and CrMnN DSS in 0.5 mol L -1 NaCl
solution, and 20SiMn low alloy steel in 0.5 mol L- NaCl + 0.15 mol L-1 Na2NO2
solutions.

77

They also conducted cavitation erosion-corrosion tests on 20SiMn low alloy steel
in distilled water and 3% NaCl solution to understand the corrosion behaviour
under cavitation. The role of corrosion was analysed using polarization curves,
electrochemical impedance spectroscopy, linear polarization resistance, and the
corrosion potential with and without cavitation. They also compared the effect of
cavitation on corrosion behaviour of 20SiMn steel to that of oxygen bubbling. The
subsequent results showed that very small fraction (0.05) of the damage arose
from electrochemical corrosion and a fraction (0.59) arose from corrosioninduced erosion, establishing the existence of synergy between cavitation erosion
and corrosion. They observed that cavitation not only reduced the magnitude of
impedance but it also shifted the corrosion potential in the positive direction and
strongly enhanced the cathodic current density in the polarization curves. The
morphological examination under SEM revealed that steel underwent selective
phase attack at the ferrite area and grain and the ferrite-pearlite boundaries as a
result of the low hardness of ferrite [163].
Vyas and Hansson [14] conducted the ultrasonic vibrating cavitation on SS in 3.5%
NaCl solution and they found that the degree of intergranular corrosion of the
sensitized SS increased with increasing cavitation density. They confirmed that for
SS, due to the existence of the passive film, cavitation could either accelerate or
decelerate corrosion depending on the intensity of cavitation and the
metallurgical state of the SS specimens. Tomlinson and Talks [16] studied the
cavitation erosion–corrosion of various types of cast iron in 3% sodium chloride
solution, and found that the fractional weight loss due to pure corrosion ranged
from 1 to 10% while that due to corrosion-induced erosion ranged from 16 to 90%
[16]. Between 1998-2006, Kwok performed several experiments on laser treated
metals such as austenitic steel alloy and NiCrSiB alloy in 3.5% NaCl solution. It was
found that the synergism was responsible for 50-70% of total loss for laser alloyed
1050 steel specimen and 20% for laser surface alloyed 316 SS specimen, the
cavitation erosion-corrosion resistance was noticed improved for 1050 and 316
SS, respectively [168], [170]–[174].
Kwok, Chen and Man [175] conducted another ultrasonic vibrating cavitation at
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20 kHz on 9 different kinds of metals including cast irons and SS under 3.5% NaCl
solution. From the experimental results it was found that synergism had a
significant effect on mass loss with up to 85% total damage. This synergy effect
was found to be due to several factors such as impact of corrosive solution, the
material property, and also the type of materials itself. The most significant impact
was found at a mild corrosive environment [17], [167], [176], [177].
Few studies have also been conducted on ship propeller materials such as SS,
copper alloys, manganese bronze, and nickel aluminium bronze among others. A
synergy experiment conducted by Kwok, Cheng and Man ranked austenitic (304)
SS to have very high cavitation erosion resistance than austenitic 316 SS owing to
its higher martensitic transformability and work hardenability, and lower
stacking fault energy of 25 mJ m-2 [178]. They also concluded that materials with
high corrosion resistance such as copper alloys also displayed higher resistance
to the erosion-corrosion synergy. They established that the effect of cavitation on
corrosion behaviour particularly depended on two main effects of cavitation,
corrosion film detachment and increase of mass transport [162].
Several cavitation corrosion tests were conducted by Al-Hashem, et. al. on
propeller materials like cast-NAB and DSS in seawater using 20-KHz ultrasonic
vibrator under free corrosion and cathodic protection conditions, and they found
that for DSS, the rate of mass loss was reduced by 19% under cathodic protection,
slightly reducing the subsequent number of cavities as a result. The attack was
seen to be concentrated in the austenite phase but was eventually seen to spread
to the ferrite phase. This was associated with ductile tearing, cleavage-like facets,
river patterns, and crystallographic steps at later stages. Specimen cross-sections
revealed microcracks at the bottom of the cavities initiating from the ferrite
matrix with crack propagation impeded by the austenite islands, branching along
the parallel slip systems. They also observed an active shift in the free corrosion
potential by 140 mV when cavitation was applied, with a slight increase in the
cathodic and anodic currents, shifting the corrosion potential in the noble
direction by 75 mV [179]–[181].
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Whereas, their cavitation corrosion test of NAB showed a decrease of rate of mass
loss by 47% under cathodic protection, and a shift in corrosion potential in the
active direction by 70 mV. This could be attributed to the cushioning of bubble
collapse by cathodic gas and elimination of electrochemical dissolution. They also
observed under the optical and scanning electron microscopy that NAB seemed to
suffer from selective corrosion of the copper-rich α-phase at its boundaries with
intermetallic κ precipitates, while the κ precipitates and precipitate-free areas did
not suffer corrosion. Also, it was found that selective corrosion was enhanced by
cavitation erosion. Under only cavitation, large cavities were found with α-κ grainboundary corrosion around the pit edge whereas, in the presence of cathodic
protection, the number of cavities was found to increase but the grain-boundary
attack was seen to be absent. They also found microcracks of 5 – 10 μm long were
observed in the α phase adjacent to κ-precipitates along the cross section of the
material. Selective phase corrosion and cavitation stresses were implicated as the
causes of cracking [180], [181].
Wood and Fry [17] investigated the fundamental mechanisms of the synergistic
effect of cavitation erosion and corrosion. They employed an all-plastic cavitation
tunnel comprising of a 60° symmetrical wedge cavitation source and specimens
held under potentiostatic control in a flowing seawater system. The experiments
were conducted in a 10 × 20 mm working section at an upstream flow velocity of
14.7 m s-1. Three separate tests were conducted namely pure erosion, pure
corrosion and combined erosion and corrosion, each at two different cavitation
intensities in order to investigate the erosion/corrosion performance of copper in
seawater. Preliminary results using cupro-nickel were also reported. It was found
that depth of penetration measurements gave clearer indication of the level of
synergistic effect than mass loss measurements with majority of the depth of
penetration being caused by synergistic mechanisms.
Gadag and Srinivasan [182] performed several tests on ductile iron. Ductile iron
has been extensively used as components in marine applications such as dieselengine cylinder liners, valves and pumps. They specifically studied the influence
of laser processing on ductile iron undergoing cavitation erosion process in series
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of mediums such as SiC slurry water, artificial seawater and mild sulphuric acid
water. It was found that pearlitic ductile iron showed modest resistance to
cavitation erosion whereas Ferritic ductile iron consistently displayed better
resistance to erosion, particularly in corrosive media. The synergistic effect of
corrosion and cavitation erosion was found to be more pronounced in the dilute
H2SO4 acid than in the salt water.
As a result, a few observations were made, first of all the cumulative of mean depth
of penetration (MDP) or mass loss showed a linear relationship with the time of
cavitation erosion whilst the rate of cavitation erosion decreased exponentially to
a nearly steady state. Laser treatment effectively brought about a nearly sevenfold enhancement of the erosion resistance of ductile iron in mild corrosive media,
four-fold increase in double displacement amplitude nearly doubling the
cumulative mean depth penetration of cavitation erosion in ductile iron. This in
turn had enabled the delineation of the mechanism of cavitation erosion of ductile
iron before and after laser processing, particularly in corrosive baths. Laser melt
treatment also seemed to effectively reduce the cavitation rates of ductile iron in
all the corrosive water media used. This effectiveness could be theoretically
attributed to: (a) ultrafiness, high homogeneity, high hardness and high workhardenability of the laser-melted ledeburite eutectic structure; (b) the high fatigue
strength, crack-blunting nature, resistance to plastic deformation and effective
mean free path reduction for dislocation motion through the eutectic [182].
In 2000 Kwok, Cheng and Man [162] investigated the synergistic effect of
cavitation erosion and corrosion of various engineering alloys in 3.5% NaCl
solution. They investigated the cavitation erosion and corrosion characteristics of
grey cast iron, steels, copper-based alloys, brass, bronze, Zeron 100 and SS with
the help of a 20 kHz ultrasonic vibrator at an amplitude of 30 μm in distilled water
and in 3.5% NaCl solution at a temperature of 23°C. The alloys studied in 3.5%
NaCl solution at 23°C were ranked as follows: Zeron 100\ 304\ 316 SS\ 1050\
W1\ bronze\ brass\ grey cast iron\ Cu based on their resistance to cavitation
erosion–corrosion, which was analyzed based on their microstructure,
mechanical strength, work hardenability, martensitic transformability, stacking
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fault energy and also corrosion resistance. As a result, it was found that corrosion
only played a minor role of about 0.1–1.8% in the overall cavitation erosion–
corrosion for copper-based alloys whereas for the steels and cast iron, corrosion
on erosion synergism seemed very significant, amounting to 78% of the overall
cavitation erosion-corrosion loss in mild steel. However, both corrosion and
corrosion on erosion synergism played an almost negligible role for SS, it only
seemed to suffer pure mechanical erosion in 3.5% NaCl solution in the presence
of cavitation.
Wang, Bai, and Liu [165] conducted an ultrasonic cavitation experiment in order
to understand the real condition of a ship sailing in seawater. They set up a
cavitation apparatus of ultrasonic excitation with variable temperature field and
self-vibration of a Q235 steel sample. The erosion–corrosion behavior of Q235
steel was studied in a cavitation environment created by ultrasonic excitation. As
a result there was the increase in output power. The morphology of the sample
surface was observed to evolve from quasi-regular to irregular patterns, and the
corrosion pit deepened. The maximum depths of erosion–corrosion pits were
found to be 39.5, 31.8, and 24.6 μm, corresponding to output powers of 100, 70,
and 40 W, respectively. The collapse of cavitation bubbles, sample vibration, as
well as electrochemical reaction enhanced by temperature rise were considered
to be the main reasons for worse cavitation erosion–corrosion of the sample in an
ultrasonic excitation environment. There was a significant increase in cavitation
erosion-corrosion with increase in output power of ultrasonic excitation.

3.6. Summary
In this chapter the various cavitation test methods were compared and a general
overview obtained. Several studies were conducted in the field of cavitation,
multiphase flow, cavitation erosion, as well as cavitation due to vibration. From
the tests conducted it was concluded that ultrasonic vibration mechanism
provided the fastest approach to obtaining cavitation results for a wide range of
engineering materials. Hence, the main focus for the literature review was given
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to the ultrasonic vibratory test method, and the corresponding results obtained in
the past. Under the ASTM G-32 standard the ultrasonic cavitation employs a high
frequency

transducer-vibratory

device,

working

at

20

kHz,

using

a

magnetostrictive ultrasonic horn, to generate the cavitation bubbles. Different
methods had been applied to study cavitation behaviour of materials in varying
mediums such as distilled water, tap water, artificial as well as natural sea water,
mercury, to name a few, and the microstructural changes due to cavitation have
also been investigated. The test procedures comprised of exposing the sample to
cavitation for a certain period of time, with periodic recording of the sample
weight for weight loss calculation as a function of time.
Experiments conducted by others to understand the synergistic effects existing
between cavitation erosion and corrosion were also reviewed. Data from the
combined wear–corrosion testing enabled important information on the relative
influence of the mechanical and electrochemical factors in affecting the mass loss
rate under cavitation and liquid–solid erosion were obtained. All the studies
provided very insightful knowledge on the current state of the art, and the
progresses made along the years in the topic of ultrasonic vibratory cavitation,
and the vibratory cavitation induced erosion and corrosion. However, much work
still needs to be done on understanding the interaction between the cavitation
erosion and corrosion. The individual contribution of cavitation wear and
corrosion is not quite clear.
Hence, the aim of the research involves delving into understanding the interaction
between the cavitation erosion and corrosion and the existing synergy between
the two especially for the marine propeller materials. The research study between
the cavitation erosion as well as cavitation corrosion will help understand the
effect of corrosion on cavitation erosion, and vice versa.
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Chapter 4:
Methodology
It has already been established that the two main detrimental factors that affect a
propeller’s functionality and longevity in a corrosive environment are cavitation
erosion and corrosion. Hence, to understand the material behaviour under
cavitation erosion-corrosion, and the synergy existing between the two, the
experimental research concentrated on these two aspects of cavitation damage.
This chapter describes the sample materials used, their mechanical and chemical
properties, microstructural characteristics, the test mechanisms used, and the
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experimental procedures carried out to understand the material behaviour under
cavitation erosion and electrochemical corrosion.

4.1. Experimental set-up
4.1.1. Ultrasonic sonotrode
Ultrasonic probes are single half-wavelength long tools that act as mechanical
transformers to increase the amplitude of vibration generated by the converter.
The wave-guide focusing device known as ultrasonic horn (also known as
sonotrode) is fitted onto the end of the transducer where it transfers the
longitudinal ultrasonic waves from the transducer end to the tip end [183], [184].
The principal function of the sonotrode is to amplify the amplitude of tool
vibrations to the level required. It also serves as an element transmitting the
vibration energy from the transducer into the tool, interacting with work piece by
being in resonance with the transducer. The ultrasonic vibrating horn material
used is a compromise between the needs of the ultrasonic and the application, and
are generally made from high-grade steel or titanium alloy, Ti-6Al-4V, due to their
high tensile strength, acoustical properties at ultrasonic frequencies, high
resistance to corrosion, low toxicity, and resistance to cavitation erosion [183].
The sonotrode is the only part of the ultrasonic machining system that is unique
to each process. They are used in various shapes and sizes, according to the
application, while still being resonant at the operating frequency. Table 4.1 gives
a list of the most frequently used shapes of ultrasonic horns [184]. The selection
of a proper geometric shape and dimensions of the sonotrode is as important as
the test parameters applied to it. The design and manufacture of the sonotrode
require special attention since, the performance as well as the efficiency of the
ultrasonic machining system primarily depends on the specific design of the
sonotrode. Incorrectly manufactured sonotrode may impair its machining
performance and could lead to considerable damage of the equipment, and the
vibration system [184]. The sonotrode geometry affects the stiffness and mass
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distribution. It depends on the required function, the value of the resonance
frequency, and the amplitude amplification factor on the output side.

Table 4.1: Geometrical parameters of sonotrode shapes, adapted from
ref. [184].
Where, δ represents the slenderness ratio of the sonotrode, l0 is the total length of
the sonotrode, and d0 is the diameter of the input end.
From these values, the shape parameters, and the shape function of the
sonotrodes can be derived. The sonotrode used for this research was a stepped
horn type, which is considered to produce larger amplitude compared to the other
types of sonotrodes due to its larger vibration stress (repeated alternating stress)
inside the materials.
The most important aspects of sonotrode design are the sonotrode’s resonant
frequency, and resonant wavelength. The resonant wavelength is generally an
integer multiple of the half wavelength of the sonotrode [184]; and the required
performance of sonotrode is assessed by an amplification factor given by Equation
4.1:
ϑ =A1/A0

87

…(4.1)

Where,
ϑ = amplification factor,
A0 = amplitude at the input end of sonotrode,
A1 = amplitude at the output end of sonotrode.
The basic requirement for the size of the amplification factor is,
ϑ>1

…(4.2)

The probe tip dynamic performance and its influence on the cavitation erosion
process is a very important and complex aspect of the vibratory cavitation
process. The dynamic analysis of the ultrasonically driven probe used for the
research has been studied by Reddy, et al. [33], using finite element analysis [33].
The modal analysis of the probe was conducted along with a part of the
transducer. The parameters of model comprised of the material properties, and
the model was assumed fixed at the transducer end. The probe response
frequencies and acceleration levels were measured during the tests, where
nineteen natural frequencies were defined within the frequency range of 0 – 30
kHz. The resulting bending natural frequencies and vibration modes were found
to occur at 0.9, 3.1, 6.8, 13.9, 18.2 and 26.0 kHz. Additionally, in the analysis
frequency range, three longitudinal modes were found to occur at 8.1, 19.6 and
28.4 kHz. Figure 4.1 shows the longitudinal displacements for the three
longitudinal modes. It was found that the mode at 19.6 kHz had the highest
relative amplitude at the tip, and hence, was used to amplify the device vibrations.
The dominant displacements were found to be within the narrow part of the
probe.
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Fig. 4.1: Longitudinal vibration modes [33].
4.1.2. Ultrasonic cavitation rig arrangement
The cavitation experiments were conducted using the ultrasonic cavitation
transducer, Hielscher UIP1000hd, consisting of a titanium horn with a tip
diameter of 15.9 mm, for the current research. The indirect cavitation method was
adapted, where the sample is placed stationary below the sonotrode tip at a set
standoff distance. The test samples were placed under the ultrasonic transducer
at a constant standoff distance of 2 mm.
Several tests have been conducted in the past using an ASTM G-32 direct
cavitation system, where a round sample disk is threaded into the probe tip [124].
However, indirect method was used for the current research because, although
the direct method has proven to give higher cumulative mass loss rate, the contact
between the sample material and the probe material could render electrochemical
analysis difficult. It could also cause possible galvanic corrosion between the
sample and the probe itself. This could result in either over or under evaluation of
the corrosion-induced loss. And hence, an indirect ultrasonic vibratory cavitation
system was adopted for this research instead of the direct system. Figure 4.2 gives
the schematics of an indirect cavitation arrangement.
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Gap = 2 mm

Fig. 4.2: Schematics of an indirect cavitation method.
Table 4.2 lists the specifications of the parameters used for the experiments
conducted in the current research.
Experimental parameters
Time period

1h

Water temperature

17 oC ± 0.5 oC

Ambient temperature

20 oC – 22 oC

Atmospheric pressure

100.6 kPa ± 3.0 kPa

pH range

7.5 - 8.5

Oxygen level

3.0 ppm to 4.0 ppm

Frequency

19.5 kHz

Amplitude

80 μm ± 0.2 μm

Tip diameter

15.9 mm

Gap between the sample and the sonotrode

2 mm

Table 4.2: Specifications of the experiment.
The temperature and pH of the water were monitored before and after the
experiment, starting from room temperature at 17 °C ± 0.5 °C and pH of 7.5 – 8.5.
There were no significant changes observed over the course of 1 h of cavitation
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test. However, the most important parameter for the experiment was the peak-topeak amplitude of 80 μm ± 0.2 μm, which was required to be constant for all the
experiments. The vibrating frequency of the probe is adjusted by synchronizing
excitation to the probe natural frequency, in order to produce a maximum
response. Any change in the dimension of the probe would influence the probe’s
natural frequency and amplitude. In fact, analysis and measurements performed
for the probe at various levels of erosion confirmed the changes in the probe
natural frequency, as observed by Reddy, et. al. [33].
It was also found that the performance of a sonotrode was proportional to the
degree of roughness of the tip surface. Both the specimen surface and the probe
tip were seen to undergo erosion, requiring the probe tips to be machined after
each test. This was because the eroded probe tips were seen to yield lower flow
aggression between the probe and the specimen, affecting both the erosion rate,
as well as the pattern of erosion on the specimen [33]. This may continue until the
level of energy transmitted into the liquid is significantly reduced, beyond which
the functionality of the probe is compromised. Machining the tip smooth with
lathe to remove cavitation damage may extend the life of a lightly eroded tip.
However, machining-off the probe tip will change the probe’s dimensions, its mass
and natural frequency. This change in the probe’s natural frequency is further
followed by a change of the excitation frequency within the device. Which, in turn,
may enhance the probe tip displacement levels for the same power inputs.
However, it was also observed by Reddy that even though each test was carried
out with a freshly machined probe tip, it did not produce repeatability in mass loss
measurements. On further investigation it was discovered that shortening of the
vibrating probe via machining caused a reduction in amplitude, and an increase in
frequency of the probe vibrations [33].
Figure 4.3 (a) and (b) show the effect of probe length on the vibration amplitude
and the probe frequency, respectively. It can be seen that the probe machined by
3.4 mm had lower amplitude and higher frequency for each power setting than
the longer probe (machined by 2mm). From the results obtained, it can be
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concluded that the repeatability of the mass loss measurements due to cavitation
erosion depended on the ageing of the vibrating probe tip surface and the
vibration amplitude of the probe [33].

(a)

(b)
Fig. 4.3: (a) Effect of probe length on its vibration amplitude; (b) Effect of probe
length on its vibration frequency [33].

Hence, this indicated the importance of maintaining the vibration amplitude for
all the tests for consistency of the results pertaining to the mass loss
measurements. However, special attention must be given when removing the
severely eroded tip so as to remove only the contaminated area. An ultrasonic
probe is a finely tuned tool, and hence, removal of too much material from the
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probe tip will shorten its length, changing its resonant frequency and causing the
ultrasonic generator to go into an overload condition, or even fail [183]. To
achieve optimal performance, it is necessary to take into account all relevant
effects and parameters that affect the dynamics of the system [184]. Furthermore,
it was observed that the vibrating device did not function when the probe length
was machined beyond a certain length [33].
From the modal analysis of the probe tip deformations it was found that the
erosion of the probe tip and the standoff distance between the probe tip and
specimen influenced the probe vibration amplitude levels. And the erosive
behaviour on the specimen also seemed to strongly depend on the gap-power
settings of the probe test rig. Additionally, Reddy et. al., also conducted several
tests at different values for the standoff distance between the probe tip and the
specimen surface. It was concluded that maximum mass loss on the specimen was
observed to occur when the gap between the probe tip and specimen surface was
1mm, with other parameters remaining constant. However, this value differed for
accelerometer measurements made different parts of the probe. Figure 4.4 shows
the relationship between the measured mass loss of LRAH32 low alloy steel as a
function of probe power setting and probe-specimen gap [33].

Fig. 4.4: Mass loss on LRAH32 material as a function of probe power setting and
probe-specimen gap [33].
Hence, for the current research, in order to obtain a consistent result as well as
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repeatability, the amplitude as well as the standoff distance for all the test samples
was kept constant at 80 𝜇m ± 0.2 𝜇m and 2 mm respectively.

4.2. Propeller Materials
Marine propellers work in a very harsh corrosive environment under the sea for
the majority of their lifetime. Hence, it is only reasonable for the chosen test
materials to be based not only on their high tensile strength and hardness, but also
their resistance to corrosion. The properties of the materials depend greatly on
their microstructural characteristics. The impact cavitation and corrosion has on
the microstructure of a material can vary depending on its chemical composition,
alloying elements, the phases formed, the crystallographic structure, the
combined microstructural morphology, etc. The following sections will elucidate
on the sample materials, their microstructural characteristics, and the importance
of each alloying elements in further details.

4.2.1. Duplex stainless steel
Duplex stainless steel has been well known for its high resistance to corrosion and
work hardenability. Due to this, they may serve as a raw material for building of
the marine propellers. DSS used for the experiment was type UNS 31803 (2205)
DSS. The general chemical composition of 2205 DSS consists of 22% Cr, 5.5% Ni,
3% Mo, and 0.03% C. The carbon content is required to be low in order to avoid
carbide precipitation [185].
4.2.1.1. Composition and microstructural morphology
The most significant feature of DSS that sets it apart from either ferritic or
austenitic stainless steels is its combined properties of both ferrite and austenite.
This is due to its duplex microstructure, consisting of a ferritic matrix with islands
of austenite grains. Figure 4.5 shows the duplex microstructure of the 2205 DSS
sample used for the research, as observed under the JSM6500F SEM after
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undergoing electrochemical etching. As a result, DSS display properties
characteristic of both austenitic and ferritic stainless steels. DSS are in most cases,
tougher than ferritic SS, and the mechanical strength of DSS (refer to section
4.2.1.2), in some cases, can be double of that for austenitic SS. DSS are extremely
corrosion resistant with high resistance to inter-granular corrosion, especially
due to the nitrogen contents in the alloy. Even in chloride and sulphide
environments, DSS exhibits very high resistance to stress corrosion cracking, a
property they have “inherited” from the ferritic side. Stress corrosion cracking can
be a serious problem under certain circumstances such as chlorides, humidity,
elevated temperature, etc. for standard austenitic stainless steels such as Types
304 and 316 [186].

Austenite

Ferrite

Fig. 4.5: Two-phase (duplex) microstructure of austenite and ferrite grains of 2205
duplex stainless steel, as obtained under SEM at a magnification of 100x.
The main alloying elements for 2205 DSS can be classified as ferrite formers (Mo
and Cr) and the austenite stabilizers (Ni and N). Analysing the individual role of
each element, Cr plays an extremely important role in the corrosion resistance as
well as the overall properties of DSS, including mechanical, chemical as well as
microstructural. It enhances the formation of ferrite and hence, promotes the
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body-centred cubic (BCC) structure of iron. Generally, the Cr content in any DSS is
expected to be minimum 20%. At higher Cr contents, such as in the case of superduplex stainless steel (≤25% Cr), more Ni is necessary to form an austenitic or
duplex structure. A minimum of about 10.5% Cr is necessary to form a stable Cr
passive film that is sufficient to protect steel against any atmospheric corrosion.
However, higher Cr content increases oxidation (and hence, corrosion) resistance
at elevated temperatures, but it also promotes the formation of detrimental
intermetallic phases [185].
Another important alloying element in DSS is molybdenum. As explained by Abreu
et al., Mo was found to stabilise the passivity of the alloy and enhance the pitting
corrosion resistance and crevice corrosion resistance of stainless steel in chloridecontaining environments [185], [187]. Mo, like Cr, is also a ferrite former, and it
increases the tendency of a stainless steel to form intermetallic phases. Therefore,
it is usually restricted to a maximum of 4% in DSS.
Nickel and nitrogen, on the other hand, is an austenite stabilizer, which promotes
a change of the crystal structure of stainless steel from ferritic BCC to austenitic
face centre cubic (FCC) structure. The addition of nickel helps delay the formation
of the detrimental intermetallic phases in austenitic stainless steels, but is far less
effective in delaying their formation in DSS than nitrogen.
Figure 4.6 shows the change of crystal structure from ferritic BCC to austenitic FCC
by the addition of nickel in stainless steel. DSS generally contains an intermediate
amount (at least 6%) of nickel content, having a microstructure of both ferritic as
well as austenitic grains, ideally in equal amounts [185].
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Fig. 4.6: The change in crystallographic structure of ferritic BCC structure to
austenitic FCC structure by addition of (at least 6%) nickel [185].
Nitrogen is also an essential alloying element because it contributes to various
factors including structural stability, pitting resistance, crevice corrosion
resistance austenite formation, and also helps inhibit the formation of the
precipitate phases. Much like Ni, nitrogen is also a strong austenite former and
stabilizer that is added to highly corrosion resistant austenitic and duplex
stainless steels that contain high chromium and molybdenum contents to offset
their tendency to form the detrimental intermetallic phases in austenitic stainless
steels. This, in turn, substantially improves the toughness of nitrogen-bearing DSS,
effectively causing solid solution strengthening. Nitrogen does not, however,
prevent the precipitation of intermetallic phases. In DSS, nitrogen is typically
added first, and then the amount of nickel is adjusted to achieve the desired phase
balance [185].
Tables 4.3 gives the chemical composition of the 2205 duplex stainless steel used
for the research as obtained from Energy Dispersive X-ray Spectroscopy (EDS)
analysis.
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Material alloying elements

Composition in wt.%

C

0.024

Mn

1.83

Ni

5.10

Cr

22.73

Mo

3.40

Fe

63.53

Table 4.3: Chemical compositions of the materials used for the research
as found under EDS.
However, this combination of austenitic-ferritic properties can also mean some
compromise when compared to pure austenitic and pure ferritic grades. Such as,
whilst DSS is considered to have high resistance to stress corrosion cracking, it is
not as resistant to this form of attack as ferritic stainless steel. Also, DSS is
susceptible to crevice corrosion, and not as noble (passive) as super austenitic
stainless steel or super DSS [188], [189].
The alloying elements in DSS may form a third phase, called the precipitate phase
that may not be to the alloy’s advantage. To achieve proper corrosion resistance
the alloy requires suitable blending during manufacturing with proper heattreatment, and also ensuring proper welding procedure during fabrication.
Sulphur, if present in the alloy, can be deleterious to the passivity of DSS as it
combines with several oxides to form precipitates that eventually act as sites for
pitting. Also, having high content of Mo and Cr, especially in the case of poor heattreatment, would encourage the formation of carbide precipitates, which would
render the surrounding matrix deficient of the passivating and re-passivating
elements, hence exposing the alloy to corrosion [190].
Furthermore, the high Cr content of DSS can also cause embrittlement at
temperatures over 300 °C, but at lower temperatures DSS have better ductility
than the ferritic and martensitic grades. Another major issue with DSS is the
hydrogen induced stress corrosion that mostly impacts the ferrite phase. Duplex
grades can readily be used down to at least -50 °C. In terms of machinability,
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although machinable, the high strengths of DSS make machining difficult. DSS
cannot be hardened by heat-treatment either, and in turn solution treatment or
annealing is done by rapid cooling after heating to around 1100 °C [191].
4.2.1.2. Mechanical properties
The 2205 DSS samples used for the research had an UTS of 774 MPa, yield strength
of 542 MPa, modulus of elasticity of 200 GPa, density of 7.8 g cm-3, and a hardness
of 233 HB, as provided by the supplier, Lloyd’s Register.
Duplex grades, due to their combination of high surface hardness and corrosion
resistance, offer excellent resistance to erosion-corrosion. In comparison to 316
SS, DSS has twice the yield strength of 316 and it is also 50% harder, and has
higher Young’s modulus, so hence, stiffer than 316 SS. DSS are also magnetic, a
property that can be used to easily differentiate them from common austenitic
grades of stainless [192].
4.2.1.3. Passive film formation
The passivation and the protective film growth on materials are generally
considered to depend on several factors, most importantly the rate of anion
diffusion, from the material into the surrounding environment, responsible for
film growth, and the rate of reaction that is determined by the emission of anion
from the environment into the film at the film/environment interface. The
erosion-corrosion resistance of an alloy can also be determined by the rate of
generation of the protective oxide or the passive film, along with its repassivation
rate. The total amount of material loss by the impact of cavitation and that of
corrosive medium can, hence, be measured as a function of the behaviour of the
passive film. Generally, an alloy with a fast regenerating passive film remains
corrosion resistant even during erosion-corrosion impact. The passivation and
repassivation of a damaged film follows the growth pattern where the metal
oxidation is assumed to occur on the bare metal/alloy surface, leading to lateral
growth of an oxide film. Once the entire area is covered by the new passivating
film, it then follows the normal growth pattern where the anodic oxide grows
uniformly on the initially formed film [190].
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4.2.1.4 Corrosion properties
DSS inherently has high corrosion fatigue strength and resistance to corrosion due
to the passivity of the alloy surface provided by the high chromium (22-23%) and
molybdenum (3%) contents in the alloy chemical composition as evident from
section 4.2.1.1 and Table 4.3. The general corrosion rate of DSS is less than 0.001
mm y-1 [185].
For steels, the pitting and crevice corrosion resistance increases with the
percentage of chromium, molybdenum and nitrogen contents. While Cr is known
to increase the corrosion resistance by forming oxide that contributes to the
passive film on the surface, molybdenum is found to increase the stability of the
passive film and the ability of the DSS to resist the localised corrosion including
pitting and crevice corrosion, especially in chloride solutions and seawater. The
passive film on DSS surface contain the oxides mainly of chromium (Cr2O3) and
iron (Fe3O4) with the film thickness in the range of 2 nm, that form immediately
on exposure to the environment [187], [193], [194].
DSS may be vulnerable to sulphide induced stress corrosion cracking in the
presence of hydrogen sulphide and chlorides, especially at low temperatures.
However, due to their duplex microstructure and low carbon (<0.03%) content,
the 2205 DSS has high resistance to intergranular corrosion. However, due to the
existence of two distinct sites, the anodic ferrite islands and the more cathodic
austenite sites, the ferrites undergo selective dissolution when compared to the
austenitic phase. This may also effect the phase boundaries, especially at high
anodic potentials [195]. However, under normal seawater conditions, without the
application of anodic potentials, there is no significant selective dissolution of the
ferrite generally observed [196].
4.2.2. Nickel Aluminium Bronze
NAB is a conventional ship propeller alloy used in the research experiment for its
high strength mechanical properties. The empirical composition of a cast NAB is
Cu-Al-Fe-Ni, with a nominal composition of 80% Copper, 10% aluminium, 5% iron
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and 5% nickel. The sample material used for the research was the UNS C95800
(CC333G) NAB. It has been found to have high ability to retain its original smooth
machined surface over a long period of time, thereby retaining its high efficiency
factor, it also has the ability to resist failure under impact when notched,
contributing greatly to its value as a propeller material [181].
4.2.2.1. Composition and microstructural morphology
The microstructure of NAB is more complex than DSS with three distinct phases,
namely α, β and four forms of kappa (κI, κII, κIII and κIV) phases, present in the ascast microstructure. The microstructure generally consists of columnar grains of
FCC copper-rich solid solution known as α-phase and a small volume fraction of βphase or retained martensitic β’-phase, surrounded by a series of intermetallic Ferich kappa phases.
Binary alloys, such as aluminium bronze, containing up to 9.4% aluminium form
a single-phase α solid solution at room temperature under equilibrium conditions.
Figure 4.7 (a) shows the phase diagram of the binary Cu-Al system for different
Wt% of aluminium at different temperatures. The aluminium content in the alloy
is generally considered to define the strength of the alloy. As seen from Figure 4.7
(a), further addition of aluminium normally results in an α + β structure in the
alloy, cooled at moderate rates. However, decomposition of the β-phase will occur
during slow cooling or annealing below 565 °C to form an α + γ2 eutectoid. This γ2
eutectoid may cause decrease in both mechanical properties and corrosion
performance of the alloy. And hence, it is necessary to eliminate the γ2 phase or
suppresses the β transformation. One such way is to heat-treat the alloy between
600 °C and 800 °C, followed by a rapid air cool or quench. However, the formation
of γ2 phase may still occur if the cooling rate is not sufficiently rapid [197].
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(a)

(b)

Fig. 4.7: Phase diagrams of (a) A binary Cu-AI system; (b) a vertical section of the
Cu-Al-Ni-Fe system with 5% Ni, 5% Fe [197].
Another method is to add alloying elements, which retard the formation of γ2,
while maintaining the high strength properties. The principal alloying elements
used for this purpose are iron, nickel and manganese. Both nickel and iron
combine with aluminium to form a complex κ-phase. The amount and distribution
of the phases in NAB and their chemical composition has a significant effect on the
properties of the material. Figure 4.7 (b) shows the phase diagram of a NAB alloy
with 5% nickel and 5% iron content in the composition. Approximately 1%
manganese, which is considered to be equivalent to 0.15% aluminium, is usually
present in these alloys, which aid castability, and retard the β-transformation
[197].
The morphology, phase transformations and chemical analysis of the complex
phases present in cast NAB have been investigated by Culpan and Rose [197] using
optical and electron microscopy techniques, and energy dispersive analysis. Their
investigation revealed that heat-treatment from 1000 °C and slowly quenching to
900 °C in successive steps of 25 °C for 1 h each via air, before cooling it with cold
water (at 20 °C), showed various phase transformations from β to small α-phases.
At temperatures above 850 °C the alloy was seen to comprise of β + α + κ
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depending on its exact chemical composition. Heat-treatment in this region for
sufficient time resulted in spheroidization of the κ-phase (Figure 4.8 (a)). On
further quenching to 800 °C initiated the nucleation of κI precipitate in both α and
β phases, followed by the nucleation of κII and κIII precipitates at the α/β interface.
Heat-treatment of the as-cast NAB at temperatures under 840 °C resulted in the
transformation of retained β' to α + κ (Figure 4.7 (b)). A significant increase in the
amount of fine precipitate was also observed within the grains. Continued
quenching to and below 725 °C initiated the precipitation of κIV phase in the αmatrix, see Figure 4.8 (b). Additionally, these phases seemed to exhibit different
chemical compositions to those present in as-cast structures [197], [198].

(a)

(b)

Fig. 4.8: NAB microstructure heat-treated at (a) 860 °C for 72 h (at 480x); and (b)
675 °C for 6 h (at 600x) [197].
Figure 4.9 illustrates the crystal structures of κI, κII and κIV phases as DO3 Fe3Al, κIII
phase as B2 NiAl. The κI, κII and κIV phases are all iron-rich precipitates distributed
in the nickel-aluminium structure of DO3 Fe3Al crystal structure (Figure 4.9 (a)).
DO3 crystal structure is an ordered FCC crystal unit cell with four body centred
cubes and four Fe3Al cubes arranged alternatively. κIII phase on the other hand is
a Ni-rich B2 structure, which is a BCC unit with Ni elements at the eight corners
but with Al element at the centre of the cube (Figure 4.9 (b)) [198], [199].
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Al
(a)

Ni
(b)

Fig. 4.9: Crystals structures of (a) κI, κII and κIV phases having a Fe3Al DO3
structure, and (b) κIII phase with a NiAl B2 structure [198], [199].
Among the intermetallic compounds, κI phase is rosette shaped precipitate formed
at high temperatures in high Fe content alloys and hence, is coarser than the rest,
κII phase is smaller than κI phase and form a dendritic rosette shape which is
distributed mostly at the α/β boundaries, and κIV phase is a fine Fe rich
precipitation of varying sizes with plate-like morphology that are distributed
throughout the α grains along certain crystallographic directions forming within
the α-matrix, forming at 850 ℃. κIII phase is a fine lamellar “finger-like” eutectoid
structure and forms at the boundary of κI phase [181], [197], [200], [201]. The
chemical compositions, in weight %, for the alloy as well as the individual phases
obtained under EDS are tabulated in Table 4.4.
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Microstructural

Chemical composition in weight %
Morphology Structure

Cu

Al

Mn

Fe

Ni

Alloy

80.25

8.79

3.56

4.63

5.13

Alpha

85.39

7.19

0.87

3.35

3.20

Kappa 1

15.08 13.29

1.72

57.53

12.38

Kappa 2

17.61 15.54

1.50

51.90

13.44

Dendritic

Kappa 3

45.15 18.76

1.19

10.91

23.99

Lamellar

2

73

7

Cuboidal

Phases

Kappa 4

7

11

FCC solid
solution

-

-

Rosetta

Fe3Al

globular

(DO3)
Fe3Al
(DO3)
NiAl
(B2)
Fe3Al
(DO3)

Table 4.4: The crystal structure, morphology and the typical chemical
composition of the individual phases in the NAB samples as tested under
EDS; κ IV in as-cast NAB adapted from Ref [198].
From Table 4.4, the molecular formula of the NAB alloy used in the research
experiment can be written as CuAl10Fe5Ni5. The κIV participates observed under
SEM were less than 0.5 μm and their chemical composition could not be
determined due to the limited magnification of SEM allowing interference from
the surrounding α-phase, giving less accurate results. The typical chemical
composition of κIV are tabulated from ref. [198]. No visible retained martensitic
β’-phase were observed.

105

Fig. 4.10: Microstructural morphology of UNS C95800 cast NAB at a magnification
of 1000x and 4000x. κI is the globular dendritic structure, κIII is the lamellar
“finger-like” structure, and κIV is the very fine particulate imbedded within the α
matrix [18], [202]–[204].
Figure 4.10 shows the general microstructural morphology of the as-cast NAB,
UNS C95800, used for the experimental research, taken via SEM at 1000x
magnification.
4.2.2.2. Protective oxide film
The corrosion resistance of NAB is attributed to the formation of protective oxide
film on NAB. This formation may occur either in air or submerged in corrosive
environment like chloride solution. The rate of oxide film growth is much more
rapid when fully immersed in corrosive solution that in air. The oxide layer mainly
comprises of cuprous oxide (Cu2O) and aluminium oxide or alumina (Al2O3) films,
with traces of copper salts and hydrochlorides (Cu2(OH)3Cl and Cu(OH)Cl) that
form after long exposures to chloride solutions like 3.5% NaCl solutions or
seawater. These oxides tend to adhere firmly to the substrate, giving very little
permeability to liquid corrodant once formed. The oxide layer formed on the
substrate/base metal is mostly aluminium-rich, whereas, the oxide formed in the
outer regions is generally richer in copper. The oxide films rich in copper,
according to Poggie et al., have mechanical properties similar to those of the
parent aluminium bronze and are resistant to mechanical disruption during
sliding. They greatly reduce the corrosion rate by decreasing the anodic
dissolution reactions of aluminium and copper, hampering not only the ionic
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transport across the oxide layers, but also decreasing the rate of the cathodic
reaction on these oxide layers. The oxide films are also considered resistant to
most chemical attack, provide resistance to flow velocity (up to 22.9 m s-1), and
heal rapidly when damaged especially in a corrosive environment like seawater
in the presence of oxygen [205]–[208].
These oxide films, especially alumina, are relatively hard and abrasive but brittle,
with notch sensitivity, like other ceramics. If the oxide film is breached, the
substrate becomes vulnerable to galvanic corrosion [205]. There have been
several studies on the corrosion behaviour of NAB alloy and its protective oxide
film formation. Schüssler and Exner established that when the oxide-free
substrate surface is introduced to a corrosive environment, the aluminium in the
alloy would preferentially oxidize first in the presence of oxygen. However, after
a certain thickness is achieved, the formed alumina film, prevents further diffusion
of aluminium, leaving copper to oxidize on the surface of the corrosion product
[205], [206]. The formation of the Al2O3 oxide layer is done by “complexation” of
aluminium by chloride as demonstrated in Equation 4.3, which is then followed
by hydrolysis of the chloride product to form Al(OH)3 layer (Equation 4.4):
Al + 4Cl− → AlCl4− +3e−

…(4.3)

AlCl4− +3H2O → Al(OH)3 +3H+ +4Cl−

…(4.4)

The chloride ions released play an important role in the formation and properties
of protective oxide films especially on copper-based alloys. Hence, it has been
observed and established by Wharton and Stokes that the most prominent oxide
forming in aerated chloride media on a NAB surface is Cu2O [208]. This is because
the main corrosion process in such environment mainly constitutes of the
dissolution of copper to form a dichlorocuprous anion complex [208]–[210], given
by Equation 4.5:
Cu + 2Cl− → CuCl2− + e−
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…(4.5)

The Cu2O may form via number of processes in Cl− containing environments, the
extent of which depends on the relative chloride ion concentration and pH. The
oxide layers considered are formed by a dissolution process shown in Equation
4.6 [211].
2CuCl2− + 2OH− → Cu2O + H2O + 4Cl−

…(4.6)

The predominant cathodic reaction in aerated solutions is given by Equation 4.7:
O2 + 2H2O + 4e− → 4OH−

…(4.7)

4.2.2.3. Mechanical properties
NAB has material properties of 650 MPa UTS, yield strength of 270 MPa, hardness
of 160 HB, and high ability to retain its original smooth machined surface over a
long period of time, thereby retaining its high efficiency factor. Researchers have
also tried to correlate the cavitation erosion resistance of materials with their
other mechanical properties. One such major factor for propeller material
selection is its ultimate resilience [212]. The UR value for NAB samples used in the
experiments was 3.8 MPa.
4.2.2.4. Corrosion properties
As mentioned before, due to the lack of γ and γ2 phases in NAB, the corrosion
resistance of NAB is generally high. To ensure that the kappa phase itself is
corrosion resistant the nickel content of the alloy should exceed the iron content
and the manganese content should not exceed 1.3% [213].
However, the corrosion behaviour of cast (as well as wrought) NAB in sea water
depends not only on the metallurgical composition, but also the processing
history, surface roughness, and the corrosion environment [207]. It is found to be
susceptible to selective phase erosion and corrosion attacks [181], [201], [207],
[214]–[217]. The general corrosion rate of NAB in seawater is considered to be
0.06 mm y-1 [213].
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4.2.2.5. Selective phase attack
In multiphase alloys if the phases have different electrochemical potentials then
there is a tendency for the most anodic phase to be corroded preferentially. This
is called selective phase attack. The extent of corrosion would depend on how
great the potential difference is between the anodic phase and the surrounding
phases, and upon the distribution and intrinsic corrosion resistance of the anodic
phases [213].
In NAB, as mentioned in section 4.2.1.2, there are various phases, mainly α, β, κI,
κII, κIII and κIV. The aluminium-rich phases and martensitic β-phase are generally
the highly susceptible phases, but in absence of the β-phase also selective phase
attack may occur. The α-phase, being copper-rich, becomes anodic when in
galvanic coupling with iron rich κ-phases that act as the cathode due to its higher
electronegativity. This causes the α-phase to undergo galvanic corrosion within
NAB. This selective phase attack affects especially the narrow bands of α-phase
adjacent to the lamellar κIII phases, and from there it may spread further into the
κIII phase itself [213].

4.2.3. Galvanic corrosion properties in Seawater
For the longevity of propellers functioning in a harsh environment like seawater
it is very important that the materials used for the propellers are highly corrosion
resistant. Hence, one of the ways to determine the corrosion properties of a metal
or alloy is by locating its position in the galvanic series to understand how it would
fair in the seawater environment.
Galvanic series is a series of electrode potential values, generally expressed in
volts or millivolts, of various metals and alloys when exposed to corrosive
environment like seawater at a given temperature against a reference electrode
such as Standard Calomel cell.
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Table 4.5: DSS and NAB highlighted in the simplified galvanic series for
metallic materials in flowing seawater of velocity between 2.5 m s -1 to 4
m s -1 and temperature range of 10 °C – 27 ℃, referenced to saturated
calomel half-cell [218].
Table 4.5 shows a general galvanic series of various metallic materials, with the
positions of NAB and DSS highlighted, in flowing seawater at the velocity of 2.5 m
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s-1 to 4 m s-1, at a temperature range of 10 ℃ – 27 ℃, relative to a Saturated
Calomel half-cell [218]. The value of the potential for any alloy can be changed in
a galvanic series by a variety of factors such as water temperature, velocity, pH
values, aeration, turbulence, chlorine content, etc. even in seawater. However, the
relative ranking of alloys remains largely unchanged by these factors [205], [218].
The empty (un-shaded) rectangles in Table 4.5 show ranges exhibited by stainless
steels in acidic water such as may exist in a stagnant, low velocity or poorly
aerated water where stainless steel become active, whereas the shaded areas
show the potentials of stainless steel in its passive state. As can be seen from Table
4.5, DSS has almost the same galvanic potentials as the grade 300 austenitic
stainless steel, and has higher galvanic potentials than NAB. Hence, if the two
materials were kept in contact under seawater, NAB would be more susceptible
to bimetallic corrosion than DSS [189]. Table 4.6 lists the galvanic potentials of
both NAB and DSS in flowing salt water at a velocity of 2.5 m s-1 to 4 m s-1 at a
temperature range of 10 ℃ - 27 ℃, where it can be seen that DSS and NAB both
have high corrosion potentials [218]–[220].

Alloy

Galvanic Potential (volts DC)

Nickel aluminium bronze

-0.15 V to -0.22 V

Duplex stainless steel

-0.1 V to -0.2 V

Table 4.6: Galvanic series of metals in flowing seawater with reference
to saturated calomel half-cell [218].
The corrosion resistance on NAB is more complex than DSS. Unlike DSS that has
strong corrosion resistance due to its passive layer, NAB gets its corrosion
properties from a thick layer of protective oxide film predominantly composed of
aluminium oxide (Al2O3) near the substrate with copper oxide (Cu2O) formed
mostly on the outer layer [205]. These films generally take several days to reach a
substantial thickness of 900 nm – 1000 nm, that may have a visible brown
colouration over the alloy surface provide sufficient corrosion resistance [221].
But when disrupted may exhibit different corrosion behaviour for the NAB
substrate. However, the protective layer is not susceptible to localised breakdown
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and consequent pitting in the presence of chlorides and therefore, making NAB
very resistant to corrosion by seawater [213].

4.3. Experimental methods
Three different tests were conducted and compared in order to establish the
wear-corrosion relation and synergy for the materials. Eighteen different samples
of NAB and DSS (six each) were used for the experiments. Both the sonotrode tip
and the samples were immersed in the test liquids in the tank. The un-attached or
indirect method of cavitation was used in the test and the specimen was held
below the vibrating horn at a distance of 2 mm. The prepared samples were
cavitated in 5 L of medium for 1 h at a frequency of 20 kHz and peak-to-peak
amplitude of 80 μm ± 0.2 μm (all specifications listed in Table 4.2). The mediums
used were triple distilled water from department lab and 3.5% NaCl solution
prepared in the lab.
The samples were analysed for microstructural characterization using JOEL
(JSM6500F) scanning electron microscope (SEM) employed for microstructural
morphology analysis before and after cavitation at an acceleration voltage of 15.0
kV, a probe current at medium (6 nA – 13 nA), and a working distance of 10 mm
and above. For clearer microstructural evaluation, backscattered electron imaging
was also employed. Samples were also transverse sectioned to observe the
subsurface impacts of cavitation on the microstructure. For SEM analysis of the
transverse sections, the samples were cut laterally with diamond saw, and then
hot-mounted in Bakelite resin mould. The interested surface was then polished
using 1200- and 4000- grit SiC abrasive paper before mirror finishing it with 6and 1- μm diamond paste.
Alicona measurements were taken using Alicona 3D optical profilometer to
measure the volumetric mass loss of the samples along with surface roughness of
cavitated regions and compared with each other, as well as surface topography. A
form Talysurf 120L was also employed to capture the overall surface roughness.
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4.3.1 Sonotrode preparation
The sonotrode tip was also prepared before each test by grinding the tip surface
with lathe, then washed with distilled water and methanol, before blow-drying the
probe to be mounted for the test. The amplitude of the probe was calibrated and
kept constant before each test using an ADE technologies 6000 series (6810)
amplitude sensor. The calibration was done by mounting the amplitude vertically
on a 2-axis flexure stage that moved the sensor vertically as well as horizontally
to adjust the distance between the tip of the sensor and the probe tip to first set
zero. The sensor was then connected to the signal express software that recorded
the output voltage and converted it to the peak-to-peak amplitude of the
sonotrode tip.
Figure 4.11 (a) shows the amplitude reader for sonotrode amplitude calibration
required before each test. Figure 4.11 (b) shows the signal express software used
to calibrate the sonotrode for the correct amplitude. The input signal and peak
setup give the peak-to-peak value of amplitude, as read by the amplitude reader.
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(a)

(b)
Fig. 4.11: The sonotrode amplitude calibration set up showing (a) the amplitude
reader-sonotrode arrangement; and (b) the signal express software used in order
to calibrate the sonotrode.
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4.3.2 Sample preparation
4.3.2.1. Sample surface preparation
Eighteen test samples, six of DSS and twelve of as-cast NAB, were prepared for the
experiments. Each sample had a dimension of 25 mm x 25 mm (± 2 mm) with a
thickness of 5 mm (± 0.5 mm). The surface of all the test samples facing the
cavitation rig were wet polished using 800-, 1200- and 4000- grit silicon carbide
(SiC) abrasive papers, and 6- μm diamond paste. They were then cleaned with
methanol in the ultrasonic bath at a regular interval for 2 min between each
change of SiC paper, and then washed with distilled water and methanol before
air-drying them.
Six samples of DSS and NAB each were then left inside twelve individual, clean and
uncontaminated plastic bags for a week to ensure the formation of air-formed
oxide films. The preparation procedure was repeated for each sample after each
test in order to reuse the samples. The samples were all wired with the help of M3
screws at one side for facilitating electrochemical analyses. The sample surfaces
were all coated with lacquer on five of the six sides of the sample, except one, i.e.
the test surface.
4.3.2.2 Oxide film preparation
As one of the main novelties of the research, cavitation erosion-corrosion was also
performed for NAB samples with water-formed oxide filmed samples, in order to
understand the effect of cavitation on the oxide films themselves and the
cavitation as well as corrosion behaviour of NAB with an water-formed oxide
layer.
For this, six NAB samples were submerged in 3.5% NaCl solution for three months
to form a thick layer of water-formed oxide film on the samples. Figure 4.12 shows
the differences in the optical images of the oxide-films formed after 1 week of air
exposure, and 3 months of immersion in 3.5% NaCl solution.
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(a)

(b)

Fig. 4.12: Optical image of general oxide film (a) after 1 week in air; (b) after 3
months of immersion in 3.5% NaCl solution [202], [204].

From the image in Figure 4.12 (a) it can be seen that considering the protective
oxide film formation is a slow process, especially in the absence of corrosive
environment like seawater, there is no visibly significant difference in the
microstructure of the substrate after one week of exposure to air, although the κIII
phases seemed to appear more prominent, meaning localised etching or selective
phase attack at the phase boundaries. Whereas, in Figure 4.12 (b) the sample
immersed for three months in 3.5% NaCl solution had a completely different
morphology where the microstructural details of the base material were no longer
clearly visible.
4.3.2.3 Electrochemical arrangement
For the electrochemical tests, the surfaces other than the one facing the ultrasonic
probe were coated with lacquer in order to prevent them from any external
chemical attack. Two extra features were also added to the samples for the
electrochemical tests that comprised of two adjacent drill holes of length 8 mm
and 5 mm, and a diameter of 3 mm each at one corner of each sample, as shown in
Drawing 1 (Appendix E). The two blind holes were meant to connect at a right
angle inside the sample. The shorter hole (of 5 mm length) was meant for docking
the metallic wire that connected the sample with the potentiostat, whereas the
longer hole (8 mm) was threaded so that an M3 threaded socket set screw could
be inserted, securing the wire within the sample. The holes were then sealed with
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waterproof epoxy resin glue, prepared at least 12 h before handling again.
Once the wire was secured, the samples could be easily polished without
damaging the wire. The wire from the sample was then connected to the GAMRY
Reference 600 potentiostat as the working electrode. The reference electrode
used for the electrochemical tests was that of an Ag/AgCl, since it is the most
commonly used aqueous reference electrode for applying in measuring the
concentration of hydrogen ions present and providing cathodic protection against
corrosion in marine environment [222], [223]. The counter electrode used was a
graphite rod using cell cables, while the samples underwent electrochemical as
well as cavitation erosion-corrosion tests.
Figure 4.13 shows the schematics of the cavitation rig with the titanium probe and
the specimen positioned at 2 mm standoff distance from each other for the
cavitation erosion-corrosion experiments, and connected to Gamry 600Ref
potentiostat for pure corrosion tests, as used for the studies presented in ref. [18],
[202]–[204].

Fig. 4.13: Schematics of the cavitation rig with specimen connected to the
potentiostat for cavitation erosion-corrosion measurements [18], [202]–[204].
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The prepared samples were then mounted on to an acrylic perspex holder
comprising of adjustable fixtures that tightened the samples using two nylon
screws positioned at 90 degrees from each other. These screws secured two
identical rectangular acrylic pieces of size 25 mm x 10 mm x 5 mm that clamped
the sample tightly in the holder.
Figure 4.14 shows the sample holder with the sample, along with the groove for
the wire connecting the sample to the potentiostat for the electrochemical tests.
The holder was then secured on to a perspex tank of length 51.5 cm, breadth 33
cm, and depth of 11.5 cm with nylon screws at all four corners of the holder,
ensuring the bath was kept leak proof.

Fig. 4.14: Perspex sample holder with adjustable fixtures securing the sample of
size 25 mm x 25 mm x 5 mm with perspex screws.
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4.3.3 Experimental techniques used
4.3.3.1 Gravimetric measurements
For the gravimetric measurements, a precision balance, Mettler Toledo XP205
(accurate to ± 0.01 mg) was used. The samples were first placed in a beaker of
methanol and cleaned in an ultrasonic bath for 5-7 minutes. Then distilled water
and methanol was used to again rinse the surface, before blow-drying it with
compressed air. The samples were then weighed at least 5 times, with the
weighing machine recalibrated before each measurement. The average of the 5
measurements were then taken.
After the cavitation erosion and corrosion experiments, each sample was once
again cleaned in the ultrasonic bath, before rinsing with distilled water and
methanol, and blow-drying with compressed air. The sample was then weighed
again 5 times and averaged for mass loss, with the weighing machine calibrated
before each measurement.
4.3.3.2 Microstructural characterization
The nature and properties of the sample materials as well as the corrosion
products formed in a corrosive environment, and the effects of cavitation is said
to determine the behaviour of the sample alloys as well as help characterize them.
Hence, SEM images were required to be obtained after each tests to obtain the
microstructural morphologies of each sample. The SEM imaging and
microstructural characterisation was performed for one of each sample material
that were also wet polished using 1200- and 4000- SiC abrasive papers, before
further polishing to mirror finish with 6, 3 and 1 μm diamond paste. The
accelerating voltage used for the SEM analysis was 15 kV. Then both material
samples were etched using Kalling’s no. 2 etchant, which is a liquid solution of 100
mL conc. HCl, 100 mL ethanol and 5 g of cupric chloride, for 10 s in order to reveal
the microstructures of the sample materials.
NAB generally does not require to be etched for examining under SEM since backscattered imaging can reveal the microstructure with ease. However, when
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etching the samples, care must be taken for NAB as copper deposition may occur
in the etchant from repeated use of the same solution. Also, the etching of the
samples need to be rapid as the etchant may destroy the oxide layer on the sample,
and also the small phases of NAB may get dissolved if kept in too long. Whereas,
the polishing and etching of the DSS samples need to be done quickly due to the
high passivity of the material. Once the samples were etched they were taken for
SEM imaging for microstructural characterisation. Etching was also done for
cavitated samples, however it was found that not etching the cavitated samples
was better in order to view SEM imaging of the cavitation features as the etchant
tend to remove both the protective film and some of the intricate phases in the
samples.
4.3.3.3 Surface profilometry
For the surface profilometry, Talysurf and Alicona were employed to study the
scar profile and the irregularities of the scar. Both Talysurf and Alicona can be
used to observe the cavitation erosion depths, the surface roughness of the test
samples before and after the erosion experiments to analyse the extent of
cavitation erosion, and Alicona especially may also provide useful information
regarding mass loss due to cavitation by the means of volumetric analysis.
4.3.3.3.1.

Talysurf

A Taylor Hobson Form Talysurf 120L profilometer was employed with a 10 μm
diamond stylus (±2% of measured value + 0.004 μm). The evaluation or
transverse length that comprises of the total length of the measurement, taken
laterally was set to little over the total length of the diameter to incorporate the
uncavitated surface as a datum surface. Hence, an evaluation length of 20 mm was
considered. The cut-off value was required to be taken between the range of 0.510, depending on the estimated roughness obtained from the initial run, the cutoff value of 0.8 was set as per the industry standards. Various measurements were
taken across the diameter of the cavitation scar, both across vertically and then
laterally. Samples were measured three times at three different orientations,
horizontally, vertically, and across at 45° angle.
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4.3.3.3.2

Alicona

The second surface metrology instrument used was the optical 3D profilometer,
Alicona InfiniteFocus Mark 4. Alicona is a non-contact optical micro-coordinate
system that can generate 3D profiles due to very shallow depth of field, making
measurements more detailed and accurate. It is used for form as well as roughness
measurement for most kinds of surfaces and textures. Due to its high vertical
resolution, complex measurements can be done such as steep flanks (up to 86°),
steep angles, small radii and minute details such as within cavities. While, Talysurf
generates the average roughness, with maximum valley depth and peak height,
Alicona generates the actual 2D or 3D profile of the measured surface, hence the
profile obtained using Alicona gives a better visual understanding of the surface
texture. For the Alicona measurement, after conducting the cavitation tests on the
samples for 1 h each, the two materials were analysed under the lens. Several
images were captured at various different locations of the samples one at a time
and their surface profiles were generated. The polished un-cavitated surface was
considered as the datum (reference surface), and the minimum and maximum zaxis values were set by moving the microscope to and fro vertically within
microns, covering all the asperities and valleys of the cavitated surface within the
range.
4.3.3.3.3.

Methodology

The wear profiles were then compared between the samples tested in 3.5% NaCl
solution and distilled water. Alicona was also employed to obtain volume loss to
calculate the volumetric mass loss incurred after cavitation and compare that with
the gravimetric mass loss measurement obtained using a precision weighing
machine. For this, first, the volume of the eroded region was determined. Sample
surface containing both the eroded as well as non-eroded regions was scanned,
which can be done in three different ways as shown in
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Fig. 4.15: Three ways of scanning the sample surface by selecting (a) the entire
surface at once, (b) one strip at a time across the entire sample surface, or (c) a
quarter of the eroded surface at a time.

Figure 4.15, which are either (a) the entire surface at once, (b) one strip at a time
across the entire sample surface including the un-eroded regions, or (c) a quarter
of the eroded surface at a time. Due to the high magnification required for the
samples used, it was difficult to analyse the entire surface at once, and if lower
magnifications were used, the data were compromised often manifesting different
roughness values, causing loss of details. Whereas, scanning each strip gave the
best results, but it was extremely time consuming and the software was prone to
failure. Hence, the most efficient way was found to be the quarter system at a
magnification of 50x. And the method of considering the uncavitated surface as
the datum and setting the z-values by focusing the microscope up and down the zaxis to obtain the maximum depth of penetration and the highest protrusion above
the datum on the material surface was used again. Finally, using the projected area
and the depth of the profile, the volume was analysed automatically by Alicona.
Figure 4.16 gives a schematic example of a small section of projected area under
the datum line considered for volume loss.
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Fig. 4.16: Schematics of a section of projected area under the datum line
considered for volume loss.

While both Talysurf and Alicona act as excellent surface metrology tools, the
Talysurf is a stylus-based contact instrument that can be used to measure the
average roughness, maximum valley depth and peak height, and maximum height
of the profile; however, this may result in damage of any delicate surface film on
the sample. If the measurements are performed as per ISO4287/4288/25178, and
the instrument is calibrated, then it will be an accurate measurement. However,
they both have a spatial resolution limitation, which generally determine their
accuracy. For the Talysurf, the limiting factor is the resolution of the tip of the
stylus, since deformations or features below a certain size will most certainly be
passed over.
The spatial accuracy of Alicona, on the other hand, is limited by its vertical
resolution. Alicona has the highest magnification of 1000x, which may sometimes
cause loss of data while looking re-entrant topography of the surface. It is also
often incapable of picking up the data from smooth surfaces and reflective
surfaces since it can only plot the data points as long as it is able to perform a
comparison between adjacent areas, and it may also plot false data such as spikes
rather than void (black) data holes if illumination is poor, which should be avoided
as much as possible. In case there are sediments, corrosion products, micro
scratches and burrs existing on the sample surface then Alicona cannot
differentiate and do selective volume loss, which again causes deviation from the
result. It may also manifest its own roughness and waviness of the surface when
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using lower magnification or highly reflective surface, which was applicable for
the experiments undertaken. The absolute precision (and not the accuracy) limit
for the Alicona is ~10 nm, which can be extracted from the repeatability of the
measurements on a sample.

4.3.4. Synergy experimental measurements
4.3.4.1. Cavitation erosion measurement
The first test conducted was the pure erosion test using two different methods,
first was by using distilled water as the medium, and second, by applying cathodic
protection to the samples in 3.5% NaCl solution. Using the first method, the
prepared samples were cavitated in 5 L of stagnant distilled water for 1 h.
For the pure erosion tests performed under cathodic protection, the sample
materials were connected to the GAMRY Reference 600 potentiostat.
Potentiostatic tests were conducted, where current was applied to the samples at
constant potentials in order to make them more cathodic, which were attained
from the polarisation curves of each material. The erosion test was conducted in
3.5% NaCl solution.
The weight of the sample was recorded both before and after each experiment for
gravimetric analysis. The samples were also analysed under Alicona and Talysurf
to obtain the surface roughness, mean depth of penetration, volume loss and the
subsequent volumetric mass loss incurred. SEM was then finally used to examine
the cavities formed.
4.3.4.2. Electrochemical measurements
For the pure corrosion test the samples of the test materials were prepared the
same way as for pure erosion, by wet-polishing with 1200 and 4000 grit SiC paper,
and connecting to GAMRY potentiostat, as shown in Figure 4.7, as mentioned in
section 4.3.1. For the electrochemical tests, the samples were equipped with a
metallic wire that could be connected to the potentiostat using the cell cables. The
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electrochemical measurements included measuring the open circuit potentials
(OCP), as well as the electrochemical impedance spectroscopy (EIS) with and
without cavitation. OCP is the difference in the electrical potentials between the
working electrode and the reference electrode when there is no current or
potential existing in the cell.
The aqueous solution used for the electrochemical measurements was 5 L of 3.5%
NaCl solution. EIS was also gathered for the two samples to understand the
corrosion resistance behaviour of the materials. Impedance, like resistance, is a
measure of the ability of a circuit to resist the flow of electrical current, but in more
complex conditions. Hence, EIS is a method that measures or evaluates the energy
dissipation properties of an electrochemical cell. Electrochemical impedance of an
electrochemical cell is generally measured using small excitation signals by
applying an AC potential to the cell and then measuring the current through it.
The parameters for conducting the OCP and EIS tests were set and the
electrochemical experiments were performed in the Gamry Framework software,
whereas and the data obtained were analysed in the Gamry Echem Analyst
(software). Table 4.7 tabulates the parameters used for the tests. The total test
time was set for 1 h and 10 min, 1 h for the OCP test and 10 min for the EIS test.
Experimental parameters
Initial Frequency

100000 Hz

Final Frequency

0.1 Hz

AC Voltage

10 mV rms

Sample Area

6.25 cm2

Estimated impedance range

50 ohms

Total Time

4200 s

Table 4.7: Parameters defined for the electrochemical experiments.
The input sequence for the electrochemical test was:
Open circuit potential -> 10 s delay -> potentiostat EIS -> 10 s delay
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Once the sequence was set and the parameters given, the experiment was
conducted. The sample materials were expected to undergo redox reactions
during the electrochemical experiments as shown from Equations 4.8 - 4.11 taking
place in the electrochemical cell.
Anodic reaction:
For NAB,
Cu + Cl- → CuCl + e-

…(4.8)

Cu + 2Cl- → CuCl2- + e-

…(4.9)

For DSS,
Fe → Fe2+ + 2e-

…(4.10)

O2 + 4H+ + 4e- → 2H2O

…(4.11)

And cathodic reaction:
For both DSS and NAB,

In addition to that, potentiodynamic polarization technique was also employed at
a scan rate of 0.167 mV s-1 under static conditions in order to obtain pure
corrosion rate in terms of mass loss by applying Faraday’s laws of electrolysis
(further details in chapter 6 and 7). Electrochemistry, in conjunction with weightloss analysis, was also conducted to determine the total material loss and also to
try and understand the contribution of pure corrosion to the combined erosioncorrosion.
4.3.4.3. Combined measurements
In the past, the electrochemical tests conducted by others used potentiodynamic
polarization curves, EIS, linear polarization resistance, and the corrosion potential
with and without cavitation. However, these experiments were all conducted
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separately, with the samples tested for cavitation and then tested for corrosion.
But to understand the corrosion behaviour of the materials while under
cavitation, it was important to run the experiments at the same time, i.e. cavitation
while being corroded electrochemically. Hence, the samples were tested for
cavitation at OCP for the current research along with EIS. For the erosioncorrosion test the samples were cavitated in 5 L of 3.5% NaCl solution while kept
under OCP for 1 h as explained in section 4.3.1, with the same electrochemical
arrangements as pure corrosion tests (Figure 4.13). The corrosion test preceded
cavitation test by 10 min, after which the cavitation was applied.
The samples were then analysed under both Alicona and Talysurf to obtain the
surface roughness, maximum depth of penetration, volume loss and the
subsequent volumetric mass loss incurred to compare with the pure erosion
results. Again, the weights of the samples were recorded both before and after
each experiment with a precision weighing machine.

4.4. Summary
The chapter examines the ultrasonic vibratory cavitation experiment conducted
to obtain the synergistic effects existing between the cavitation erosion and
corrosion for the two sample materials used, DSS and NAB. The material
properties of the two sample materials, given by the supplier, Lloyd’s Register,
were recorded and their chemical properties analysed theoretically.
An indirect ultrasonic cavitation rig, standardized under ASTM G-32, was used as
the test rig that consisted of the sonotrode functioning at a frequency of 20 kHz,
and peak-to-peak amplitude of 80 μm ± 0.2 μm. The ultrasonic vibratory
sonotrode requires special attention for the design geometry and selection of the
horn, which greatly affects the performance as well as the efficiency of the
ultrasonic machining system depending on the type of function.
18 propeller material samples in total, 12 for NAB and 6 for DSS, were prepared
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for pure erosion, pure corrosion and the combined erosion-corrosion tests. The
samples surfaces were prepared by wet polishing with 800-, 1200- and 4000-grit
SiC papers, then washed with distilled water and methanol before blow-drying.
For oxide film formation, 6 NAB samples were left in individual zip-lock bags for a
week, and 6 other samples were immersed in 3.5% NaCl solution for 3 months.
The samples were then weighed using precision weighing machine before and
after each tests for mass loss analysis. For SEM microstructure analysis, the
samples were etched with Kalling’s no 2 etchant. The samples were characterized
before the tests under SEM and EDS to obtain their chemical composition and
microstructural characteristics.
The samples were tested for cavitation erosion in 5 L of distilled water. They were
then connected to GAMRY Reference 600 potentiostat for pure corrosion under 5
L of 3.5% NaCl aqueous solution using in-situ electrochemistry kept at OCP. And
finally for cavitation erosion-corrosion, the test samples were tested in 3.5% NaCl
solution with in-situ electrochemistry kept at OCP. The time period of each test
was 1 h, and the test liquids used were distilled water for the pure erosion test,
while the other two were conducted in 3.5% NaCl solution. The gap between the
ultrasonic vibratory horn and the sample materials were kept constant at 2 mm.
Several parameters such as temperature, pH, mass loss, surface roughness and
volume loss were measured before and after each test. Precision weighing
machine, Alicona, Talysurf and Scanning electron microscopy were used to obtain
the various measurements required to conduct the experiment.
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Chapter 5:
Cavitation erosioncorrosion results and
material characterization
Following the methods described in chapter 4, this chapter aims to explain the
results obtained after conducting intensive cavitation erosion and erosioncorrosion studies for the selected marine materials, i.e. 2205 DSS and as-cast NAB,
using microstructural and topographical analyses. The cavitated materials were
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observed under the optical microscope, analysed for roughness and wear scar
profiles using Alicona and talysurf, and characterized microstructurally using
SEM. Erosion rates for each material, and their material behaviour to 1 h of erosion
and erosion-corrosion were also observed and reported.
It was observed that during the cavitation erosion tests the specimen surfaces as
well as the titanium alloy probe tip were prone to erosion resulting in surface
roughness and material loss. Figure 5.1 shows the before and after images of the
probe tip under cavitation.
After 1 h of test the surface of the sonotrode seemed to erode, and the tip surface
appeared to erode further with time. Probe tip erosion can lead to a significant
reduction in the aggressiveness of the flow in the gap between the probe and
specimen, affecting both the erosion rate and the pattern of erosion on the
specimen, as also observed by Reddy [33]. Hence, to obtain consistent repetitive
result, the probe tip was machined using lathe to 6 μm surface finish before each
test.

Fig 5.1: Sonotrode tip (a) Before the test; (b) After 5 h test.

For the erosion and erosion-corrosion test the test samples had three easily
distinguishable damage regions on their cavitated surfaces with concentric rings
of cavitated and non-cavitated regions formed around a centrally damaged area
(see Figure 5.2).
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Fig. 5.2: Cavitated surface of DSS in 3.5% NaCl solution after 1 h of test.

This phenomenon may be attributed to the natural resonant frequency and the
dynamic properties of the sonotrode itself [184]. Due to this, as stated by Chahine,
Franc and Karimi in their laboratory tests of cavitation erosion, in an indirect
cavitation method the cloud would have a cylindrical form between the sample
and probe tip, and collapsed quasi-cylindrically [124]. As also observed and noted
by Hammitt and Zhou in their study, 3 distinct wear regions were found on the
samples; a central damage region, the transition region, and an outer most rim
region. They found that the rim region did not have any noticeable damage due to
insufficient pressure oscillations (edge effects), and the main concentration of the
damage acted towards the centre of the sample because the pressure oscillation
being greatest along the specimen’s axis. Zhou also observed under SEM that the
erosion in the transition region was not uniform [73].
The total cavitated diameter was measured to be 15 mm across for both the
materials. The diameter of the ultrasonic probe tip being 15.9 mm, the erosion
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area on the specimen was smaller than the cross section area of the probe itself by
0.9 mm. This difference could be attributed to the band of un-eroded area
observed around the circumference of the probe. There was a gradual increment
in the temperature of the liquid medium from 16 °C – 17 °C up to 22 °C after
cavitation for a duration of 1 h for all the tests exhibiting the emission of heat
during the cavitation process. This temperature rise could exponentially enhance
the electrochemical reaction on the samples. However, the pH value remained
constant between the ranges of 7.5 - 8.5, throughout the experiment.

5.1. Cavitation erosion rate
Erosion rate tests were conducted for DSS and air-formed filmed NAB samples
each using the ultrasonic cavitation rig at 19.5 kHz frequency and 80 μm ± 0.2 μm
peak-to-peak amplitude. The standoff distance between the test sample surface
and the sonotrode tip was kept at 1 mm, based on the observations made by Reddy
showing maximum mass loss at a standoff distance of 1 mm between the sample
and the probe tip (see Figure 4.4). The samples were tested for 5 h each, and the
trend obtained was compared with the typical trend obtained for cavitation
erosion in Figure 2.7. The results were found to be consistent with the
observations of Reddy in reference [33].
For both the materials, the overall trend was observed to be similar to the classical
cavitation erosion S- curve. Figure 5.3 and 5.4 show the cumulative mass loss
trends for DSS and air-formed oxide filmed NAB samples.
In Figure 5.3, it can be seen that initially DSS exhibited low erosion rate. Between
5800 s and 10800 s, NAB exhibited higher mass loss rate over DSS. However, upon
reaching 10800 s (3 h), the DSS samples started to erode drastically, entering its
accelerated erosion phase (as defined in Figure 2.7). The mass loss rate for DSS
increased, surpassing the mass loss rate of NAB. Whereas, the air-formed filmed
NAB sample displayed a more gradual erosion rate trend.
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Fig. 5.3: Cumulative mass loss vs. time erosion wear rate for NAB and DSS in 3.5%
NaCl solution under cavitation.
On closer inspection of the incubation period of the trends obtained (Figure 5.4),
it was seen that DSS exhibited longer incubation period, lasting up to 60 s, than
the air-formed filmed NAB sample, which had an incubation period of about 30 s.
Although, it must be noted that the results obtained for the first 60 s of
measurements were within the resolution of the balance (± 0.01 mg).
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Fig. 5.4: Cumulative mass loss vs. time erosion wear rate during incubation period
for NAB and DSS in 3.5% NaCl solution under cavitation.

Additionally, cumulative mass loss rate trends for DSS and NAB cavitated in 3.5%
NaCl solution for 5 hours were also obtained. Figure 5.5 shows the cumulative
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mass loss rate vs. time plot for over 5 h of cavitation in 3.5% NaCl solution. Also
Figure 5.6 for the duration of the incubation period for DSS and air-formed oxide
filmed NAB samples.
Similar to the cumulative mass loss trend, the cumulative mass loss rate vs. time
curves showed that the trend-line for air-formed filmed NAB was more gradual
compared to DSS. Whereas, DSS exhibited lower mass loss rate over time, until 3
h, after which the mass loss rate accelerated and surpassed that of NAB.
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Fig. 5.5: Cumulative mass loss rate vs. time for NAB and DSS in 3.5% NaCl solution
under cavitation.

Again, a closer analysis of the mass loss rate vs. time plot (Figure 5.6) during the
incubation period was done. The cumulative mass loss rate was much lower for
DSS, by a factor of 7, as compared to the air-formed filmed NAB sample, which had
an incubation period of about 30 s. The mass loss rate for NAB, as seen, shows that
the trend declined at a faster rate than the trend line for DSS, whereas DSS showed
a more steady state erosion rate for the first 5000 s.
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Fig. 5.6: Cumulative mass loss rate vs. time during incubation period for NAB and
DSS in 3.5% NaCl solution under cavitation.
5.1.1. Nickel aluminium bronze
The periodic erosion rates for both air- and water-formed oxide filmed NAB
samples were also recorded photographically via optical microscopy. From the
pictures obtained, the gradual mass loss was observed in the form of increase in
cavities, both in size and number, over the period of 5 h in 3.5% NaCl solution.
5.1.1.1. Air-formed oxide filmed NAB
Figure 5.7 shows the optical image of a NAB sample after 1 week of air-formed
oxide film formation, with distinct microstructures, before subjecting to cavitation
in 3.5% NaCl solution.
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Fig. 5.7: Microstructure of air-formed oxide filmed NAB before cavitation as seen
under the optical microscope.
Figures 5.8 (a)-(f) show the optical images of air-formed oxide filmed NAB surface
under cavitation in 3.5% NaCl solution over time, taken from the centre of the
erosion scar as this was the region of most aggressive damage, as observed in
Figure 5.2. In Figure 5.8 (a) the sample microstructure was seen to have islands of
light brown oxide layer, especially in the alpha phase regions, after 30 min of
cavitation in 3.5% NaCl solution. This meant the removal of oxide layer from the
sample surface especially from around the phase boundaries. After 1 h of
cavitation, (as seen from Figure 5.8 (b)), the microstructure seemed to undergo
cavitation erosion as well as selective phase attack at the phase boundaries.
On further cavitation, the cavities seemed to grow larger from 10 μm to 80 μm in
size as the overall surface seemed to grow rougher over time after 2, 3, 4 and 5 h
of cavitation (Figure 5.8 (c)-(f)). Figure 5.8 (e) seemed to have large cavities of
about 40 μm – 80 μm in sizes after 4 h of cavitation, and the number of cavities
seemed to increase by 5 h of cavitation, as seen in Figure 5.8 (f).
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Fig 5.8: Optical images of the progression of cavities on the central region of the
air-formed oxide filmed NAB after cavitation erosion for (a) 30 min, (b) 1 h, (c) 2 h,
(d) 3 h, (e) 4 h, and (f) 5 h in 3.5% NaCl solution, showing the increasing roughness
of the surface, and growth in cavity sizes with time.

5.1.1.2. Water-formed oxide filmed NAB
Similarly, Figures 5.9 (a)-(f) show the optical images of water-formed oxide filmed
NAB surface under cavitation in 3.5% NaCl solution over the time period of 5 h,
again taken from the central region of the wear scar. Comparing to the uncavitated
surface of NAB samples with protective water-formed oxide layer seen in Figure
5.7 (b), the sample surface was seen to become perforated after 30 min of
exposure to cavitation in 3.5% NaCl solution, as seen in Figure 5.9 (a). This
indicated initiation of pits of sizes 5 μm – 10 μm. After 1 h of cavitation, the
protective oxide film was partially removed from the sample surface, as seen from
Figure 5.9 (b), whence the microstructure of NAB began to appear distinguishable.
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Fig 5.9: Optical images of the central region of NAB with water-formed oxide layer
subjected to cavitation erosion for (a) 30 min, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, and
(f) 5 h in 3.5% NaCl solution, showing the periodic removal of oxide film, increasing
roughness of the surface, and growth in cavity sizes with time.
After 2 h of cavitation erosion, the substrate microstructure seemed to become
more and more distinguishable, with clear phase boundaries (Figure 5.9 (c) and
(d)). The prolonged period of oxide removal is attributed to the mechanical
properties of the oxide layer. Aluminium oxide is ceramic-like hard material,
generally harder than the NAB substrate, between 1400 HB – 1800 HB, with up to
630 MPa UTS [206]. However, it is also much more brittle than the substrate.
Further removal of the protective oxide layer, along with formation of 20 μm – 40
μm large cavities in size occurred after 4 h of cavitation. The number of cavities
seemed to increase, and also, there was clear selective phase attack observed at
the phase boundaries (Figure 5.9 (e)).
Once the protective oxide layer was completely remove, there was a rapid erosion
of the substrate and the sample surface appeared to undergo drastic erosion, and
the surface appeared much rougher than at 4 h, with the microstructure no more
distinguishable, see Figure 5.9 (f).
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5.1.2. Duplex stainless steel
The optical images of the DSS microstructure before subjecting to cavitation
erosion is shown in Figure 5.10, with distinct ferrite and austenite phases in the
duplex microstructure of DSS.

Fig. 5.10: Microstructure of 2205 duplex stainless steel.

Fig 5.11: Optical images of the central region of a DSS sample subjected to
cavitation erosion for (a) 30 min, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, and (f) 5 h in 3.5%
NaCl solution, showing the increasing roughness of the surface, and growth in
cavity sizes over time.
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To obtain the erosion mass loss rate for DSS, three samples were prepared for 5 h
of erosion with mass loss measurement taken at periodic intervals of 30 min.
Photographic records of the evolving surfaces are shown in Figure 5.11 for test
conducted for 30 min, 1, 2, 3, 4 and 5 h, consecutively. Figure 5.11 (a)-(f) show the
cavitated surfaces of the DSS samples, eroded over a period of 5 h in 3.5% NaCl
solution. The images were taken from the central region of the wear scar. As seen
from Figure 5.11 (a), after 30 min of cavitation in 3.5% NaCl solution, the sample
surface seemed to have light erosion, with the surface roughness increasing from
52 nm before cavitation to 100 nm (as observed under Alicona). In Figure 5.11 (b)
and (c) the surface underwent further deformation due to the violent implosion of
cavitation bubbles, starting from the phase boundaries with formation of cavities.
The surface roughness, measured using Alicona after 1 h of cavitation in 3.5% NaCl
solution was found to be 164 nm.
Over the next course of 5 h cavitation in 3.5% NaCl solution, the surface roughness
was observed to increase drastically up to about 9 μm as measured after 5 h of
cavitation, with increment in the cavity sizes. The cavitation was seen to affect the
ferritic-austenitic phase boundaries, with visible deformation of the boundaries
(which appeared to be plastic in nature). As seen from the erosion rate graph
(Figure 5.3), after 3 h of cavitation, the surface appeared to undergo drastic
change, with large cavities, up to 100 μm, and higher surface roughness
manifesting on the surface (Figure 5.11 (d)-(f)). This indicated the accelerated
material loss of DSS once it reached the accelerated erosion rate period.

5.2

Surface profilometry
5.1.1 Talysurf surface profilometry

After conducting the cavitation tests on the DSS and air-formed filmed NAB
samples, the surface profilometry and average roughness (Ra), and mean depth of
penetration (MDP) were measured using both Alicona and Talysurf. Data was not
taken for water-formed filmed NAB samples in order to avoid damaging the oxide
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surface due to the contact nature of the measurement.
For Talysurf measurement, as mentioned in section 4.3.3.1, 6 samples of each
material were measured three times at three different orientations, horizontally,
vertically, and across at 45° angle. Figure 5.12 shows the surface roughness and
individually labelled damage regions of DSS sample after undergoing cavitation in
distilled water obtained using Talysurf [18].

Fig. 5.12: Talysurf surface roughness profilometry at the centre of the cavitated
surface of DSS in distilled water after 1 h of test [18].
Taking the average from the measurements, the average roughness (Ra) and the
quadratic mean square (Rq) roughness were tabulated in Table 5.1.
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Pre-cavitation
Sample

Ra,

Material

(in nm)

Ra, (in μm)
Distilled

3.5%

Distilled

3.5% NaCl

water

NaCl sol.

water

sol.

0.109

0.194

0.243

0.270

± 0.004

± 0.003

± 0.003

± 0.002

0.152

0.180

0.183

0.250

± 0.002

± 0.004

± 0.002

± 0.003

Air-formed oxidefilmed NAB

49 ± 5

Duplex Stainless
Steel

52 ± 5

Rq, (in μm)

Table 5.1: R a and R q for NAB and DSS measured after 1 h of cavitation
using Talysurf.
5.1.2 Alicona surface profilometry
The second surface metrology instrument used was Alicona InfiniteFocus Mark 4.
It was found that due to the mirror polish given to the samples before the test and
since both the samples showed good resistance to erosion as well as corrosion, the
magnification was kept at the highest value of 1000x under polarised light in order
to get the best results. As mentioned in section 4.3.3.2, the polished uncavitated
surface was considered as the datum, and the z-axis values (min and max) were
set by moving the microscope to and fro vertically within microns, covering all the
asperities and valleys of the cavitated surface within the range. The surface
topography was then obtained by scanning the sample surface laterally across the
diameter. The green line denotes the datum for each profile.
Figure 5.13 (a) shows the wear profile of DSS cavitated for 1 h in distilled water.
From the profile it can be seen that the DSS cavitated in 3.5% NaCl solution (Figure
5.13 (b)) had comparatively higher erosion profile and hence, higher surface
roughness as tabulated in Table 5.2.

142

(a)

(b)
Fig. 5.13: Wear scar profile of DSS after cavitation in (a) distilled water, and (b) in
3.5% NaCl solution for 1 h obtained using Alicona 3D profilometer.

Figures 5.14 (a) and (b) show the wear profile of air-formed oxide filmed NAB
sample cavitated for 1 h in distilled water, and in 3.5% NaCl solution, respectively.
Again, as seen for DSS, the wear profile of the air-formed oxide filmed NAB
cavitated in 3.5% NaCl solution (Figure 5.14 (b)) exhibited much higher erosion
profile (almost double), compared to the profile obtained in distilled water, and
hence, higher surface roughness (also tabulated in Table 5.2). From the scar
profiles obtained, it was evident that air-formed filmed NABs underwent more
erosion as compared to the DSS samples.

143

(a)

(b)
Fig. 5.14: Wear scar profile of air-formed oxide filmed NAB after cavitation in (a)
distilled water, and (b) in 3.5% NaCl solution for 1 h obtained using Alicona 3D
profilometer.
Volume analysis and MDP methods were only used for DSS and air-formed filmed
NAB samples since water-formed filmed NAB samples could not be accurately
analysed, especially due to the thick layer of porous and fragile oxide film. Table
5.2 tabulates the measured values of Ra, MDP and volume loss for the air-formed
oxide filmed NAB and DSS samples under each condition.
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Material

Average surface roughness Ra

Mean depth of

Measured volume loss

(in μm)

penetration (in μm)

(in mm3)

Pre-

Distilled

3.5%

Distilled

3.5%

Distilled

cavitation

water

NaCl sol.

water

NaCl sol.

water

NaCl sol.

Air-formed

0.063

0.153 ±

0.165

0.645

0.955

0.115 ±

0.169 ±

filmed NAB

± 0.003

0.003

± 0.004

± 0.005

± 0.005

0.005

0.003

0.056

0.113 ±

0.163

0.460

0.598

0.081 ±

0.106 ±

DSS

± 0.005

0.003

± 0.003

± 0.002

± 0.005

0.005

0.004

Water-

0.238

2.000

5.500

formed

± 0.100

± 0.500

± 1.50

used

-

3.5%

-

filmed NAB

Table 5.2: Average roughness, mean depth of penetration and volume
loss measured after 1 h of cavitation using Alicona.
The average surface roughness values (Ra) of the five water-formed oxide film on
NAB samples were measured to range between 140 nm – 240 nm before
cavitation. And it was measured to be about 2.0 μm ± 0.50 μm for samples
subjected to cavitation under pure erosion, and about 5.50 μm ± 1.50 μm.

5.3

Microstructural analysis
5.3.1. Cavitation results
5.3.1.1 Duplex stainless steel

As observed under optical as well as electron microscopes, the morphologies of
DSS under both distilled water and NaCl solution were almost the same with no
visible corrosion product (Figure 5.15 (a) and (c)).
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(a)

(b)

(c)

(d)

Fig. 5.15: Cavitated region of DSS obtained under an optical microscope (a) in
distilled water; (b) cavity of 10-μm size under distilled water after 1 h; (c) in 3.5%
NaCl solution; and (d) 20 μm – 50 μm cavities obtained in 3.5% NaCl solution after
1 h.
The surface of the sample seemed to undergo plastic deformation due to the rapid
and constant hammering of collapsing bubbles, making the surface rough within
1 h. The cavity sizes formed varied from 5 μm – 10 μm in size under distilled water.
However, on comparing the cavity sizes with those obtained under 3.5% NaCl
solutions, the cavities formed under the combined cavitation erosion-corrosion
conditions were increased in size, up to 20 μm – 50 μm, as seen in Figure 5.15 (c)
and (d) [18].
The roughness of the cavitation-eroded surface may be attributed to plastic
deformation, material extrusion, and possible work hardening of the surface. The
SEM analysis of the cavitated surface showed that the combined cavitation
erosion-corrosion attack was rather selective, with cavities attacking the ferrite146

austenite grain boundaries, extending into the soft ferritic phases as obtained
after cavitation in 3.5% NaCl solution after 1 h, as seen in Figure 5.16. From this,
it was confirmed that erosion of DSS was enhanced due to corrosion, as
demonstrated via microstructural analysis. On closer analysis of the sample
surface, i.e. at a higher magnification, several small pits were seen especially
attacking the ferritic matrix, with cavities seen at the grain boundaries and polish
lines.

Fig. 5.16: The SEM image of DSS surface after 1 h of cavitation in 3.5% NaCl
solution with pitting and cavities of sizes 5 μm – 10 μm.
Also, Figure 5.17 (a) and (b) show clear ductile striation patterns on the surface of
a 50-μm large cavity, obtained by cavitating the DSS sample for 1 h in 3.5% NaCl
solution. This indicated the existence of plastic deformation, especially due to
fatigue failure or cyclic mechanism of cavitation erosion, which have also been
observed in previous studies by Gould [224].
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Fig. 5.17: Striation marks within the cavity of the size 100 μm obtained by after 1 h
cavitation in 3.5% NaCl solution.
Figure 5.18 shows a 40 μm x 70 μm large cavity formed in DSS under the 3.5%
NaCl solution, where ductile failure can be seen in the form of extrusion, especially
of the austenitic phase, at the cavity boundary. Also visible are tiny microcracks
and cleavage-like facets in the magnified image in Figure 5.18 (b).

(a)

(b)

Fig. 5.18: SEM image of (a) plastic deformation at cavitation damaged edge for
DSS in 3.5% NaCl solution, (b) detailed magnified image of plastic deformation at
the cavity edges in (a) [18].
Transverse sectioning of DSS is shown in Figure 5.19, as obtained after cavitation
erosion-corrosion for 1 h in 3.5% NaCl solution. The figure shows that most of the
ferritic (dark) matrix were eroded away, leaving the (light) austenitic grains onto
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the surface. Ferrite is more easily eroded than austenite. The smaller amount of
ferrite remaining at the surface of both duplex stainless steels is an indication of
the susceptibility of the ferrite to cavitation erosion. This has also been observed
for other grades of duplex and super duplex stainless steels by Kwok, Man and
Cheng [225], [226].

Erosion of ferritic matrix leaving behind
austenitic islands in the cavitated regions

Fig. 5.19: Transverse of the DSS cavitated in 3.5% NaCl solution for 1 h.
5.3.1.2 Air-formed oxide filmed NAB
As seen in the SEM morphology of air-formed filmed NAB, the microstructure
exhibited the lighter α-phase with dark dendritic intermetallic κIII phases
distributed in the copper rich α-matrix, and many visible Fe-rich κI and κII
precipitates around the boundaries. Interfaces between the matrix, intermetallic
and grain boundaries are generally the weak (softer) regions in the
microstructure of metallic materials that are more likely attacked by the
cavitation. Also, considering the galvanic corrosion of multiphase alloys, the NAB
is seen to undergo selective phase attack at the narrow band of grain boundaries
between the α-κIII lamellar phase boundary, from there spreading on to the κIII
phase itself [213], [214].
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From the cavitation tests conducted for the air-formed oxide filmed NAB in
distilled water, as well as 3.5% NaCl solution, microstructural characterisations
were obtained via SEM. Figure 5.20 (a) shows the morphology of NAB under
cavitation in distilled water. Small cavities of sizes 10 μm – 30 μm were found in
the grain boundaries (see Figure 5.20 (b)) as it was established that the soft αmatrix, especially surrounding the hard iron-rich κ phases, seemed to be most
vulnerable to cavitation attack. The κ-precipitates and precipitate-free α-zones did
not suffer any visible cavitation after 1 h of cavitation test in distilled water, as also
reported in ref [18].
Comparatively, for the cavitation erosion-corrosion test in 3.5% NaCl solution, the
SEM image of cavities were recorded to be much larger ranging between 50 μm –
80 μm, showing selective phase attack at the α-κ phase boundaries leaving κI
globules and κIII lamellar phases exposed, seen in Figure 5.20 (c).
Figure 5.20 (d) shows the magnified image of one of the cavities on NAB tested in
3.5% NaCl solution. It was also found that the materials underwent selective
cavitation erosion-corrosion attack in 3.5% NaCl solution at the α-κIII phase
boundaries as seen in Figure 5.20 (c) and (d). Hence, the regions with high
lamellar κIII phases were most susceptible. Also seen in Figure 5.20 (d) are κphases exposed due to the surrounding soft α-phase eroded away [202], [203].
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(a)

(b)

(c)

(d)

Fig. 5.20: SEM images of (a) small boundary erosion on air-formed filmed NAB at a
magnification of 1500x in distilled water; (b) shows the magnified image of the
cavities of size 10-μm at the selected area in (a); (c) SEM image of a 50-μm large
cavity on the sample surface undergone cavitation erosion-corrosion in 3.5% NaCl
solution; and (d) the magnified image of a cavity in (c) showing selective phase
attack at the α-κ phase boundaries leaving κI globules and κIII lamellar phases
exposed [202], [203].

Many factors may contribute to the results seen, such as the softer composition of
the α-phase compared to much harder intermetallic precipitates, suggesting the
α-phase to be more susceptible to cavitation erosion. To understand the
microstructural behaviour of NAB, the tested samples were etched with Kalling’s
no. 2 etchant, and then observed under the SEM [202].
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Selective phase grain boundary attack was observed, which could indicate that
electrochemical dissolution within the structure may contribute in the cavitation
damage. Another reason for the selective attack may be due to the cathodic
behaviour of Fe-rich phase when compared with the α-phase which may induce
galvanic corrosion. In addition to that, little spherical globules were found to have
formed around the cavities that were verified under EDS to comprise of κIV phase
as shown in Figure 5.21 [202].
For further characterization of the cavities, transverse sectioning of the samples
were done, and observed under the SEM. Figure 5.21 (a) and (b) show the
transverse cavitation erosion pattern on the surface after 1 h of testing in distilled
water, detailing a cavity formed due to the erosion of the α-phase at the α-κ phase
boundary [202].

(a)

(b)

Fig. 5.21: SEM images of NAB sample cavitated for 1 h in distilled water: (a)
transverse-sections of a cavity; (b) detailed magnified image of cavities in (a)
exhibiting crack growth and propagation along the α-κIII phase boundaries [202].

Comparatively, the transverse section of the cavitation erosion pattern in an airformed oxide filmed NAB sample is shown in Figure 5.22 (a) and (b) obtained in
3.5% NaCl solution. From the figure it was evident that the most vulnerable site of
attack was mostly at the α-κ phase boundaries. Once the cavitation erosion took
place, several micro-cracks initiated at these erosion sites, and from there on
propagated into the microstructure, especially along the α-κ grain boundaries.
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Also, several subsurface cracks were observed (Figure 5.22 (a)), however the
origin and mechanism of these cracks are not fully determined. Again, the κprecipitates and precipitate-free α-phase zones were found to suffer no visible
cavitation after 1 h of cavitation test in 3.5% NaCl [18], [202].

(a)

(b)
Fig. 5.22: SEM images of transverse sections of NAB after 1 h of cavitation erosioncorrosion test in 3.5% NaCl solution with air-formed film showing crack
propagation along the α-κIII phase boundaries and plastic deformation [203].
From these results, it was clear that although the air-formed filmed NAB suffered
erosion in pure erosion conditions such as cavitation in distilled water, it suffered
further erosion much more adversely under the combined influence of corrosion
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in 3.5% NaCl solution. From this, it was confirmed that material underwent
corrosion-enhanced erosion, as demonstrated via the microstructural analysis.
Figure 5.23 (a) and (b) show the optical images of the transverse section of an airformed filmed NAB surface cavitated in 3.5% NaCl solution for 1 h. Figure 5.23 (a)
shows a series of cracks formed under the surface up to a depth of 150-μm and
interesting crack formation linking the κI-κII phase boundaries, especially beneath
the largest cavity, about 50-μm in size. Figure 5.23 (b) shows the magnified image
of the crack feature, which suggests failure along slip planes. There are a number
of stresses acting upon the surface, such as the tensile/compressive shear stress
due to the repetitive loading of the cavitation cloud, which may also cause
subsurface shear stress build-up, as well as the material property itself that may
mitigate cracks along the weakest grain boundaries, and several subsurface
cracks, as seen in Figure 5.23 (a) [203].

(a)

(b)

Fig. 5.23: Optical images of: (a) dendritic surface and potential subsurface cracks;
and (b) detail of the selected area in (a) of surface cracks forming along the grain
boundaries, linking κI and κII, after 1 h of cavitation erosion-corrosion test in 3.5%
NaCl solution [203].
The formations of the subsurface cracks are speculated to be due to the interaction
between the slip lines of the Cu-rich matrix and the hard secondary phases. Due
to the multi-phases with differences in the hardness, combined with the
accumulate subsurface strain, lower fracture toughness of the softer phase against
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the hard phases with higher mechanical property gives way to stress
concentration at the grain boundaries, which then eventually results in the failure
under cyclic impact stress generated by the cavitation clouds. And hence, causing
the subsurface cracks [203].
However, it should not be disregarded that these cracks may in fact be initiating
somewhere on the surface and propagating along the weak grain boundaries with
low fracture toughness and into the surrounding microstructure. Further detailed
sectioning and characterization of these cracks would be required to explain these
cracks, their mechanisms and the crack initiation processes [203].
5.3.1.3. Water-formed oxide filmed NAB
Figures 5.24 (a) and (b) show the transverse section of NAB sample with a thick
layer of water-formed oxide layer above the substrate formed after 3 months of
immersion in 3.5% NaCl solution showing crevice and selective phase corrosion
attack 50-μm deep below the surface. The composition of the layer, obtained in
EDS, mostly comprised of Cu, Al and O. Corrosion mainly took place at the α-κIII
lamella eutectoid phase boundaries on the surface, and its corroded depth was as
deep as 20 μm – 40 μm beneath the exposed surface, propagating deeper into the
substrate (as shown in Figure 5.24 (b)). The oxide film formed in air was barely
visible to the naked eye but was found to be less than 2 nm. Whereas, the thickness
of the oxide layer formed in 3.5% NaCl solution was found to have a thickness of
1000 nm – 1200 nm (Figure 5.24 (b)) [203].
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(a)

(b)
Fig. 5.24: SEM images the oxide film cross-section on the as-cast NAB substrate
used for the research after 3 months of immersion in 3.5% NaCl solution: (a)
selective phase corrosion attack reaching up to 40 μm in depth; (b) the area
selected in (a) showing selective corrosion of the κIII phase under the surface [203].
It should be noted that the thick oxide layer formed after 3 months of submersion
in 3.5% NaCl solution have rough porous surface topography and the thickness of
the layer does not form homogenously throughout the surface. This is considered
to be due to the inhomogeneous distribution of aluminium and copper, the oxide
forming elements in the alloy itself. As reported by Wharton and Stokes, the
thickness of the protective oxide films vary with different aluminium content on
the phases in aluminium bronzes due to the increased electrical insulation of the
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region with thicker aluminium oxide [203], [208]. As found by Wharton and
Stokes, the selective corrosion of the κIII-phase can extend up to a depth of 200 μm
– 300 μm after 6.5 months of immersion. They also found that under crevice
corrosion, the crevice inlet sustained attack at the α-phase of the eutectoid up to a
depth of 20 μm – 40 μm, while the κIII-phase was increasingly more susceptible
further below 40-μm [208].
Figure 5.25 (a) – (d) show the SEM images of the water-formed oxide filmed NAB
surfaces as well as transverse sections of a cavity obtained under E conditions.

(a)

(b)

(c)

(d)

Fig. 5.25: SEM images of water-formed oxide filmed NAB sample under pure
cavitation erosion conditions: (a) showing cavities formed on the sample surface;
(b) magnified image of a cavity on the surface; (c) transverse-sections of a cavity;
(b) detailed magnified image of a cavity in (d) exhibiting crack growth and
propagation along the α-κIII phase boundaries [203].
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As seen from Figure 5.25, the wear mechanism for the water-formed oxide filmed
NAB surface was found to be same as the air-formed filmed sample. However, the
oxide film formation, the film thickness and the impact of corrosion in chloride
solution played a significant role in the cavitation erosion-corrosion behaviour of
NAB immersed in 3.5% NaCl solution for 3 months. The cavities were larger under
both E and T conditions for water-formed filmed samples than for the air-formed
filmed samples.
This is expected since the phase boundaries are considered to already weaken due
to crevice corrosion and selective phase attack. And hence, it is the first site of
attack for cavitation as well. Figure 5.25 (a) shows the cavitation erosion pattern
on the roughened oxide surface, detailing a cavity formed due to the erosion for 1
h in distilled water. On closer analysis under the SEM, the erosion was seen to
expose the α-κIII phase boundaries under the oxide film, shown in Figure 5.25 (b)
[203].
The samples were transversely sectioned, as shown in Figure 5.25 (c) and (d).
Figure 5.25 (c) shows the cross-section of a cavity on the sample surface after 1 h
of cavitation conducted under pure erosion conditions for a water-formed oxide
filmed NAB sample. The cavity was found to be of 30-μm diameter and about 10μm depth, with a large crack propagating into the sample microstructure, as seen
at the right corner. Figure 5.25 (d) shows the magnified details of the crack
(highlighted in (c)) revealing the crack growth and propagation into the
microstructure along the α-κIII phase boundaries [203].
For both E and T conditions, it was seen that the water-formed oxide filmed NAB
surface suffered similar erosion trend. However, the wear scar images obtained
after 1 h of cavitation erosion, with the combined effect of corrosion in 3.5% NaCl
solution showed more aggressive wear pattern and surface roughness. The oxide
film eroded under T conditions more rigorously, exposing the substrate
microstructure more clearly than under E conditions.
The lamellar eutectoid phase boundaries are most suceptible to corrosion attack,
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making them further vulnerable to wear via cavitation erosion. Which
demonstrated the strong significance of the corrosion-enhanced erosion
contribution to the overall damage. Hence, the roughness observed was the
highest in these phase boundaries. In Figure 5.26 (a) the phases can be easily
distinguished, especially after cavitation erosion-corrosion due to selective phase
attack and wear at the α-κIII as well as α-κIV phase boundaries, with the exposed κIV
phases imbedded into the soft matrix (Figure 5.26 (b)) [203].

(a)

(b)

Fig. 5.26: SEM images of the distinguished phase erosion of the oxide filmed sample
in 3.5% NaCl solution after 1 h of cavitation [203].
This was further proven on closer analysis of the eroded microstructure under
SEM. Figure 5.27 illustrates the various different phases within the
microstructure, obtained under SEM for the samples cavitated in 3.5% NaCl
solution after 1 h of test [203].
It is evident from the figure that the softer matrix has been eroded and detached
away, leaving behind small islands of harder iron-rich intermetallic phases
exposed, especially at the highest concentration of grain boundaries. Islands of κI
were seen at the erosion boundaries, whereas threads of κIII were left exposed at
regions with high α-κIII eutectoid phases. Furthermore, particulates of κIV phase
were also seen to become more prominent due to the α-phase erosion at the phase
boundaries [203].
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Fig. 5.27: SEM image of the eroded surface of NAB sample with water-formed
oxide film after combined cavitation erosion-corrosion test conducted in 3.5% NaCl
solution for 1 h [203].
To understand the impact of the cavitation erosion-corrosion on the subsurface
microstructure, the samples were also transversely sectioned and analysed under
SEM. Figures 5.28 shows the cross-sections of the sample surface after 1 h of
cavitation erosion-corrosion test for the water-formed oxide filmed NAB sample.
The cavities were found to be of about 50 μm – 80 μm in diameter and 10 μm – 20
μm in depth [203]. Comparing this to the depth of oxide film formed (~ 1 μm), and
the reported selective phase and crevice corrosion (ranging 20 μm – 40 μm), it
was seen that not only did cavitation remove the oxide layer, but also propagated
into the substrate as deep as the selective phase attacks and the crevice corrosion
sites. Showing that the exposure to 3.5% NaCl solution rendered the substrate
vulnerable to cavitation especially on the weakened sites. And hence, proving that
corrosion indeed enhanced erosion.
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Fig. 5.28: SEM image of transverse section of NAB after 1 h of cavitation erosioncorrosion test in 3.5% NaCl solution with water-formed film showing crack
propagating along the lamellar eutectoid grain boundaries [203].
Figure 5.28 exhibits a large crack with crack length of about 15 μm propagating
into the microstructure distinctly along the α-κIII phase boundaries [203].

5.4

Discussion

From the intrinsic microstructural results obtained, it was evident that the
microstructural properties of each material as well as the individual properties of
each phase in the microstructure played very important roles in determining the
cavitation behaviour of the materials. The microstructure size also played a
significant role, as it was seen that more the grain boundaries (especially in case
of NAB) more the material was vulnerable to boundary erosion and selective
phase attacks. Also, softer phases surrounding the harder phases/intermetallic
were seen to undergo erosion, due to the accumulation of subsurface strain caused
by the repetitive hammering of imploding bubbles, and lower fracture toughness
of the softer phase. This further caused subsurface crack initiation and
propagation along the grain boundaries of phases with differing mechanical
properties. This was true for both DSS and NAB samples. However, apart from
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plastic deformation of the surface under the impact of cavitation, no
microstructural changes were evident that could be observed via SEM, nor
reported in the literature. Perhaps, further crystallographic analyses may add
value to this, if any.
As seen for DSS, increased roughness during the first 30 minutes of cavitation
erosion-corrosion proved the plastic nature of the cavitation mechanism. Striation
patterns and ductile tearing were also seen within the cavities and cavity edges,
which supported the fact that the cavities were indeed a result of plastic
deformation. Furthermore, from the transverse sectioning of the sample, it was
seen that the softer ferritic phase were the first site of attack, leaving behind the
islands of harder austenitic phases. However, since the duplex structure of DSS is
very strong, with large islands of austenite, DSS generally exhibited higher
resistance to mechanical wear due to cavitation. Also, owing to its high chromium
content within the composition, exhibited passivity and high corrosion properties.
However, the cavity sizes observed under combined impact of erosion-corrosion
was larger than that obtained under pure erosion conditions. This is mostly
attributed to the enhancement of mass loss/cavity formation in the presence of
corrosive 3.5% NaCl solution, showing enhancement of erosion especially due to
corrosion. This is further proven in the following chapter that elucidates on the
electrochemical properties of the materials. Also, from the erosion rates it was
seen that DSS exhibited better erosion resistance until 2 h of cavitation, after
which it exhibited higher mass loss rate as compared to the NAB sample, which
showed a more gradual erosion rate trend.
For the air- as well as water-formed oxide films, due to their brittle and porous
nature, combined with the low thickness, it was difficult to obtain the hardness of
the films. However, it has been considered to be of the similar magnitude at the
substrate [206]. As one of the main novelties of the research was to investigate the
cavitation behaviour of NAB with water-formed oxide film, it was observed that
after exposure to 3 months of 3.5% NaCl solution, the substrate underwent copper
dissolution, and reaction with the chloride solution, forming protective oxide films
of aluminium and copper. However, due to this dissolution and oxidation of the
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substrate, the NAB samples underwent selective phase attack and crevice
corrosion in the 3.5% NaCl solution that was observed to penetrate as deep as 50μm. This, in turn, caused the substrate to be more vulnerable to the severe impacts
of cavitation erosion and erosion-corrosion, leading to higher erosion results, as
obtained via mass loss and microstructural evaluation, compared to pure erosion
results. Furthermore, water-formed oxide filmed NABs seemed to exhibit higher
microstructural damage and roughness, evident from both images and average
roughness values obtained using surface profilometry, than air-formed oxide
filmed NABs.
Also seen from the periodic photographical evidence of the erosion evolution of
NAB with water-formed oxide film over 5 h, the oxide film was seen to undergo
pitting for the first 30 minutes, after which it started to undergo oxide removal,
further roughening the surface until the oxide film was completely removed
(between 2 h – 3 h of cavitation), after which, the substrate underwent selective
phase attack along the α-κ phase boundaries and the sites of crevice corrosion.
This assisted in proving the existence of synergy between cavitation erosion and
corrosion, as well as demonstrating that corrosion did in fact enhance cavitation
erosion for both air- and water-formed oxide filmed NAB samples. No significant
β and retained martensitic β’-phases were seen within the cavitated
microstructure of NAB. Moreover, neither of the two phases, if present, were
observed to have any effect on the cavitation behaviour of NAB, both in distilled
water or 3.5% NaCl solution.
From the discussion and results obtained, it can be concluded that in order to
protect a propeller from severe cavitation erosion-corrosion, it is crucial to
immune the materials from corrosion. For materials like NAB that are difficult to
prevent from forming oxide layers on the surface in corrosive environment,
reduction in corrosion may be promoted by either heat-treating the alloy to
remove beta phases (such as NES 747 NAB), adding alloying element that help
increase the passivity of the composition, coating it with a protective oxide or
corrosion resistant material, providing cathodic protection, or coupling it with a
sacrificial anode.
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5.5. Summary
The investigations of tribo-corrosion relationship between wear and corrosion
conducted for DSS and NAB samples with oxide films formed under the two
different conditions, air and immersion in 3.5% NaCl solution were conducted. All
test materials were observed to have roughening of the material surface indicating
the existence of plastic deformation, extrusion, work hardening and high strain, as
verified under the SEM.
It was concluded that for DSS as well as both the types of NAB samples, cavitation
erosion and corrosion had synergistic roles in the combined effects of erosioncorrosion. The surface profilometry, surface roughness and microstructural
morphology were analysed for the samples after the cavitation test. Both probe
tip as well as the sample surfaces were seen to have eroded. Alicona and Talysurf
were both employed to obtain the surface profiles as well as the surface roughness
of the two materials. Alicona was also used to measure the volumetric mass loss
observed for the samples after cavitation and compared with the gravimetric mass
loss results.
DSS generally showed higher resistance to cavitation erosion and corrosion
compared to NAB, especially until 3 h of cavitation test, after which it showed
drastic erosion trend. For DSS, the microstructure underwent selective phase
attack, with the soft ferritic matrix more vulnerable to cavitation than the
austenitic phases. DSS was also seen to undergo ductile failure in the cavitated
zone in the form of extrusion of the austenite at the cavitation pit along with
microcracks and cleavage facets, and striation patterns on the wear scar. It
exhibited higher erosion under the combined effect of corrosion to the cavitation
test, displaying the significant influence of corrosion-enhanced erosion.
NAB was found to be more susceptible to erosion under both the conditions as
compared to DSS with prominent selective cavitation erosion of alpha phase in the
microstructure since DSS is harder than NAB. Both air-formed and water-formed
oxide filmed NAB samples underwent higher mass loss than DSS. And the water164

formed filmed samples seemed more vulnerable that the air-formed oxide film.
NAB samples with both types of oxide films underwent selective phase attack at
mainly the α-κIII eutectoid phase boundaries. The selective phase attack and
corrosion of NAB immersed in 3.5% NaCl solution was more prominent due to the
presence of chloride with the corroded depth reaching up to 20 μm beneath the
exposed surface, propagating deeper into the substrate.
SEM analyses revealed that the wear mechanisms of the cavitated sample surfaces
with both air and water-formed oxide films were found to be similar in nature.
The sample surfaces were seen to undergo selective cavitation erosion-corrosion
attack at the α-phase and the α-κ phase boundaries with ductile deformation
around the cavity while the κ precipitates and precipitate-free α-phase zones were
found to suffer no visible cavitation after 1 h of cavitation test in both distilled
water as well as 3.5% NaCl.
The first site of attack to take place was the α-κIII eutectoid phase boundaries. The
sites of most aggressive attacks exhibited large cracks propagating into the
microstructure along the α-κIII phase boundaries, hence the regions with high
lamellar κIII phases were most susceptible to wear, crack initiation and
propagation. It was also found that softer α-matrix surrounding the hard
secondary phases being more vulnerable to cavitation attack as compared to the
κ phases and the precipitate-free α zones, leaving the islands of harder iron-rich κ
phases to be exposed, especially at the highest concentration of grain boundaries.
κI phases islands and threads of κIII phases were seen at the erosion boundaries.
Also particulates of κIV phase were also seen to become more prominent due to
the α-phase erosion at the phase boundaries. However, the wear features of the
cavitation erosion-corrosion of water-formed oxide filmed sample surfaces were
much more rougher than the wear scars observed for the samples with air-formed
film.
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Chapter 6:
Electrochemical
analysis
Along with the microstructural analyses of the test materials, in order to
understand the mechanical implications of cavitation, it is equally important to
analyse the corrosion aspects of the cavitation phenomenon, as well as the
electrochemical response of the materials to cavitation. Test materials were
subjected to OCP and EIS (with and without cavitation) as well as potentiodynamic
polarization tests. Their corresponding results have been used to characterize the
167

materials based on their corrosion behaviour and properties, especially when
subjected to cavitation.
Also, for the quantification of synergy between cavitation erosion and corrosion,
it was necessary to conduct tests under pure corrosion, as well as combined
cavitation erosion-corrosion conditions, where the materials were subjected to 1
h of corrosion without cavitation, and 1 h of cavitation in 3.5% NaCl solution, kept
at OCP. The main aim was to quantify individual contribution of corrosion and its
influence on erosion. However, the underlying mechanisms occurring during
cavitation erosion-corrosion in conjunction to one another is very complex, and
one cannot be easily isolated from the other. Attempts were made to obtain
quantitative values under each condition, assuming negligible influence from the
other.
This chapter aims to explain the individual electrochemical behaviour of the
sample materials to corrosion, the effect of cavitation on their corrosion
properties and their electrochemical responses, and hence, the validation of
synergistic relation between erosion and corrosion.

6.1. Open circuit potential analysis
6.1.1. Open circuit trends
From the electrochemical tests conducted, OCP curves were obtained for DSS, airformed oxide-filmed NAB, and water-formed oxide-filmed NAB tested under pure
corrosion (C) and erosion-corrosion (T) conditions as shown in Figure 6.1. All the
tests were conducted for 1 h in 3.5% NaCl solution. For the cavitation erosioncorrosion tests, cavitation was applied to the samples after 600 seconds to obtain
the change in the electrochemical behaviour of the sample materials.
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Fig. 6.1: OCP for DSS, air-formed filmed NAB and water-formed filmed NAB in 3.5%
NaCl solution for 1 h with and without cavitation as adapted from references [18],
[202], [203].
Where, Vf is the reference potentials in volts. It can be seen from Figure 6.1 that
under pure corrosion, the measured OCPs slightly shift positively from -0.149 V to
-0.088 V for DSS within 1 h of immersion in 3.5% NaCl solution, but negatively by
0.006 V from -0.207 V to -0.213 V for air-formed filmed NAB.
From the plot, it was also seen that the water-formed oxide filmed NAB had higher
passivation for both pure corrosion and cavitation erosion-corrosion. Figure 6.1
shows that the water-formed filmed NAB gradually shifted negatively (from 0.149 V to -0.165 V) under pure corrosion tests. This may be due mass transfer
through the porous oxide films during its immersion in the 3.5% NaCl solution.
However, compared to this, there is a dramatic negative shift observed in OCP
(from -0.15 V to -0.25 V) upon cavitation impact. The same trend was exhibited by
air-formed filmed NAB sample as well, although the OCP of water-formed filmed
surface was more anodic by 0.02 – 0.05 V than the air-formed filmed surface under
both test conditions. The negative shift and stability was attained more gradually
over time in about 600 s [203].
The OCP of DSS sharply dropped from -0.07 V to –0.375 V once the cavitation rig
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activated, but attained stability within 600 s at a lower value (between -0.47 V to
-0.49 V), which may be attributed to the disruption of the passive layer by
cavitation erosion. Similarly, the OCP for the air-formed filmed NAB samples had
a drastic negative drop from -0.17 V to about -0.3 V on application of cavitation.
The cavitating NAB attained stability within 120 s at a lower potential of -0.31 V
[18]. From these trends, it can be concluded that water-formed filmed NAB
exhibited best stability among the three, and hence, better resistance under
cavitation erosion-corrosion. Both air-formed and the water-formed filmed NAB
attained stability faster than DSS after the application of cavitation.
It may also be noted that under cavitation impact, the OCPs of DSS shifted slightly
to positive with time under both C and T conditions. This may demonstrate that
re-passivation process of DSS under cavitation, thereby, reducing cavitationcaused erosion in long term. However, it was observed to be opposite for NAB with
slight decrease of OCP while under cavitation over time. The cavitated samples
were then observed under the microscope for their surface features. Figure 6.2
show the optical images for the samples before and after 1 h of cavitation erosioncorrosion for all three samples, taken from the central eroded region of the
samples.
Figure 6.2 (a) shows the optical image of the air-formed oxide filmed NAB with the
microstructure similar to that of a polished sample. After 1 h of OCP, air-formed
oxide-filmed NAB was the only one to show a difference in its microstructure. As
seen in Figure 6.2 (b), a slight colouration was seen to form on the microstructure,
suggesting progressive corrosion/oxide formation on the sample material. On
further application of cavitation, cavities of sizes ranging from 20 μm to 50 μm
were visible especially at the α-κ phase boundaries, as seen in Figure 6.2 (c).

170

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 6.2: Optical images of the cavitated region from the central region of the airformed oxide filmed NAB samples (a) before OCP and cavitation; (b) after 1 h of
OCP; and (c) after 1 h of cavitation while kept at OCP in 3.5% NaCl solution. Waterformed oxide filmed NAB (d) before OCP and cavitation, and (e) after 1 h of
cavitation while kept at OCP in 3.5% NaCl solution. And DSS (f) before OCP and
cavitation, and (g) after 1 h of cavitation while kept at OCP in 3.5% NaCl solution.
Comparatively, water-formed oxide filmed NAB and DSS showed no difference
between pre-electrochemical test and after 1 h of OCP test. Hence, only the optical
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images before and after 1 h of cavitation erosion kept under OCP were shown in
Figures 6.2 (d) – (g). Figure 6.2 (d) and (f) are the optical images of water-formed
oxide filmed NAB and DSS before C or T tests. As seen in the figure, both DSS and
water-formed oxide filmed NAB underwent cavitation after 1 h of erosioncorrosion test. While DSS showed roughening of the surface topography (Figure
6.2 (g)), the oxide-film on NAB was partially removed, and there were also cavities
of sizes ranging between 10 μm – 30 μm observed on the surface under the
microscope, see Figure 6.2 (e).
This disruption of the protective layer as well as the material surface by the rapid
and violent implosion of cavitation bubbles, observed both on the OCP trends and
via microscope, was considered to be the cause of the drastic negative shifts of the
corrosion potentials of the materials.
6.1.2. Water-formed oxide filmed NAB
The OCP trend of the immersion filmed NAB was also further analysed in details.
Figure 6.3 shows the OCP trends of air- and water-formed oxide filmed NABs
tested under static corrosion conditions in 3.5% NaCl solution, as well as distilled
water. Whilst, the trend shows that the samples tested under distilled water
showed excellent corrosion properties, i.e. passivity and positive potentials, the
corrosion potentials of both NAB samples fell in a similar range when tested in
3.5% NaCl solution. It must be noted that the potentials of air-formed filmed
samples were marginally lower than that of water-formed filmed samples
(between -200 to -220 mV).
Four samples of water-formed filmed NAB were tested 2 – 4 times for OCP each.
The samples were also recorded for mass change, measured gravimetrically using
precision mass balance. The OCP values were obtained under static corrosion
conditions in 3.5% NaCl solutions. Wood [204] tabulated these OCP values and
their corresponding mass changes in Table 6.1. For most of the samples, there was
no visible change in the oxide films after the static corrosion test as observed
under optical microscope.
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Fig. 6.3: OCP for NAB with air- and water-formed film in distilled water and 3.5%
NaCl solution for 1 h each.
Samples 1 and 4, with Al2O3 film and light-greenish Cu2O film layer as established
from section 4.2.2.2 and Equation 4.6, were seen to have partial film removal of
the Cu2O film after 1 h of corrosion test [204]. This change in the film is considered
to be due to mass transfer, turbulence in the medium due to cavitation clouds, and
other such disturbances of the oxide surface, that may cause the brittle and soft
Cu2O film layer to be inadvertently removed, although caution has been taken to
not disturb the oxide layer.
Also seen in Table 6.1 is the mass gain in case of air-filmed NAB samples, which
results in a negative value for C when quantifying synergy. The relationship
between the OCPs and their corresponding mass loss/gain values were plotted in
Figure 6.4 in order to correlate them. From the graph, it was noticed that a linear
relationship existed between the OCP and the mass changes. However, samples
with only partial film coverage (as stated in the comments in table 6.1) did not lie
on the linear trend obtained [204].
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Samples

OCP

Mass

Comments on the films (as observed under

ranges

changes

optical microscope)
Before test

After test

Air-formed

-206 to

(-) 0.61 ±

film 1

-212 mV

0.04 mg

None to very light

Light colouration to

Air-formed

-211 to

(-) 0.89

brown colouration

no visible change to

film 2

-220 mV

± 0.05 mg

the film

3.57 mg ±
0.07 mg

Fully formed dark

Partial removal of

Oxide filmed

-158 to

3.19 ± 0.08

Al2O3 film (intact)

copper oxide layer

sample 1

-189 mV

mg

with light greenish-

without any visible

3.08

blue brittle and soft

effect on Al2O3

± 0.08 mg

CuO film

1.92
± 0.04 mg
1.45 ± 0.05
mg

Fully formed film

Oxide filmed

-168 to

2.20 ± 0.06

with brown Al2O3

No visible change to

sample 2

-222 mV

mg

film and no copper

the Al2O3 film

oxide film

1.92
± 0.04 mg
0.92 ± 0.02
Oxide filmed

-141 to

mg

Partially formed film

No visible change to

sample 3

-153 mV

0.98 ± 0.05

with brown Al2O3

the Al2O3 film

mg

film

4.22 mg ±
0.05 mg

Fully formed dark

Partial removal of CuO

Oxide filmed

-153 to

5.32

Al2O3 film (intact)

layer without any

sample 4

-173 mV

± 0.02 mg

with light greenish-

visible affect on Al2O3

6.39

blue brittle and soft

± 0.06 mg

CuO film

Table 6.1: OCP and mass changes for the water -formed oxide-filmed
NAB samples as tested in 3.5% NaCl solution for 1 h each [204].
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Mass loss or gain (mg)

7
6
5
4
3
2
1
0
-1
-2
-3
-250

air-formed filmed
sample

Partiall
y filmed

Water-formed filmed
sample1
Water-formed filmed
sample2
Water-formed filmed
sample3
Water-formed filmed
sample 4

-200
-150
OCP (mV Ag/AgCl)

-100

Fig. 6.4: Mass change data plotted against the OCP for air- and water-formed
oxides on NAB after pure static corrosion tests in 3.5% NaCl solution tested for 1 h
each [204].
As seen from Figure 6.4, it was concluded that for the water-formed oxide filmed
NAB samples, the more electropositive the OCP, the higher the mass loss incurred
on the samples. This suggested that the higher the passivation or protection (due
to oxide formation) of the sample, the higher the mass loss incurred due to
corrosion. From the linear slope plotted for the points, an increment of 8 mg per
100 mV in OCP was derived. The mass loss values varied from 1 to over 6 mg of
loss, which may influence the quantification of the synergy (S) term [204].
The OCP trend of the water-formed oxide filmed NAB subjected to cavitation in
3.5% NaCl solution for 1 h was also analysed in details. Figure 6.5 (a) and (b) give
the OCP trend-lines for two water-formed filmed NAB samples. It can be seen from
the magnified image of the trend in Figure 6.5 (b) that as soon as cavitation was
applied there was a sharp rise in the potentials before following the similar trend
as the air-formed filmed samples of undergoing a dramatic negative shift in the
OCPs upon cavitation impact. This suggested that there was an impact of
cavitation and the incubation period on the corrosion trend of the samples.

175

-0.100
-0.120

Vf (V vs. Ag/AgCl Ref) V

-0.140
-0.160

Sample 1

-0.180
-0.200

Sample 2

-0.220
-0.240
-0.260
0

1000

2000

3000

4000

Time period (s)

(a)
-0.130

Cavitation applied at 600 s

Vf (V vs. Ag/AgCl Ref) V

-0.140
-0.150
-0.160
-0.170
-0.180
-0.190
550

600

650
Time period (s)

Water-formed filmed NAB Sample 1

700

Water-formed filmed NAB Sample 2

(b)
Fig. 6.5: (a) OCP trends for water-formed oxide-filmed NAB samples in 3.5% NaCl
solution for 1 h; (b) magnified section of the OCP during incubation period when
under cavitation.
From the erosion rate obtained in chapter 5, section 5.1.1., for NAB, the incubation
period was established to be between 30 – 60 s. There was a visible peak of the
potentials at the said incubation period, seen in Figure 6.5 (b). Also, when
compared to the OCP trend of the air-formed filmed NAB sample the peak of
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potentials towards more positive value during the incubation period was very
distinct, as seen in Figure 6.6. This may be due to the properties of the oxide film.
During the incubation period, as soon as the oxide film was damaged, the trend
rose to electropositive potentials for about 20 s for both sample 1 and sample 2.
Due to the stochastic nature and porous integrity of the oxide films present, the
impact of rigorously collapsing cavities may cause the oxide film to disrupt and
compact, or accelerate the passivation process, thus reducing pores
formation/blocking transport of chemicals, until the incubation period. The nonsteady-state conditions of cavitation may lead to varying thickness of the film,
double layer affect, as well as the modified distribution of reactants. Beyond which
the water-formed oxide film starts to erode, with cavitation inducing more pores
and pits onto the surface, albeit more gradually and slowly than the air-formed
oxide film.

Cavitation applied at 600 s
Water-formed
filmed NAB
Sample 1

Vf (V vs. Ag/AgCl Ref) V

-0.130
-0.150
-0.170
-0.190

Incubation

-0.210

period

Water-formed
filmed NAB
Sample 2

-0.230
-0.250

Air-formed
filmed NAB

-0.270
-0.290
-0.310
550

600

650

700

750

800

850

Time period (s)
Fig. 6.6: The OCP trend for NAB with air and water-formed oxide film in 3.5% NaCl
solution at the incubation period.
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6.2. Electrochemical impedance spectroscopy analysis
Typically, data gathered through EIS are graphically represented in Nyquist plots
and Bode plots. A Bode plot represent the impedance magnitude (|Z|) and phase
angle (ϕ) as a function of frequency, which are generally plotted on a logarithmic
scale due to the impedance and the frequency often spanning over orders of
magnitude. However, while the frequency-dependence of the impedance of the
device under test is explicit in case of the Bode plots, it is specifically implicit for
the Nyquist plots, and hence, the AC frequency of the selected data points requires
indication.

Fig. 6.7: Bode plot for DSS and air-formed oxide filmed NAB in 3.5% NaCl solution
under pure corrosion and during cavitation [18], [202].
Figure 6.7 shows the EIS Bode plots for the DSS and air-formed oxide filmed NAB
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samples during and without cavitation. It can be seen that for both materials EIS
spectra exhibit single time-constant behaviour in the investigated frequency
range. Although it is clear that the impedance was higher for DSS in saltwater
alone without cavitation as compared to DSS undergoing cavitation erosioncorrosion, it was seen that the impedance of NAB under corrosion was slightly
lower than that under cavitation erosion-corrosion [18].

Fig. 6.8: Blod plot of DSS and air-formed filmed NAB obtained after 1-h cavitation
in 3.5% NaCl solution.
Also, comparisons were made for the EIS obtained for DSS and NAB with airformed film after 1 h of cavitation in 3.5% NaCl solution. Figure 6.8 shows the EIS
bode plot for DSS and air-formed filmed NAB, taken after 1 h of cavitation in 3.5%
NaCl solution. One of the most interesting observations was the similar EIS trend
exhibited by NAB with air-formed film after 1 h of cavitation and that obtained for
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NAB with water-formed film while under the cavitation erosion-corrosion
conditions. Whereas, DSS shows very slight variation from the EIS bode curves
obtained under C and T conditions when compared to the trend obtained after
undergoing 1 h of cavitation erosion-corrosion.

Fig. 6.9: Bode plot for air-formed filmed NAB after 1 h of cavitation, and NAB with
water-formed film while under the cavitation erosion-corrosion conditions.
Figure 6.9 compares the EIS obtained for the NAB with air-formed film after 1 h of
cavitation and water-formed filmed NAB under T. From the figure, it is understood
that after undergoing cavitation and removal of the protective oxide film, the
samples exhibit very similar properties. Furthermore, as observed from the
microstructural analyses in chapter 5, three months immersion of NAB in 3.5%
NaCl solution induces crevice corrosion and selective phase attack, making the
surface microstructure more vulnerable to erosion. Thus, giving very similar trend
to the EIS trend of already cavitated surface of air-formed filmed NAB subjected
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to corrosion. This also further supports the speculation on the strong contribution
of corrosion-enhanced erosion especially for immersion-filmed NAB. Figure 6.10
(a) and (b) show the Nyquist plots for both DSS, air-formed and water-formed
oxide filmed NAB samples under C and T conditions.

(a)

EC model

(b)
Fig. 6.10: Nyquist plots for (a) air-formed filmed NAB, and (b) DSS samples in 3.5%
NaCl solution with and without cavitation.
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Nyquist plots are generally represented by semicircles or arcs, as seen in Figure
6.10 (a), where the shape of the curve provides insight into the possible
mechanisms taking place in the cell, such as single time-constant, diffusion, etc. It
can be clearly seen that both materials exhibited single time-constant plots with
one distorted semi-circle neither of them underwent diffusion whether under
pure corrosion or cavitation erosion-corrosion tests. The radius of semi-circle is
relevant to polarization resistance, where the larger the semicircle is, the higher
the polarization resistance. From the Nyquist curves it can be seen that for both
materials, the polarization resistance is significantly decreased with cavitation
with much smaller semicircles. DSS typically exhibits the single time-constant plot
as shown in Figure 6.10 (b). Whereas, a typical Nyquist plot for NAB would exhibit
diffusion along with a single time-constant semi-circle due to the initial copper
dissolution [205]. However, it was not found in the Nyquist plot in Figure 6.10 (a)
due to the forced mass transfer by the violent cavitation clouds and also due to the
close proximity of the sonotrode probe to the sample surface.
Figure 6.11 (a) and (b) show the Nyquist plots for water-formed oxide filmed NAB
under C and T conditions, respectively. Compared to the Nyquist plots obtained
for DSS and the air-formed filmed NAB, the Nyquist plots for the water-formed
filmed NAB samples gave varying results. The plots obtained under pure corrosion
conditions were similar to that obtained for air-formed filmed NAB sample (Figure
6.11 (a)). Large single time-constants were observed that corresponded to that of
the air-formed filmed NAB samples but at much higher resistance values.
However, under cavitation, the Nyquist trend changed into a spiral time-constant
(Figure 6.11 (b)), exhibiting an impedance loop at the low-frequency region, with
the resistance dropping to 1000 times lower to that seen for pure corrosion. This
is believed to be from the incubation period. It is considered to be due to the
change in the oxide surface properties with the sudden collapsing of bubbles,
causing the change in the Nyquist plots, before rupturing the protective oxide
films, forming pits and pores. These pits and pores then promote mass transfer.
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(a)

(b)
Fig. 6.11: Nyquist plots for three water-formed filmed NAB samples in 3.5% NaCl
solution under (a) pure corrosion, and (b) the combined erosion-corrosion
conditions.
The EIS results obtained were also verified using fit models. Fit models or
equivalent circuit models are used to model and analyse EIS spectra results that
can be built in the GAMRY Instrument Echem Analyst software. The
electrochemical cells are simulated in the software by incorporating various
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factors such as electrode double layer capacitance, electrode kinetics, diffusion
layer and solution resistance. Each element in the model has a known impedance
behaviour, which is described in terms of electrical components such as resistors,
capacitors, inductors, etc. along with a few specialized electrochemical elements
like Warburg for diffusion. The impedance of the element depends on the element
type and the values of the parameters that characterize that element. For the
sample materials used, both DSS and the two types of NAB samples were
considered to have passive layer and a protective oxide layers respectively. These
layers, especially when eroded by the action of cavitation, may become porous.
These pores could be considered as non-coated portions of the substrate.
However, due to their small size, the exchange of the electrolyte between the pore
and the bulk material may be hampered, therefore, the ion concentration inside
the pores could differ from the bulk concentration. This results in an electrolyte
resistance, Rpore, which may be different from the bulk electrolyte (solution)
resistance Rs.
Figure 6.12 gives the respective equivalent circuit that incorporated the pores in
the passive layer on the material surface where, Rs is the bulk solution resistance,
Rpore is the resistance of the pores, Cpl is the capacitance of the passive layer, and
Rinner and Cinner are the resistance and constant phase element of the metallic
substrate under the passive layer.

Fig. 6.12: A porous passive layer with the resulting equivalent circuit [202].
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For NAB, the protective oxide layer is considered to be a mixed Cu/Al oxide, mostly
assumed to be Al2O3, which is a non-conductive ceramics, hence, considering there
is no electron passing through this layer, it is modelled using only one capacitance,
Cpl. Similarly, for DSS, the high chromium content acts as the anodic element that
forms chromium oxide under electrochemical reaction, protecting DSS from
corrosion. The passive layer formed is again considered as a non-conductive layer
and hence, only one capacitance is modelled for it too. Then the interface between
the solution and the material substrate through the pore needs to be considered,
hence the model incorporates the resistance of the inner substrate layer, Rinner,
and the constant phase element (in Ω-1 cm-2 sn), Cinner, parallel with Rinner. Constant
phase element is an equivalent electrical circuit component that models the
electrochemical behaviour of an imperfect capacitor and is often used to explain
the system heterogeneity. Table 6.2 gives the model parameters used to plot the
EIS data in Figure 6.13 for DSS, air-formed filmed NAB, and water-formed filmed
NAB samples.

Model
parameters

NAB with Air-formed

NAB with Water-formed

oxide layer

oxide layer

DSS
With Cav.

Pure

With Cav.

Corrosion
Rs (Ω)
Rinner (Ω)
Rpore (Ω)
Cpl (F)

Cinner (F)

Pure

With Cav.

Corrosion

Pure
Corrosion

5.222

5.721

4.570

5.336

2.781

171.40

± 0.029

± 0.035

± 0.027

± 0.031

± 0.03

± 3.00

1296

17130

238.9

265.9

97.03

84260

± 22

± 63

± 2.85

± 3.37

± 1.19

± 70

107

193.5

43.83

51.02

4.96

3602

± 2.2

± 6.3

± 0.80

± 1.56

± 0.06

± 35

198 x 10-6

87.40 x 10-6

141.30 x 10-

192.70 x 10-

4.86 x 10-6

22.33 x 10-9

±1.95 x

± 0.82 x 10-

6

6

± 0.14 x 10-6

± 0.20 x 10-9

10-6

6

± 1.72 x 10-6

± 2.37 x 10-6

526 x 10-6

104 x10-6

250.60 x 10-

785.60 x 10-

3.48 x 10-3

454.9 x 10-9

± 7.57 x

± 1.54 x 10-

6

6

± 36.24 x

± 4.34 x 10-9

10-6

6

± 5.8610-6

± 13.02 x

10-6

10-6

Table 6.2: Parameters for the fit models used for air -formed filmed
NAB, water-formed filmed NAB and DSS under C and T conditions.
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From the fit model illustrated in Figure 6.13, the resistance elements at the pores
and the inner layer were compared for all the results obtained from EIS test for
both NABs and DSS, and plotted in Figures 6.7 and 6.8.

Fig. 6.13: EIS plots for DSS and air-formed as well as water-formed oxide filmed
NABs under C and T test conditions, obtained using fit models.
From Figure 6.13 it can be seen that in all cases, Rinner was higher than Rpore,
showing higher corrosion resistance of the substrate due to the protective films,
which reduce mass transfer. DSS exhibited higher substrate layer resistance for
both pure corrosion and combined cavitation erosion-corrosion measurements as
compared to the air-formed filmed NAB. The pore resistance for DSS under
cavitation is almost 5 times the pore resistance for air-formed filmed NAB under
C conditions. This high resistance for DSS may be explained from the chemical
composition and microstructural analysis of the sample in chapter 4 and 5, where
it was seen that a high percentage of chromium was present in the chemical
composition of DSS, giving it high passivity to corrosion.
The pore resistance for the air-formed oxide filmed NAB under both C and T
conditions were seen to be comparatively lower than the substrate resistance. The
Rinner and Rpore for air-formed filmed NAB are seen to be lower than that of DSS.
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Also, it can be seen that for the air-formed filmed NAB the substrate resistance
(Rinner) is higher than the pore resistance (Rpore) in both cases. The substrate and
pore resistance of NAB subjected to C was slightly higher than that obtained under
T. This could be due to an increase in pore sizes or numbers induced under
cavitation, enhancing mass transport, causing the decrease in the Rinner and the
Rpore value. However, the values did not differ by a large margin, which could be
due to the surface undergoing rapid passivation process even though under the
cavitation impact, causing the corrosion process to slow down.
The Rinner and Rpore for water-formed oxide filmed NAB samples under pure
corrosion were seen to have the highest magnitude. This is attributed to the high
resistance of the thick Al2O3 film formed on the surface after 3 months of
immersion. This resulted in low mass transfer, and hence high Rinner and Rpore
values. However, under cavitation, the water-formed filmed NAB seemed to give
the lowest Rinner and Rpore among the three sample materials. This goes to show
that since the substrate of a water-formed filmed NAB had been weakened by
selective phase attack and crevice corrosion, along with Cu dissolution while
immersed in 3.5% NaCl solution, once the oxide layer was removed by the action
of imploding bubbles, the substrate was most vulnerable to corrosion, exhibiting
low resistance.

6.3. Potentiodynamic polarization
For the pure corrosion test, DSS and NAB samples with oxide layers formed under
the two different conditions were also subjected to potentiodynamic polarization
scanning at 0.167 mV s-1 scan rate under static conditions using GAMRY
potentiostat in 100 ml of 3.5% NaCl solution.
The polarization curve measured was the log current (in Ampere) against the
potential vs. the reference electrode of Ag/AgCl, measured at room temperature
in 3.5% NaCl solution. The samples had an exposed surface area of 6.25 cm-2.
Figure 6.14 plots the two polarization curves of DSS after scanning under static
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conditions in 100 ml of 3.5% NaCl solution at 0.167 mV s-1 scan rate; showing Tafel
extrapolation derived from the anodic and cathodic reaction plots. These assisted
in locating the corrosion current densities, and calculate the subsequent corrosion
rates.

Fig. 6.14: Polarization curves for DSS in 3.5% NaCl solution, showing the location
of the current density derived from Tafel extrapolation.
From Figure 6.14, it can be seen that the corrosion current for DSS is about 0.5 – 1
μA, obtained using Tafel extrapolation. This gives a current density of 0.16 μA cm2

for DSS.

Figure 6.15 plots the two polarization curves for NAB samples with air and waterformed films, comparing the current rates and active regions for the two samples
[203].
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Fig. 6.15: Polarization curves for NAB samples with air-formed and water-formed
oxide films in 3.5% NaCl solution [203].
From Figure 6.15, the corrosion currents can again be obtained using Tafel
extrapolation. The corrosion currents for NAB with air and water-formed films are
100 μA and 10 μA, respectively. From which, the corrosion current densities (icorr)
are calculated as 16 μA cm-2 for the air-formed oxide filmed NAB, and 1.6 μA cm-2,
for the water-formed oxide filmed NAB.
From these icorr values the mass loss rates of the samples can be calculated using
Faraday’s laws of electrolysis or Faradaic conversion, as given in Equation 6.1
[227].

Current density, icorr =

Mass loss rate × number of electrons freed × Faraday′ s constant
Atomic mass of corroding element × exposed area

…(6.1)

Where, Faraday’s constant = 96485 C mol-1
The method of measuring mass loss via current density is further elaborated in
chapter 7. From Figures 6.14 and 6.15, the free corrosion potentials for the
cathodic protection tests obtained are tabulated in Table 6.3.
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Samples

Cathodic protection potentials

Air-formed filmed NAB

-400 mV

Water-formed filmed NAB

-400 mV

DSS

-250 mV

Table 6.3: free corrosion potentials for the cathodic protect ion tests for
the test samples.

6.4. Discussion
From the results obtained, it was seen that both DSS and NAB (with air- and waterformed oxide films) exhibited high corrosion properties under pure corrosion.
DSS was most anodic under pure corrosion conditions, however, when subjected
to cavitation, water-formed oxide filmed NAB appeared to be most anodic,
compared to the NAB with air-formed oxide film and DSS. The passivity of DSS was
attributed to the high chromium content in its composition, however, for NAB, its
varying corrosion properties for the different oxide films were attributed to the
corrosion properties of the individual oxide films. As mentioned in section 5.1.1.2,
since the water-formed oxide layer took about 2 h for full removal before the
substrate is fully exposed, the corrosion property was considered to be kept intact
longer than the air-formed filmed NAB samples, giving it the high corrosion
resistance even under cavitation.
However, under cavitation, it was also seen that the water-formed filmed NAB
gave the lowest Rinner and Rpore values among the three sample materials (Figure
6.13). This was considered due to the already weakened microstructure of the
substrate, caused by selective phase attack and crevice corrosion, as found under
microstructural analyses. There was also additional potential Cu dissolution
expected in 3.5% NaCl solution. Also, the oxide film formed is generally very
porous and brittle. Due to this, although the free potentials were the most anodic
for water-formed filmed NAB under cavitation, the action of implosion created
more pores and pittings for higher mass transfer, resulting in lower resistance of
the substrate and pore for NAB.
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Also, as mentioned in section 4.2.3.2, while the protective layer of aluminium
oxide formed of NAB has a film thickness that can go up to 1 μm that provide
sufficient corrosion resistance, to achieve back the substantial oxide layer
thickness may take days. And hence, during the continuous hammering under
cavitation test over a period of 1 h, it makes it difficult for a thick oxide layer to
form back quickly [193], [221].
It was also seen that for water-formed oxide filmed NAB samples, the more
electropositive the OCP the higher the mass loss incurred on the samples (Figure
6.4). This suggested that the higher the passivation or protection of the sample,
the higher the mass loss incurred due to corrosion [204]. Furthermore, the EIS
bode and Nyquist plots also exhibited that under the influence of cavitation, the
corrosion properties of all the materials changed, exhibiting lower resistance than
under pure corrosion.
As also observed from the microstructural analyses in chapter 5, three months
immersion of NAB in 3.5% NaCl solution induced crevice corrosion and selective
phase attack, making the surface microstructure more vulnerable to erosion.
Thus, giving very similar trend to the EIS trend of already cavitated surface of airformed filmed NAB subjected to corrosion. This also further supports the
speculation on the strong contribution of corrosion-enhanced erosion especially
for immersion-filmed NAB.

6.5. Summary
OCP data were obtained for all the three test samples and compared. The data
obtained from the electrochemical measurements for the pure corrosion showed
that DSS trend was stable at -145 mV. Whereas, air-formed NAB trend was stable
at -210 mV, exhibiting that DSS is nobler than NAB under pure corrosion
conditions. The OCP for water-formed film was also found to be higher than for
the air-formed film, owing to its thick protective oxide layer.
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For cavitation erosion-corrosion test, the cavitation was applied at the 600th
second; the OCP results obtained showed de-passivation of the materials with a
negative shift in their potentials. This potential shift could be attributed to the
disruption of the protective layer on the material surface by the rapid and violent
implosion of cavitation bubbles. It was observed that the DSS attained stability
within 600s at -490 mV, whereas NAB attained stability in 100 s at -300 mV. For
DSS, there was a positive shift in the OCP trend with time under both pure
corrosion and the combined erosion-corrosion conditions, implying strong repassivation characteristics of DSS.
The OCP of water-formed filmed surface was more anodic by 20-50 mV than the
air-formed filmed surface. Both samples sifted negatively the application of
cavitation, while conducting OCP before reaching stability again. The waterformed film reached stability much more gradually in 600 sec than the air-formed
film that reached stability within 100 sec. OCP of water-formed filmed NABs were
also investigated during the cavitation incubation period, where it was seen that
the potentials drastically shifted to positive during the incubation period, before
following the same trend as it air-formed counterpart.
To further analyse the corrosion behaviours of the test samples, EIS curves, both
bode and nyquist, were also presented. The EIS measurement suggested repassivation of the material surface for DSS, and the protective nature of the oxide
layer of NAB samples even under cavitation, indicating high corrosion resistance
properties for both the sample materials.
The EIS results were further analysed under fit models where it was seen that the
pore and the substrate resistances of DSS was higher for both pure corrosion and
combined cavitation erosion-corrosion measurements as compared to the airformed filmed NAB. The pore resistance for DSS under cavitation is almost 5 times
the pore resistance for air-formed filmed NAB under C conditions. This was
attributed to the high percentage of chromium present in the chemical
composition of DSS. The pore and the substrate resistances for water-formed
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oxide filmed NAB samples under pure corrosion were seen to have the highest
magnitude. However, under cavitation, they were in fact the lowest among the
three sample materials. This was explained by the microstructural analysis that
the substrate of a water-formed filmed NAB had been weakened by selective
phase attack and crevice corrosion, along with Cu dissolution while immersed in
3.5% NaCl solution, causing low resistance.
The three material samples were also subjected to potentiodynamic polarization,
to obtain mass loss rate under pure corrosion, and also to determine the potentials
for performing cathodic protection of the materials. From the polarization curves,
it was concluded that the current density for DSS was the lowest (0.16 μA cm-2),
followed by water-formed oxide filmed NAB (1.6 μA cm-2), and lastly, the airformed oxide filmed NAB (16 μA cm-2).
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Chapter 7:
Synergy
quantification
7.1. Introduction
Synergy can be measured in terms of two common factors, mass loss incurred by
combined contribution of erosion and corrosion, or the mean depth of penetration
rate. The equation for synergy according to ASTM G-119 standards is commonly
written as:
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T=S+E+C

…(7.1)

Where, T is the total mass loss or overall cavitation erosion-corrosion rate, C is the
pure corrosion contribution, E is the pure erosion contribution, and S represents
the combined contribution due to synergistic effect [228]. S can also be
represented using Equation 7.2:
S = T – (E+C) = ΔE + ΔC

…(7.2)

Where, ΔE = corrosion-enhanced erosion, and
ΔC = erosion-enhanced corrosion.
The underlying mechanisms for corrosion-enhanced erosion, ΔE, may generally
include removal of work-hardened surfaces due to corrosion, exposing the softer
substrate to the erosion mechanisms; selective phase attack of grain boundaries;
as well as increase in the number of stress-concentrating defects caused by
corrosion micro-pitting [229].
Whereas, the mechanisms involved in erosion-enhanced corrosion, ΔC, can occur
due to factors such as local acidification occurring within the erosion pits, which
results in acceleration of corrosion rates, prohibiting further film formation;
surface roughening due to erosion, causing an increase in ion transportation by
high turbulence levels; or change in mechanical properties of the sample material,
such as lowering of the fatigue strength, due to corrosion [229]. Evidence for
erosion-enhanced corrosion has also been given by various studies undertaken,
discussed later in the chapter [17], [164], [230]–[232].
For DSS and air-formed filmed NAB, the tests were carried in five different
methods, used to calculate the synergy for the test samples. For water-formed
filmed NAB, only three different methods were used.
As mentioned in chapter 4, section 4.3, synergy tests were conducted under three
different test conditions, namely, pure erosion, pure corrosion, and combined
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erosion-corrosion as per ASTM G-119 standards [233]. For E tests, three samples
were subjected to cavitation erosion in 5 L of triple distilled water for 1 h. And
three samples were subjected to cavitation erosion in 3.5% NaCl solution with
cathodic protection for 1 h. The potentials for the cathodic protections were
obtained via potentiodynamic polarization of each sample.
The C were also obtained in two different ways, gravimetrically by using mass
balance, and from the potentiodynamic polarization curves. The samples were
subjected to in-situ electrochemical measurements kept at OCP in 3.5% NaCl
solution for 1 h. EIS analysis was also conducted in order to understand the
corrosion trend of each test sample. Two samples of each material were also
subjected to potentiodynamic polarization, at a potential range between -1 to 2 V.
From the corrosion rates given by the polarization graphs, C was obtained by
applying Faradaic conversion. Free corrosion potentials of specimens in 3.5%
NaCl solution was measured under both quiescent and cavitation conditions.
Which, in turn, provided with the combined cavitation erosion-corrosion results
(T). All six samples were cavitated in 5 L of 3.5% NaCl solution for 1 h while
subjected to OCP.
The synergy measurement was obtained using three main approaches, namely the
gravimetric mass loss method, the volumetric mass loss method, and mean depth
of penetration rate method. Under the gravimetric method, the erosion rates (E)
were obtained in two different ways: by erosion in 5 L of distilled water for 1 h,
and by subjecting the samples to cavitation erosion in 3.5% NaCl solution with
cathodic protection for 1 h. Alicona InfiniteFocus 3D non-contact optical
profilometer was used to obtain the synergy value using the MDPR method, and
the volumetric mass loss method.
The initial aim mainly employed gravimetric method as the means of quantifying
synergy, however, several variables and factors rendered quantification of T, E
and C accurately difficult. And hence, other test methods were adopted and tried
in order to find the most reliable combination to obtain S. Figure 7.1 describes the
various methods used.
197

Fig. 7.1: Flow chart for different methods used for synergy evaluation.
Hence, from the results obtained, and using Equation 7.1, synergy rates were
calculated for each sample material. The aim of the present chapter was to attempt
to quantify and understand the existence of synergism between erosion and
corrosion in the overall cavitation erosion–corrosion damage of the marine
propeller materials in 3.5% NaCl solution at room temperature using five different
methods. However, given the variables in the synergy results under each test
conditions, and also the high error accumulation, the exact value of S was difficult
to evaluate. Furthermore, it was difficult to resolve S into the separate ΔE and ΔC
components. Also, the ΔC component of S was further difficult to measure directly
using electrochemical techniques due to the rapid and aggressive nature of the
cavitation clouds produced in the experimental set up, affecting the ohmic drop
[202].
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7.2. Synergy evaluation
7.2.1. Gravimetric method
For the gravimetric analysis, the samples were prepared before and after each
test. Samples were cleaned with alcohol (methanol), then with distilled water,
before drying with pressurized air. They were then left to completely dry on a
clean surface for 12 h – 24 h before being weighed in the precision mass balance
at least five times, calibrated before every measurement. The resultant weight
used was the average of the five weights measured. The samples were then
subjected to the corresponding tests under E, C and T conditions, before repeating
the whole cleaning and weighing process again.
Using Equations 7.1 and 7.2, and considering gravimetric values from Table 7.1,
the synergy can be calculated as:

Material used

T (mg)

E (mg)

C (mg)

S

(S/T) x

=T – (E + C) (mg)

100

Using Equation 7.1

(%)

Air-formed oxide-

1.48

1.00

-0.61

1.09

73 %

filmed NAB

±

±

±

±

± 8%

0.02

0.05

0.04

0.11

24.39

7.34

2.93

14.12

58 %

±

±

±

±

± 13%

2.00

0.30

1.00

3.30

0.96

0.71

-0.10

0.35

36 %

Duplex Stainless

±

±

±

±

± 6%

Steel

0.02

0.02

0.02

0.06

Water-formed oxidefilmed
NAB

Table 7.1: Synergism summary for the samples using mass loss
measurements. DSS and air-formed filmed NAB results taken from [18].
It can be seen from Table 7.1 that for air- and water-formed filmed NABs and DSS
samples, synergy had measurable impact on their cavitation erosion-corrosion.
199

While the synergy between cavitation wear and corrosion for air-formed oxide
filmed NAB was found to be 73%, it was comparatively lower at 58% and 36% for
the water-formed filmed NAB and DSS, respectively. There was also uplift in the
mass loss values for NAB with water-formed film than that with air-formed film.
The lower synergy for DSS could be attributed to DSS having low stacking fault
energy and higher mechanical strength than NAB [18]. It is also observed that
there was a gain in mass by about 0.6 mg for NAB after the OCP test for pure
corrosion, and about 0.1 mg mass gain in case of DSS. Whereas, for water-formed
filmed NAB, there was mass loss reported under C. Due to this varying magnitude
of C values, polarization technique was employed to obtain C.
7.1.2. Polarization method
It was seen that when using gravimetric method for C, it was giving negative
values, i.e. mass gain. Also, as seen from chapter 6, there were issues with varying
C values obtained using gravimetric method, depending upon the type
oxide/passive film present. Additionally, C exhibited sensitivity to pre-exposure
conditions particularly for NAB. Hence, polarization technique was adapted to
replace the gravimetric results for C.
As mentioned in chapter 6, section 6.3, the corrosion current density (icorr) of
water-formed and air-formed oxide filmed NABs are found to be 1.6 μA cm-2 and
16.0 μA cm-2, respectively, and 0.16 μA cm-2 for DSS, using Tafel extrapolation of
the anodic and cathodic lines on the polarization curves. From these values of Icorr
the corrosion rates of the samples were calculated, which further aided in
measuring the subsequent mass loss using Faradaic conversion, given by Equation
7.3 – 7.6 [227].
For mass loss using corrosion rate under static polarization conditions:

Corrosion rate (mm y-1)=

5.12 × icorr × Equivalent weight
Density
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… (7.3)

Where,
Equivalent wt. (g) = Σ (

mass fraction of alloy × atomic weight of each element
Valency

)

…(7.4)
The mass fraction of the corroding for NAB was considered for copper (80%), and
for DSS, it was considered for iron (63%) and chromium (22%). The atomic weight
of copper is 63.5 g mol-1, and that of iron and chromium are 56 g mol-1 and 52 g
mol-1, respectively.
Also, corrosion rate can also be written in terms of mass loss as [227]:

Corrosion rate (mm y-1)=

mass loss × k
density × exposed area × time

… (7.5)

Where k is a constant that defines the units for the corrosion rate, here it is
8.76 ×104 [227]. From there, the mass loss rate can be calculated using Equation
7.6:

Mass loss rate =

icorr × Atomic mass of corroding element × exposed area
number of electrons freed × Faraday′ s constant

…(7.6)

Where, the rate of mass loss is in mg cm-2 h-1, and
Faraday’s constant = 96485 C mol-1
For NAB, considering the redox reactions 4.8 and 4.9 from chapter 4, the corroding
element was considered to be copper, forming cuprous oxide and then cupric. The
number of free electrons was considered as 2.
And as for DSS, the corroding element was considered to be iron,
Fe → Fe2+ + 2e-

…(7.7)

And hence, the number of free electrons was 2. Thus, the mass loss values obtained
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for pure corrosion using polarization at 0.167 mV s-1 scan rate are given in Table
7.2:

Sample surface

icorr (μA cm-2)

Mass loss (in mg)

DSS

0.16

0.0017 ± 0.0002

Air-formed filmed

16.0

0.197 ± 0.002

Water-formed filmed

1.6

0.0197 ± 0.0002

Table 7.2: Current density and mass loss obtained for NAB with air formed oxide film and water-formed oxide film from polarization
scanning in 3.5% NaCl solution.
From Table 7.2, the mass loss incurred for DSS was found to be the lowest, at
0.0017 mg (± 0.0002) mg. NAB with air-formed film gave the highest amount of
mass loss value, of 0.19 mg (± 0.01) mg, and for water-formed filmed samples, it
was the lowest, at 0.019 mg (± 0.001) mg. These icorr values are found consistent
with the literature [179], [180], [234][235]. From the mass losses in Table 7.2,
synergy values were evaluated and tabulated in Table 7.3.
In addition, the cavitation erosion resistance in distilled water (RE), corrosion
resistance in 3.5% NaCl solution (RC), and the cavitation erosion–corrosion
resistance in 3.5% NaCl solution (RT) was also calculate, which is defined as the
reciprocal of the mass loss rate over a time period, given by Equations 7.8 –7.10:
RT = t/T (h mg-1)
RE = t/E (h mg-1)
RC = t/C (h mg-1)
Where, t is the test time period.
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…(7.8)
…(7.9)
…(7.10)

Material
used

RT

RE

RC

S=T – (E + C)

Using

Using

Using

Using

T (mg) Equation

E (mg)

Equation

C (mg)

Equation Equation 7.1

7.8

7.9

7.10

(h mg-1)

(h mg-1)

(h mg-1)

Air-formed

1.48

1.00

oxide-filmed

±

NAB

0.02

0.05

0.002

Water-formed 24.39

7.34

0.019

0.67

0.04

±

1.00

0.14

±

±

NAB

2.00

0.30

0.002

Duplex

0.96

0.71

0.002

Stainless

±

Steel

0.05

±

(mg)

0.19

oxide-filmed

1.04

±

(S/T) x

1.41

0.02

±

±

100
(%)

19%
5.27

0.28 ± 0.072

± 5%
70%

52.76

17.05 ±

± 9%

2.302
26%
500.00

0.25 ± 0.071

± 7%

0.001

Table 7.3: Synergism summary obtained for DSS, NAB with air - and
water-formed oxide films obtained from gravimetric analysis for T and
E, and polarization scanning for C in 3.5% NaCl solution.
As seen in Table 7.3, the total mass loss incurred under the combined effect of
cavitation erosion and corrosion for NAB samples with water-formed film was
much higher than the total mass loss observed for air-formed oxide filmed
samples and DSS. Also, the mass loss incurred in distilled water was significantly
lower than that found under T for all the materials.
The resultant synergy calculated for samples with water-formed film (70%) was
found to be about 3.7 times higher than the synergy calculated for samples with
air-formed film (19%), and 2.7 times higher than that for DSS (26%). For DSS, the
polarization and Faradaic conversion yielded very small C value, and hence, did
not contribute much to the S calculation in Equation 7.1, implying that erosion was
the predominant contributor towards S.
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Also, from the resistance values obtained in Table 7.3, the materials were ranked
according to their RT and RE values as:
DSS > Air-formed filmed NAB > Water-formed filmed NAB
And under the C conditions, the materials were ranked according to their
corrosion resistance as:
DSS > Water-formed filmed NAB > Air-formed filmed NAB
This shows that DSS, having higher mechanical and corrosion properties (as
stated in section 4.2) exhibited better resistance to pure erosion, pure corrosion
as well as cavitation erosion-corrosion than all the other samples. And air-formed
filmed NAB samples performed better than the water-formed filmed NAB samples
under E and T conditions. This may be attributed to the weakening of the substrate
microstructure, sans the removal of the protective oxide layer during cavitation,
due to the pre-existing selective phase attack and crevice corrosion induced by 3
months of immersion in 3.5% NaCl solution. However, the water-formed filmed
NAB showed much higher resistance to corrosion than air-formed filmed NAB,
owing to its thick protective oxide layer.
7.2.2. Volumetric method
The material mass loss was also obtained from the volumetric analysis conducted
using the Alicona. The value of volumetric mass loss for each sample was
calculated using the density of the samples.
Where,
Density of NAB = 7.65 g cm-3, and
Density of DSS = 7.80 g cm-3.
The volume loss data used were the ones as tabulated in chapter 5, Table 5.2. This
method was used for DSS and air-formed filmed NAB samples only, since
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volumetric analysis of water-formed filmed NAB samples was not very accurate,
such as loss of data, especially due to the thick layer of porous and fragile oxide
film. The resultant synergy calculated is presented in Table 7.4. The RT and RE
values plotted in Figure 7.2.

Samples

T (mg)

Air-formed

1.29 ±

filmed NAB

0.05

DSS

0.82
± 0.03

RT

RE

Using

Using

Equation

E (mg)

Equation

S = T - (E+C)
C (mg)

Using

S/T x
100%

7.9

7.10

Equation 7.1

(h mg-1)

(h mg-1)

(mg)

0.77

0.88 ±

1.13

0.04
1.20

0.63

0.00 ±

0.41 ± 0.11

0.02
1.60

± 0.03

0.00 ±

31%
± 7%

0.19 ± 0.08

0.02

23%
± 10%

Table 7.4: Synergism summary for the samples using volumetric mass
loss method.

Fig 7.2: RT and RE graph for DSS, and NAB with air-formed oxide films obtained
from the volumetric mass loss analysis for T and E.
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Figure 7.2 shows, the resistance of both air-formed filmed NAB and DSS to pure
erosion was higher than the resistance to cavitation erosion-corrosion when
analysed under Alicona for MDPR. And again, DSS showed better resistance to
cavitation under both E and T conditions than that of NAB sample.
7.2.3. Cathodic protection method for pure erosion test
Two samples of each material were tested for pure erosion by applying cathodic
protection to the samples. It was seen that air-formed oxide-filmed NAB gave a
negative synergy i.e. antagonism, at -16%. However, the synergy for both DSS and
water-formed filmed NAB was found to be positive at 28% and 69%, respectively.
The negative synergy implies that corrosion in fact reduced the mass loss under
the combined effect of erosion and corrosion for air-formed filmed NAB, as
compared to mass loss obtained under E. One of the reasons for this is that there
are competitions between corrosion and passivation as is always the case, and the
cavitation impact has different effects on corrosion and passivation. This reflects
to the repassivation kinetics as well as the composition of the protective oxide film
on the NAB samples, reducing the mass loss incurred under the combined
influence of erosion and corrosion.
On comparing Table 7.3 and 7.5, it was seen that distilled water exhibited lower
mass loss under E, when compared to cathodic protection test for air- and waterformed filmed NAB, although, the difference was more significant in case of the
air-formed filmed sample. Whereas, for DSS, cathodic protection seemed to reduce
the amount of mass loss compared to that obtained under distilled water.
Analysing the NAB samples under the SEM, it was observed that under cathodic
protection the number of cavities had actually increased, which has also been
reported in the literature [181], [180]; although, the grain-boundary attack was
reported to be lower than that under distilled water.
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E

RE

C

S = T - (E+C)

(Under

Using

Using

Using

Material

T

Cathodic

Equation

Equation

Equation 7.1

(S/T) x

used

(mg)

protection)

7.9

7.6

(mg)

100 (%)

(mg)

(h mg-1)

(mg)
0.19 ±

- 0.24 ±

-16

Air-formed

1.48 ±

1.52

oxide-filmed

0.02

± 0.05

0.65

0.002

0.072

± 5%

formed

24.39 ±

7.55

0.13

0.019 ±

16.84

69

oxide-filmed

2.00

± 0.20

0.002

± 2.202

± 10%

0.96 ±

0.69

0.002

0.27 ± 0.051

28

0.02

± 0.03

NAB
Water-

NAB
DSS

1.45

± 0.001

± 5%

Table 7.5: Mass loss measurements and synergy quantification for the
test samples using cathodic protection for the pure erosion test after 1 h
in 3.5% NaCl solution.
Figure 7.3 plots the RT and RE graph for DSS, NAB with air-formed oxide film and
NAB with water-formed oxide film from Table 7.3 and 7.5. The values were
obtained using gravimetric mass loss analysis for T in 3.5% NaCl solution, and E
in distilled water as well as under cathodic protection in 3.5% NaCl solution. RC
was not plotted in the same graph since the values were of much higher range
compared to the RT and RE values for the sample materials.
From the RT and RE values, the test materials were again ranked according to their
degradation resistance as:
DSS > Air-formed filmed NAB > Water-formed filmed NAB

207

Fig. 7.3: RT and RE graph for DSS, and NAB with air- and water-formed oxide films
obtained from Table 7.3 and 7.5.
From Figure 7.2, it can be seen that for all the sample materials the resistance to
pure erosion was higher than the resistance to the combined effect of erosion and
corrosion. However, for air-formed filmed NAB, the erosion under cathodic
protection yielded higher mass loss than T (as seen in Table 7.5) and hence, the
resistance was also lower. One explanation of this can be the cushioning effect
provided by the corrosion reactions and radicals forming under T conditions that
result in the lower mass loss when compared to the cathodically protected
cavitation erosion. Decreasing the cathodic potentials to about -1 V may provide
higher protection.
Again, for water-formed oxide filmed NAB sample, the resistance to pure erosion
under both distilled water as well as cathodic protection was higher than under
the combined influence of erosion-corrosion. However, the resistance to erosion
in distilled water was higher than resistance to erosion under cathodic protection,
meaning higher mass loss under cathodic protection than under distilled water.
DSS on the other hand showed increased mass loss under distilled water than
under cathodic protection, showing that cathodic protection in fact retarded
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erosion rate better than distilled water. Overall, DSS had much higher resistance
to T and E under both the E conditions compared to NAB with air- and waterformed oxide films, owing to its higher mechanical properties and strong passivity
to corrosion.
7.2.4. Mean depth of penetration method
Another common way of quantifying synergy is by measuring the mean depth of
penetration rate, using either contact or non-contact profilometry. From the
values obtained during the experiments done using Alicona (as tabulated in
chapter 5), the synergy can be calculated using the values tabulated in Table 7.6.

Material

Mean depth of penetration rate

S = T – (E+C)

(S/T) x 100

used

(in μm h-1)

(μm h-1)

(%)

Using Equation

E
(Distilled

T

C

7.1

water)
Air-formed

0.645 ±

0.955 ±

0.000 ±

filmed NAB

0.003

0.005

0.001

0.460 ±

0.598 ±

0.000 ±

0.003

0.005

0.001

DSS

0.310 ± 0.009

32%
± 1%

0.138 ± 0.009

23%
± 2%

Table 7.6: Synergy quantification for the samples using the MDPR
method.
Since, the mean depth of penetration rate in case of pure corrosion under 3.5%
NaCl was negligible for both samples due to their high corrosion resistance, the C
value were negligible, giving the synergy value only based on the MDPR for pure
erosion and the combined cavitation erosion and corrosion tests. This proved that
the materials tested exhibited very good resistance to corrosion, showing
negligible MDRP under pure corrosion, whereas under the combined effect of
erosion and corrosion, it underwent corrosion, showing the existence of synergy.
Again, the synergy for NAB (32%) was found to be higher than DSS (23%),
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although the values were lower than the ones obtained using the gravimetric
methods. These values were closer to the results obtained by other studies in the
literature [162], [229], [236].
Materials

RT

RE

Air-formed filmed NAB

1.05

1.55

DSS

1.67

2.17

RC
∞

Table 7.7: R T and R E values for air-formed filmed NAB and DSS from the
MDPR values.

Fig. 7.4: RT and RE plots for air-formed filmed NAB and DSS from the MDPR values.
From Figure 7.4, it was seen that, similar to the trend in Figures 7.1 and 7.2, the
resistance of both air-formed filmed NAB and DSS to pure erosion was higher than
their resistance to cavitation erosion-corrosion, when analysed under Alicona for
MDPR. And again, DSS showed better resistance to cavitation under both E and T
conditions than the air-formed filmed NAB.
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7.3. Comparison of the synergy values and discussion
The synergy results obtained using the five different methods mentioned are
summarised in Table 7.7 to compare the values with one another.

Methods Used to give S%
Gravimetric mass loss (mg)

Materials
used

MDPR

Volumetric

(μm h-1)

Mass Loss

(Measured

(mg)

by

(Measured

Alicona)

by

E in

Alicona)

distilled

E in distilled

water

water

E in distilled water

E using Cathodic

(E and T

protection

Measured via mass

(E and T

balance)

Measured via mass
balance)

Gravimetric

Faradaic

Gravimetric Faradaic

Mass loss

conversion

for C

for C

for C

for C

Mass loss conversion

Air-formed

32%

31%

73%

19%

38%

-16%

filmed NAB

± 1%

± 7%

± 8%

± 5%

± 8%

± 5%

58%

70%

57%

69%

Waterformed

-

-

± 13%

± 9%

± 10%

± 10%

23%

23%

36%

26%

38%

28%

± 2%

± 10%

± 6%

± 7%

± 8%

± 5%

filmed NAB
DSS

Table 7.7: Synergism summary for NAB and DSS using distilled water,
cathodic protection, mean depth of penetration rate, volumetric mass
loss, and Faradaic conversion methods.
Table 7.7 tabulates the measured synergy for DSS and air-formed oxide filmed
NAB using the five different methods of synergy measurement. It can be seen from
the table that synergy had measurable impact on the cavitation erosion-corrosion
of DSS and all the NAB samples.
For air-formed oxide filmed NAB, the synergy tests using the 5 different methods
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gave varying results, ranging from -16 to 73%. The synergy was found to be 31%
using the volumetric mass loss method, and 32% using MDPR method. Under the
gravimetric mass loss technique, the synergy values obtained were 73% for E (in
5 L of distilled water for 1 h), and 19% by employing polarization and Faradaic
conversion for C. Whereas, the synergy values obtained using cathodic protection
gave a negative synergy of -16% for C obtained via Faradaic conversion, and 38%
for C obtained using gravimetric method.
In case of water-formed oxide filmed NAB, only three different methods
(gravimetric, cathodic protection and Faradaic conversion) were employed to
estimate the synergy between cavitation erosion and corrosion. The synergy
obtained using polarization and the Faradaic conversions were in the range of 69
– 70% for both E conditions. Whereas, using gravimetric mass loss method for C,
the synergies were seen to drop to 57 – 58% for both the E conditions.
For DSS, the synergy values were comparatively lower, ranging between 23 – 38%.
The higher values of 36% and 38% were obtained only for those where the C was
measured via gravimetric method. For all the other methods employed, the
synergy values for DSS were found to lie below 30%.
As seen from the microstructural analyses in chapter 5 and the electrochemical
responses in chapter 6, the main synergistic mechanism at play for the three
materials was the enhancing of corrosion rate by removal of the passive or
protective film by erosion, although it was most prominent for NAB with waterformed oxide film. As mentioned in section 5.3.1.3, three months immersion of
NAB in 3.5% NaCl solution could cause up to 50-μm deep crevice corrosion and
selective phase attacks in the α-κIII eutectoid phase boundaries (as seen in chapter
5, Figure 5.25), resulting in sponge like porous surface layer. This, in turn, resulted
in the water-formed oxide filmed NAB samples to be more susceptible to erosion
as well as cavitation erosion-corrosion than NAB with air-formed oxide film,
giving higher mass loss under E and T. Also, from the results obtained, it can be
concluded that the porous and brittle oxide films erode away much faster than the
substrate. Thus, causing higher material loss under E for substrate with water212

formed oxide film, when compared to substrate with air-formed oxide film. And
under the synergistic effect of cavitation erosion and corrosion in a chloride
solution, it undergoes higher copper dissolution. And hence, this further increases
the material loss due to the combined impact of erosion and corrosion. The
synergy was hence higher for the water-formed filmed NAB, putting the sample at
higher risk of damage induced by combined impact of cavitation erosion and
corrosion. This shows that the environmental exposure of NAB to seawater is very
important, and that the implications of this exposure without surface treatment
may cause higher cavitation than for NAB with surface treatment.
Additionally, an interesting observation made from Tables 7.1, 7.4, and 7.6 was
the influence of ΔE, corrosion-enhanced erosion, for all three samples. This can be
seen numerically from the increase in mass loss or the MDPR data under T when
compared to the individual E and C values, giving a higher ΔE contribution
towards synergy. Thus, further validating the results that were acquired from the
microstructural analyses of the three test materials. Whereas, the E and T results
obtained from Table 7.5, especially for air-formed filmed NAB, showed that the
influence of corrosion on cavitation in fact reduced the mass loss, when compared
to the mass loss obtained under E. In theory, as marine propellers dock and
function in the marine environment throughout their service life, this would deem
a propeller made form NAB unfit for functioning within months. However, in
reality, the propellers are not generally subjected to cavitation at such high
intensities as under the ultrasonic transducer. And the severity and location of
cavitation always differs depending on the conditions. Also, in practical usage, the
oxide films formed on the propellers get enough intervals for the damaged oxide
films to heal, re-instating their good corrosion properties.
7.3.1. Discussion
Synergy and the interaction between corrosion and erosion have often raised
curiosity in the recent years for its ability to correlate wear and corrosion. At the
same time it has also become a subject of debate whether the technique is suitable
as well as reproducible [237]–[239]. Synergy has generally been measured in
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terms of mass loss incurred or mean depth of penetration rate by combined
contribution of erosion and corrosion. Some authors have suggested that
corrosion leads to increased abrasion resistance in some materials [239], while
others may hold a differing opinion.
The synergy values obtained under the various methods employed in the current
research are in general comparable with the synergy results obtained by several
other studies [162], [229], [236]. The study by Neville, Hodgkiess and Dallas [236]
found the synergy for 2205 DSS eroded under liquid-solid jet impingement under
saline solution to be about 20%, whereas the vibratory cavitation as well as
hydrodynamic cavitation erosion-corrosion synergy tests conducted by Wood and
Hutton [229] showed S/T % values between the range of 30% to >60% for various
materials tested under 3% NaCl solution such as grey cast iron, 1020 mild steel,
304 SS and copper alloys. Several engineering alloys tested in 3.5% NaCl solution
by Kwok, Cheng and Man showed very low (negligible) S/T % of damage for
corrosion resistant materials such as 316 SS, 304 SS and Zeron 100 super DSS
[162]. However, it must be noted that these studies were carried out with varying
conditions, and considering the mean depth of penetration rate (MDPR) as their
means of calculating synergy over a long period of test time.
In a study conducted by Wood and Fry [17], they investigated the fundamental
synergistic mechanisms of cavitation erosion and corrosion for copper and cupronickel alloys in seawater. The tests were conducted in an all-plastic cavitation
tunnel comprising of a 60° symmetrical wedge cavitation source. The specimens
of 10 × 20 mm working section were held under potentiostatic control in a flowing
seawater system at an upstream flow velocity of 14.7 m s-1. The synergy measured
using the depth of penetration method for copper in seawater after 4.5 h was
found to range between 10 – 29% at different over-potentials of 5 – 100 mV.
Whereas, for Cu – Ni alloys it ranged between 30 – 50%. It was found that the
synergistic effect was most marked when the cavitation erosion occurred in
presence of mild corrosion with 50 – 70% of the damage caused due to pure
erosion only.
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In another study, Wood and Hutton [229] plotted the ratio of the synergistic wear
to corrosive wear (S/C) against the ratio of erosive wear to corrosive wear (E/C).
These tests were conducted using hydrodynamic cavitation, slurry impingement
with aqueous slurries containing 2% silica sand particles, and vibratory cavitation
for various steels and cast iron in a slurry pot, copper and curpo-nickel alloys, in
various corrosive and non-corrosive solutions. The numbers designated to the
points are used to identify the type of materials and the experimental conditions
they were subjected to. These were obtained from the results published in
literature [229], as summarized in Table 7.8.

Point
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Table

Point
Material
Ref.
no.
A514
[240]
15
SS-316
[240]
16
SS-316
[240]
17
REM 500 [240]
18
REM 500 [240]
19
A514
[240]
20
SS-316
[240]
21
SS-316
[240]
22
REM 500 [240]
23
REM 500 [240]
24
Cu
[241]
25
Cu
[241]
26
Cu
[241]
27
G cast Fe
[16]
28
7.8: Data used for S/C vs.

Point
Material Ref.
no. Material Ref.
MS1020 [93]
29
Cu
[17]
MS1020 [93]
30
Cu
[17]
MS1020 [93]
31
Cu
[17]
SS-304 [93]
32
Cu
[17]
SS-304 [93]
33
Cu
[241]
SS-304 [93]
34
MS1020 [242]
Cu
[17]
35
Fe
[243]
Cu
[17]
36
Fe
[244]
Cu
[17]
37
Fe
[244]
Cu
[17]
38
Fe
[244]
Cu
[17]
39
Fe
[244]
Cu
[17]
40
Fe
[244]
Cu
[17]
Cu
[17]
E/C map (as plotted in Figure 7.4) and

their corresponding references [204], [229].
The S/C and E/C values for the materials from the current research were also
calculated and plotted in the graph using Table 7.3, as shown in Table 7.9.
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Materials

S/C

E/C

NAB with air-formed film

1.42

5.07

NAB with water-formed film

865

373

Duplex Stainless Steel

144

408

Table 7.9: S/C and E/C values calculated for DSS and the two types of
oxide-filmed NAB samples using gravimetric method for E measurement,
and polarization and Faradaic conversion for C measurement.
Figure 7.5 illustrates the linear relationships between S/C vs. E/C plot along with
the current results from the NAB and DSS samples [204], [229]. The solid line
represents the materials having medium S/C values (i.e. up to 30% of total wear
affected by synergy); whereas, materials having high S/C values (i.e. more than
60% of total wear affected by synergy) are represented by the broken line. Points
below the solid line were considered as low S/C values, with less than 10% of total
wear affected by synergy. And for E/C values above 50, the points could not be
distinguished between high and low S/C values [229].
It can be seen in Figure 7.5, that NAB with air-formed oxide film lies on the lowmedium S/C value, whereas, NAB with water-formed oxide film lies out of the
trend at a higher risk zone of cavitation erosion-corrosion [204], [229]. From this
it can be concluded that NAB with air-formed oxide film exhibit low risk as
propeller materials to cavitation erosion-corrosion. However, on prolonged
exposure to salt solution, seawater, chloride solution, or any such corrosive
environment, the material suffers from selective phase attack and crevice
corrosion as seen from the microstructural analyses in chapter 5, and becomes
vulnerable to the combined effect of cavitation erosion-corrosion.
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Fig. 7.5: Extended S/C vs. E/C plot showing the locations of DSS, air-formed filmed
and water-formed filmed NAB on the graph plotted using data from Table 7.8,
adapted from Ref. [203], [204].
DSS, as seen from Figure 7.5, also lies below the solid trend, exhibiting low
synergy. However, although DSS is at lower risk to cavitation erosion-corrosion in
general compared to the NAB samples, it lies above the air-formed filmed NAB
point. This is due to the low corrosion rates (as obtained from its polarization
curve) that resulted in a high E/C value of about 400. Due to which, the S/C values
could not be clearly distinguished as high or low as stated in [229].
For a heat-treated NAB such as NES 747 part 2 NAB, the synergy between erosion
and corrosion has been reported to be negative by Barik, et al. [207]. This is
attributed to the lack or low percentage of β-phase, removed during the heattreatment. Thus, changing the microstructure of the material. This, in turn, results
in higher corrosion resistance as the ordered β-phase has been established to be
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one of the phases vulnerable to corrosion attack [205]. Which in turn, would affect
the T and S values, giving different results compared to non-heat-treated NAB.
In the study reported by Barik, Wharton, Wood, et. al. [207], [235] the authors
performed sand slurry jet impingement solid particle erosion-corrosion of NES
747 part 2 NAB. The tests conditions were conducted on a rig with a horizontal jet
of salt solution impinging the NAB sample at 90° with silica sand particles of 135
µm or 235 µm mean sizes at 3% w/w concentration. E values were obtained by
subjecting the samples to CP at 200 mV below the corrosion potential under
erosion-corrosion conditions. Flow corrosion and total combined loss rates were
determined without the addition of solids and CP respectively. Sectioning the
erosion scars, and looking in to the subsurface microstructure and its depth profile
revealed a strain-hardened layer under eroded surfaces. This was also considered
responsible for the negative S value. This increase in strain hardening also
reduced the erosion rate under T conditions. This suggested that corrosion in fact
enhanced plastic flow, thereby increasing strain in the near surface as compared
to the pure erosion case [207].
In another study, Kwok, Cheng and Man [162] investigated the synergistic effect
of cavitation erosion and corrosion of copper-based alloys and bronze, among
many other engineering alloys with the help of a 20 kHz ultrasonic vibrator at an
amplitude of 30 μm in distilled water and in 3.5% NaCl solution at a temperature
of 23°C. They calculated the synergy via mean depth of penetration rate method
and concluded that the cu-based alloys had a synergy percentage of 2.7 - 4.5%
with 95 – 97% of the total damage attributed to pure erosion only. It was also
found that corrosion only played a minor role of about 0.1 – 1.8% in the overall
cavitation erosion–corrosion for copper-based alloys.
Bello, Wood and Wharton [237] attempted to evaluate synergy for 304, 316 and
327 grade stainless steels via three different approaches, two-body, three-body
and a mixed abrasion wear mode. They observed that the values of mechanical
abrasion losses were 10 times higher than those of electrochemical losses. Twobody method was seen to give large degree of scatter in results, with negative
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synergy obtained for 316 and 327 SS; whereas, positive synergies were obtained
for the two sample materials under both mixed- and three-body abrasions.
Repassivation kinetics and/or composition of the passive films on 316 and 327 SS
were considered responsible for reducing the overall synergy level of two-body
abrasion, producing negative synergies. For 304 SS, only positive synergies were
seen, owing to 304 SS having weaker repassivation/passive oxide film structure.
For 316 SS, synergy was observed to be almost independent of the level of pure
abrasion, indicating stronger repassivation rates (and hence negative synergy).
While, for 327 SS, the passive film was seen to remain intact at pure abrasion
condition below 1 x 10−12 N m2, giving negative synergies, beyond which the film
was ruptured or removed, increasing the S values.
These results, although informative, were measured via different means under
varying conditions, and hence cannot be readily compared to the results obtained
in the current study. However, a relative comparison can be drawn based on the
results obtained, such as in all the cases, erosion had higher contribution upon
synergy. The results obtained by the different studies is considered to be due to
the fact that synergy, as it has been evaluated, is a three-dimensional entity that
cannot be calculated or quantified easily. Quantification of ΔE and ΔC is the
hardest part of the synergy method. It is not easy to isolate one from the other.
There will always be certain percentage, no matter how small, of corrosion even
in pure erosion method for both distilled water conditions and cathodic protection
due to the exposure to the elements. Also, it may inadvertently promote other
degradation mechanisms such as hydrogen embrittlement, especially in steel
samples. There will also be a small percentage of corrosion-induced erosion under
C conditions. Additionally, surface effects such as passive films, transformations,
strain hardening, grain refinement/orientation etc. may significantly influence the
electrochemical measurements of C as well as C, since, E (with E) and T are bulk
material measurements [204].
Many attempts have been made in the past to understand and quantify the S into
the separate corrosion-enhanced erosion and the erosion-enhanced corrosion
components. Researchers have been able to correlate them with microstructural
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analyses [230], or measure them using experimental (such as electrochemical)
tests [164], [231], [232]. However, it has still proven difficult to be able to
accurately quantify or separate the components from the S term.
A study by Malka et. al. was conducted on AISI 1018 carbon steel using 1% NaCl
solution, purged with CO2 for inducing corrosion and silica sand as the erodent, in
order to investigate the interaction between corrosion and erosion processes.
They also attempted to quantify the synergism in realistic flow environments,
such as sudden pipe constrictions, expansions, and protrusions. The experiments
were especially designed to understand the contribution of erosion and corrosion
as individual processes, and over the net synergism. They observed that in fact
erosion seemed to enhance corrosion as well as vice versa, with each contributing
significantly to the overall synergism. However, the dominant process was the
effect of corrosion on erosion, with corrosion almost doubling in the presence of
erosion, as observed from the experimental results. This was supported by their
previous speculation of erosion assisting corrosion rate by increasing local
turbulence, and therefore, mass transfer, and surface roughening [164].
Others tried to determine the ΔE component from the anodic polarisation
measurement. The erosion-enhanced corrosion of UNS S32304 stainless steel and
carbon steel under impingement by NaCl solution was investigated by Zheng et.
al., [231]using results from electrochemical analysis. The contribution of ΔE on the
material was quantified using potentiostatic polarization. Similarly, Aribo, et. al.
[232] attempted to understand the synergy between erosion and corrosion of
lean duplex stainless steels, UNS S32101 and UNS S32304, in aerated 3.5% NaCl
solution. The results were compared to that of UNS30403 austenitic stainless steel
and UNS S32205 DSS. They measured the corrosion rates of the alloys under
impingement using 3.5% NaCl solution with 500-ppm sand at 15 m s-1. The
corrosion current density, obtained from the anodic polarisation plots using Tafel
plots, was used to calculate the erosion-enhanced corrosion using Faradaic
conversion.
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7.3.2. Limitations of the techniques used
As presented in Ref [18], the gravimetric mass loss results were considered more
reliable. This is because, although both gravimetric as well as volumetric mass loss
measurements are useful and efficient in their own account, they both have major
shortcomings.
On one hand, while the data obtained by precision mass balance are generally
considered accurate up to 0.01 mg, several factors may affect these results.
Sediments of eroded titanium probe tip may get deposited on to the sample
surface, un-dissolved solute sediments in the water may accumulate on the
surface, water-retention due to absorption via porous layers/coats, if any, may
occur, as well as other impurities that cannot be detected and fully prevented may
affect the data. Also, as the samples are introduced to a corrosive environment, if
they have low corrosion resistance, it is difficult to differentiate the amount of
mass actually lost by the material after the erosion test due to the aforementioned
potential accumulation of sediments and formation of corrosion products. The
mass balance does not take into account these factors and this could cause
deviation in the final result.
On the other hand, volumetric analyses can be equally crude since the highest
magnification achievable using Alicona is 1000x, which could cause loss of data
especially for very smooth and reflective surfaces. In case of sedimentation,
corrosion products, micro-scratches, and burrs existing on the sample surface,
Alicona would not differentiate and perform selective volume loss. This again
could cause deviation from the desirable results. At lower magnifications or while
analysing highly reflective surfaces, it may also manifest its own roughness and
waviness of the surface, as was the case with the polished surfaces of the sample
materials used for the experiments undertaken. Hence, S/T % obtained using
gravimetric method for E and T, and polarization technique for C was considered
more preferable.
Furthermore, the errors for E, C and T all sum up (as seen from the synergy
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summary tables for each method) while quantifying S, which can lead to
significant errors. Additionally, an important factor often overlooked, and needs
to be realized, is the percentage error for the S/T % values obtained under each
individual method. Often, the S values and the corresponding S/T % are quoted in
literature without the error bar. However, as seen from Table 7.7, these error %
values are not negligible, making the S and S/T values less reliable than assumed.
This, in turn, further makes quantification of S even harder.
Buffered pH solutions have been considered to move the surface from being
corrosion active to immune. Also, corrosion being time dependent, long exposures
to corrosive/marine environment pre-test may add other complication such as
bio-fouling associated with seawater immersion [204].

7.4

Summary

Synergy tests were conducted according to ASTM G-119 standards of employing
three distinct tests: pure erosion (E), pure corrosion (C), and the combination of
erosion-corrosion (T). Equation (7.1) was employed to quantify synergy from the
results obtained for E, C and T.
Synergy values for DSS and air-formed filmed NAB were measured using five
different approaches, and that for the water-formed filmed NAB was measured
using three different approaches. This included the gravimetric mass loss method
where the mass loss incurred under E, C and T were measured using a mass
balance; under the gravimetric method, the pure erosion rates were obtained
under two different conditions, 1 h cavitation in distilled water, and in 3.5% NaCl
solution while subjected to cathodic protection.
Due to the inconsistencies in the C values measured via mass balance, polarization
technique, along with Faradaic conversions of corrosion rates to mass loss were
adapted instead as the third approach. The fourth and the fifth approaches were
the volumetric mass loss and the MDPR methods, conducted using Alicona only
222

for the air-formed filmed NAB and DSS, with E obtained in distilled water. Tables
7.1, 7.3, 7.4, 7.5 and 7.6 summarised the E, C and T values obtained that help
quantify S value for each approaches. The gravimetric approach for T and E, with
E tested in distilled water, and polarization technique for C was considered most
reliable and hence, preferable among all the other methods used.
Table 7.7 further summarised the S/T % found under each test method of all the
test materials and compared the results. From the tests conducted and the
resultant S values, it was seen that 1 h of exposure to cavitation and corrosion had
measurably high synergistic effect on the cavitation erosion-corrosion of NAB
(air- and water-formed filmed) and DSS. The extensive study conducted shows
that synergy is three-dimensional.
The synergy quantification, the most reliable methods, the critical analyses of the
found results, the literature review on the past results obtained, and the
limitations of all the methods were discussed.
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Chapter 8:
Conclusion and
Future Work
The aim of the research, as mentioned in the introduction chapter, was to
understand the microstructural as well as electrochemical behaviour of DSS and
NAB, and their responses to cavitation erosion-corrosion using ultrasonic
vibratory transducer under ASTM G-32 standards. The goal was to investigate the
relation between cavitation erosion and corrosion, and the synergistic interaction
between them.
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8.1. Conclusion
A critical review of the literature focusing on the ultrasonic vibratory type of
cavitation testing showed that ultrasonic vibration was the most accelerated and
repeatable approach to obtain cavitation results for a wide range of engineering
materials. Several researches observed the tribocorrosion effects of the
mechanical damage of cavitation erosion, the effect of combined cavitation
erosion-corrosion damage, and the synergistic interaction between cavitation
erosion and corrosion. Several different methods of quantifying synergy included
gravimetric analysis, mean depth of penetration techniques, and electrochemical
analysis. In addition to that, microstructural analyses were also made on the test
materials using SEM for material characterization, and understanding their
microstructural behaviour under cavitation.
Studies have also tried to characterize the influence of corrosion on cavitation
erosion using potentiodynamic polarization, EIS, and linear polarization
resistance with and without cavitation. However, the conclusions drawn were
only based on the corrosion potentials, mass loss changes and mean depth of
penetration rate during the cavitation measurements. This leaves the subject of
the dynamics of cavitation erosion process combined with the corrosion of
material not well understood, especially at the micro level.
In the current research conducted, it was concluded that DSS as well as both the
types of NAB samples underwent cavitation erosion and corrosion, and exhibited
significant amount of synergy. For DSS, the microstructure underwent selective
phase attack, with the soft ferritic matrix more vulnerable to cavitation than the
austenitic phases. DSS was also seen to undergo ductile failure in the cavitated
zone in the form of extrusion of the austenite at the cavitation pit along with
microcracks and cleavage facets, and striation patterns on the wear scar.
As for NAB, both the air-formed as well as the water-formed oxide filmed samples
were seen to undergo higher mass loss compared to DSS. SEM analyses revealed
that the wear mechanisms of the cavitated sample surfaces with both air and
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water-formed oxide films both underwent selective cavitation erosion-corrosion
attack at the α-κIII eutectoid phase boundaries as the first site of attack, with ductile
deformation around the cavity. The κ precipitates and precipitate-free α-phase
zones were found to suffer no visible cavitation after 1 h of cavitation test in both
distilled water as well as 3.5% NaCl. The sites of most aggressive attacks exhibited
large cracks, propagating into the microstructure along the α-κIII phase
boundaries.
Samples were also tested under potentiodynamic polarization in order to obtain
the corresponding mass loss rate, obtained via Faradaic conversion of their
corrosion densities, and potentials for cathodic protection. From the polarization
curves and the subsequent mass loss rate, it was seen that DSS showed the lowest
mass loss, followed by water-formed oxide filmed NAB, and finally, the highest
mass loss measured was that for air-formed oxide film.
These results also helped reinforce and explain the results obtained from
mathematical evaluation of S. As discussed in chapter 7,the synergies were
evaluated using 5 different methods for DSS and air-formed filmed NAB, 3
different methods for water-formed filmed NAB. For the air-formed oxide filmed
NAB, the synergy tests using the 5 different methods gave varying results, ranging
from -16 to +73%. Under the gravimetric mass loss technique, the synergy values
obtained were 73% for E in 5 L of distilled water for 1 h, and 19% by employing
polarization and Faradaic conversion for C. Whereas, the synergy values obtained
using cathodic protection gave a negative synergy of -16% for C obtained via
Faradaic conversion, and 38% for C obtained using gravimetric method. For
water-formed oxide filmed NAB, only gravimetric, cathodic protection, and
Faradaic conversion methods were employed. The synergy obtained using
polarization and the Faradaic conversions were in the range of 69 – 70% for both
E conditions. Whereas, using gravimetric mass loss method for C, the synergies
were seen to drop to 57 – 58% for both the E conditions. DSS exhibited the lowest
values for synergy, ranging between 23 – 38%, with 36% and 38% obtained only
for those where the C was measured via gravimetric method. For all the other
methods employed, the synergy values for DSS were below 30%. Each method had
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their own individual advantages and disadvantages. On comparing each test
methods of obtaining synergy, the S/T % obtained using gravimetric method for
E and T, and polarization technique for C was considered most preferable.
Correlating the synergy results with the microstructural and electrochemical
analyses, it was concluded that since DSS exhibited high corrosion resistance, and
hence, low subsequent mass loss under C, the contribution of E was the most
predominant on the erosion-corrosion of DSS. For the air- and water-formed
filmed NABs, the microstructures were seen to undergo more severe erosion, with
larger cavities under T conditions as compared to E conditions. This was also
reflected in the synergy results, showing higher synergy for water-formed filmed
NAB than the air-formed filmed NAB. Hence, in conclusion, it can said that DSS and
NAB (with both types of film) exhibit substantial synergy between erosioncorrosion, evident from their microstructural as well as electrochemical results.
However, prolonged exposure of non-heat-treated NAB in seawater will result in
enhanced synergy, and hence, intermittent use of propellers made from as-cast
NAB will result in faster degradation of the propellers.

8.2. Future Work
However, although the synergy measurement between cavitation erosion and
corrosion is insightful in the behaviour of the propeller materials tested, it does
not clearly explain the interaction between cavitation erosion and corrosion in full
details. For example, the data obtained from electrochemical measurement for the
cavitation erosion-corrosion test showed that both duplex stainless steel and
nickel aluminium bronze exhibited high resistance to corrosion when subjected
under cavitation. The cause of corrosion during cavitation is attributed to the
removal of oxide layers in the case of NAB, but the mechanism of corrosion and
passivity still needs to be clarified.
In the light of all the results obtained, there is still much left to be answered in the
realms of electrochemistry, and the individual contributions of ΔE and ΔC. As
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already established and stated numerous times in the literature, there exists very
complex interplays between wear and corrosion. These complexities do not allow
easy analysis of the localized corrosion occurring within the individual cavities as
well as the entire cavitating region. Even though there are standard guidelines,
such as ASTM 119 [233], to measure synergy using various techniques, such as
electrochemical, gravimetric and profilometry, its quantification is still a matter of
debate.
The synergy results obtained in the literature have all been very dispersive, due
to the wide ranges of methods employed, and not easily comparable to one
another. And although they present valuable information, accelerated test
methods such as ultrasonic vibration may not allow real service conditions to be
simulated. Neither do they represent real-time service relevant damage
mechanisms, since corrosion mechanisms are often time dependent over different
orders of magnitude to erosion mechanisms. These accelerated testing methods
along with the variations in the measurement techniques, often sensitive to
several varying aspects, used to quantify synergy can lead to uncertainties in
results [204].
Also, few anomalies may exist due to certain assumptions made during the
experiment such as, the erosion test without any external electrochemical
application was considered as pure erosion test, however there was still a small
level of corrosion taking place in the form of passivity of the individual materials
itself. Instead of using distilled water cathodic protection can also be employed
however, while cathodic protection can prevent corrosion it is difficult to suppress
corrosion and hydrogen evolution simultaneously as also explained by Kwok,
Cheng and Man [162]. Hydrogen could cause hydrogen embrittlement in stainless
steels, but it may also exert a cushioning effect, reducing mechanical erosion, and
this may potentially increase the relative contribution of synergism [18].
The future research work may delve deeper into the realm of the cavitation
erosion-corrosion interaction, and try to understand their individual
contributions and the combined underlying mechanisms.
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8.2.1 Modern composite propeller materials
The other potential future approach to the research may include looking into new
prospect propeller materials made of composites. It is well established that
copper alloys such as NAB, various stainless steel grades and DSS are some of the
most common propeller materials used. However, more recently, usage of
composites to manufacture marine propellers has been extensively investigated
and attempted in practice. This is mainly due to few favourable qualities of
composites over metal alloys such as light weight, immunity towards corrosion,
reduced noise generation, no magnetic signature and shape adaptability [245]–
[247]. Hence, the next novel approach in this research would be towards the
investigation of Ni-coated composite materials.
The common composite materials used comprise fibre reinforced plastic (FRP)
such as E-glass (electrical) fibres with polyester resin, and carbon fibres with
epoxy resins. Figure 6.2 shows a 12 inch FRP propeller made from glass and
polyester resin painted in preparation for open water testing [248].
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Fig 8.1: FRP propeller of diameter 305 mm painted in preparation for open water
testing [248].
Several experimental and analytical studies have been made regarding the
credibility of composites as propeller materials. Trials at sea on university run
vessels have enabled to test the fitness of the composites for purpose of propellers
made from glass reinforced, epoxy composite. Hydroelastic tests have been
conducted in experimental tanks to help understand and improve the efficiency of
the propeller under variety of operating conditions [248]. In 1990, a study was
carried out at the University of Southampton Department of Mechanical
Engineering to investigate the feasibility of producing propeller brackets (for
supporting the propeller shaft emerging from the hull) with a composite material
[249]. The work presented by Herath et. al, on the shape-adaptable composite
marine propellers attempted to compare the results obtained numerically using
Fluid-Structure Interaction of Finite Element Analysis and experimental results.
Shape adaptability refers to the ability of a composite to adapt to their working
conditions and deform with load changes, without the involvement of external
mechanisms such as pitch based on the flow conditions and rotational speed in
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order to achieve a higher efficiency [250]. A shape-adaptive propeller is flexible
and designed so that the blades deform in such a way that the propeller
performance is enhanced in comparison to that of a conventional metal propeller.
The shape-adaptability can be achieved through the choice of the appropriate
blade geometry and the optimum arrangement of composite materials [251].
However, composite propeller materials do not come without their own flaws.
Designing a shape-adaptable composite propeller is significantly more
complicated than designing an alloy marine propeller [250]. Composites can have
high fracture toughness, but this must be specified and is not always easily or cost
effectively achieved [248]. Also, several other factors may need to be well
reviewed before considering composite propellers such as the porosity of the
material and its potential water up take, the delamination of the composite layers,
among several others. Another major disadvantage of using a composite propeller
is that the damages incurred are often non-reparable.
A comprehensive study was undertaken by Orchard [252] to understand the
cavitation behaviour of various marine composite samples. He conducted
cavitation erosion test using the ultrasonic vibratory facility at the University of
Southampton, for Carbon Fibre/polyurethane (CF) composites and E-glass with
resin (G-10 standard) composites, among others, in tap water. From his studies,
he measured the cumulative mass loss and erosion rates for the sample materials
to rank then accordingly, based on their resistance against cavitation. Figure 8.2
shows the trends in mass loss as a function of cumulative exposure time for Eglass and CF composites.
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Fig. 8.2: Mass loss vs. cumulative exposure time plots for E-glass and carbon fibre
composites for two different standoff distances [204], [252].
As seen from Figure 8.2, E-glass samples showed greater cavitation erosion
resistance than the CF composites at a standoff distance of 1 mm. However, at a
higher standoff distance of 2 mm, the CF composite samples were seen to have
greater cavitation resistance. This was found to be due to the varying levels of
resin layers on the surface of the two samples, and the properties of the fibres
when exposed to cavitation. On optical analysis under a microscope, it was seen
that the CF samples, having less resin top layer, had more exposed fibres that
showed higher resistance at the lower intensities. The E glass sample, on the other
hand, had thicker resin layer but more erosion resistant fibres and layout [252].
As soon as the top resin layer was penetrated, there was a rapid mass loss
observed (shown by the accelerated mass loss over time in Figure 8.2). Figure 8.3
(a) shows the optical image of an E-glass sample, and Figure 8.3 (b) shows the
eroded surface of CF composite sample with top resin layer removed, revealing
the weaves closest to the surface obtained after 10 minutes of cavitation [252].
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(a)

(b)

Fig. 8.3: Optical images of (a) E-glass sample [204], [252]; and (b) carbon fibre
composite, cavitated for 10 minutes at 1 mm. The resin layers are clearly removed
from the top of the weaves [252].
As seen from the figures, both samples underwent removal of resin. The
polyurethane resin, being softer than the carbon fibres, was the first to be
removed. Once the top layer of resin was penetrated the resin around the fibres
were eroded by microjets formed by cavitation bubble impingements (as seen in
Figure 8.3 (a)). The fibres were seen to fail due to brittle shear. Compared to NAB
NES 747, the composite samples failed much faster, with 6-9 times the mass loss
as obtained under the same test parameters [252].
In another study by Searle [248], the feasibility of manufacturing small marine
propellers from continuous fibre reinforced polymer composite materials was
examined. It has been shown that manufacturing propellers in composite
materials is theoretically more cost effective than traditional materials. The
manufacturing routes play a very important role when it comes to composite
materials. It can throw light on the critical processing parameters necessary for
successful production of laminates suitable for propellers and other high
performance marine structures. Searle performed cavitation test on his FRP
composite samples using a cavitation tunnel running at maximum velocity of over
4 m s-1 or 3000 rpm. The experiment investigated how the different elastic moduli
of the composite as well as aluminium propellers affected the onset of cavitation.
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It was found that the lower stiffness of the composite propeller delayed cavitation
onset. The efficiency curves showed a shift that was caused by the higher flexibility
of the composite propeller. However, he did conclude that more time was required
for the experiments in the cavitation tunnel to substantiate the drop in efficiency
of the composite propeller at 4 m s-1 water speed.
8.2.2. Computational modelling simulation
Several studies have also been conducted in the field of multiphase flow, and
computational modelling of cavitation. Cavitation erosion prediction has been one
of the most important yet difficult tasks in the designing of marine and boat
propellers. Several qualitative methods, such as acoustic signals, paint tests or
high-speed video image analyses, are employed to quantify such risks, especially
in the field of computational fluid dynamics (CFD). Industrial institutes like Lloyds
Register have, for years, invested on the computational simulations of a
model/prototype as well as full-scale propeller cavitation. Acoustic emission (AE)
technique, among many others, has been employed by Lloyds Register to
complement their borescopic cavitation observation at the ship scale. However,
the challenges of predicting the cavitation intensities, the type and the location of
cavitation persist. Additionally, the parameters used to conduct the required
simulations are greatly simplified.
Computational modelling of the flow between the vibrating sonotrode and the
specimen has been performed using CFD techniques by Reddy, et. al. in order to
aid the understanding of the cavitation dynamics generated [33]. Tests were
conducted for the very same ultrasonic vibratory equipment used for the current
research at different conditions considered for the vibration amplitude (or power
setting) and the probe-specimen standoff distance. They attempted to replicate
the experimental mechanisms of cavitation into the simulations. However, many
limitations and simplifications were made, such as limiting the size of the bath in
the simulation compared to that in the experiment, and the surface of the sample
was assumed to remain intact throughout the simulation, whereas, the sample
surface underwent erosion over time in the experiment. From their simulations,
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it was concluded that a good correlation was obtained between the experiments
and CFD simulations for the large-scale cavitation collapse frequencies. From their
simulation, and the large-scale acoustic signatures measured during erosion tests,
they were able to model a large-scale cavity volume collapse at the centre of the
probe within the gap, as shown in Figure 8.4 for 1 ms.

Fig. 8.4: Contour plots showing cavitation phenomena beneath the probe
occurring within 1ms (where, blue signifies vapour, and red signifies liquid).
However, these studies have all been conducted for large-scale measurements and
cavitation processes. To understand the phenomenon at micro-level, for
individual bubble dynamics, more sophisticated techniques need to be employed.
Currently, a research is undertaken by Kim, from Fluid Structure Interactions, at
University of Southampton, in collaboration with Lloyds Register, to investigate to
model the cavitation process and understand the links between acoustic signal
and type/location of cavitation, with the aid of an open source Computational
Fluid Dynamics programme, openFOAM (version. 3.0.1), to simulate ultrasonic
cavitation on a sonotrode. Attempts are being made to predict cavitation
phenomena and pressure impact loads on a test specimen under the ultrasonic
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probe.
The investigation of propeller cavitation is an ongoing challenge, both
experimentally at real scale in the sea, model scale in the form of prototypes as
well as lab based (such as in this research), and computationally. As already
mentioned, the individual roles of each microstructural phase, and their combined
responses to cavitation have been studied extensively in the literature. The
mechanical aspects of cavitation have been observed under both SEM and optical
microscopes. The electrochemical responses have also been observed and
recorded via several means. However, the individual roles of both erosion and
corrosion, as seen experimentally, have been difficult to quantify qualitatively and
accurately, and, even more so, their individual contributions to the combined
action of erosion and corrosion. Which has also been reflected in the difficulty
observed in simulating cavitation erosion with corrosion in the past. It would be a
long procedure before most aspects of the mechanism can be fully understood.
Progresses have been made extensively in the experimental field. However, the
simplification of techniques and parameters used currently limit the extent CFD
and such programs can promote the understanding of cavitation to the microscale. Hence, as a final note, the next step for the subject, as a continuation of the
presented research, will be to address these factors, whilst delving into the
computational aspects of the marine propeller cavitation.
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Cavitation erosion-corrosion of nickel aluminium bronze with oxide ﬁlms formed under two different
conditions, oxide formed in air for 1 week and oxide formed after 3 months immersion in 3.5% NaCl
solution, was conducted using a 19.5 kHz indirect ultrasonic vibratory system at a peak-to-peak amplitude of 80 ( 70.2) μm in 3.5% NaCl solution. The synergistic interactions between the cavitation erosion
and corrosion were determined via experiment comprising of three different tests: pure cavitation
erosion test in distilled water, pure in-situ electrochemical corrosion tests using open circuit potentials
(OCP) and polarization scanning, and a combination of cavitation erosion-corrosion kept at OCP in 3.5%
NaCl solution to understand the overall synergism existing between cavitation wear and corrosion. The
results were then analysed and compared using mass loss analysis. Scanning electron microscopy was
used to analyse microstructural characteristics of the cavitated sample surfaces, as well as the transversesections of the surface features. It was seen that samples with water formed ﬁlm exhibited high synergy
and was more susceptible to selective phase attack and phase boundary erosion in comparison to airformed ﬁlm.
& 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Cavitation is a tribo-corrosion phenomenon known to occur
within marine environment that may cause destruction of ships,
boats and submarine propellers as well as rudders, greatly affecting their efﬁciency and reducing their life. Generally known to
be a very complex process, it depends on the type and unsteadiness of the process along with the physical response of the propeller and rudder materials to the cavitation impact itself [1].
There have been many counter-measures to prevent or reduce
further damage by cavitation. But due to ever increasing usage and
sizes of bulk carriers and ocean liners, cavitation has become more
prominent an issue. In a marine system, the marine propulsion
system in general seems to be at a high risk of exposure to cavitation and its detrimental effects. Hence, a propeller material has
certain properties that it must meet before it can be considered ﬁt
for boat and ship propeller fabrication. The properties required in
a propeller material vary depending on the duty and service
conditions of its vessel, however, certain factors are more commonly desirable for a propeller material to possess, such as high
mechanical strength including ductility, fracture toughness and
n
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tensile strength, strength to weight ratio, high resistance to general corrosion, crevice corrosion and corrosion fatigue in seawater,
high cavitation erosion resistance, high resistance to impingement
attack, and ability to be repaired easily including weldability [2].
Understanding the material behaviour in different wear conditions as well as environments, and the synergistic interaction
between the cavitation erosion and corrosion adds valuable insight into understanding the cavitation behaviour of the propeller
materials.
As-cast nickel aluminium bronze (NAB), UNS C98500
(CuAl10Fe5Ni5), is a conventional marine propeller material alloy
that has been studied in the literature to understand the role of its
microstructure and material behaviour against cavitation erosioncorrosion. With the ability to retain its original smooth machined
surface over a long period of time, and high notch resistance, as
well as resistance to failure under impact when notched, it has
become greatly valued as a marine propeller material [3]. As
classed by Lloyd's Register, in the early 1960 s the use of hightensile brass accounted for about 64% of all of the propellers
produced whereas, NAB accounted for only 19%. However, by the
mid 1980 s NAB had acquired almost complete dominance over
the other materials, accounting for about 82% of the propellers.
This is attributed to a combination of high mechanical properties
and superior corrosion resistance in seawater demonstrated by
NAB over other engineering materials [2].
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1.1. Synergy
Cavitation erosion-corrosion of NAB has since been studied most
extensively to understand the behavioural response of NAB to cavitation, its microstructural characteristics, and more importantly the
relation between cavitation erosion and corrosion of NAB. The tribocorrosion process which involves mechanical as well as electrochemical interactions is known as synergism of wear and corrosion
[4]. One way to determine this relationship is via performing a synergy experiment that involves three different types of test [5,6]:
(1) pure erosion tests to determine the erosive wear rate; (2) pure
corrosion tests to determine the corrosive wear rate; (3) combined
erosion and corrosion tests to determine the total wear rate. These
experiments allow evaluation of the synergistic effect, by using Eq. (1)
conforming to ASTM G119 standards [7]:

S = T − ( E + C)

(1)
Fig. 1. SEM backscattered electron image of the microstructural morphology of cast
NAB at a magniﬁcation of 1000x [34].

Where,
S is the synergistic wear rate,
E the erosive wear rate (test (1))
C the corrosive wear rate (test (2)), and
T the total wear rate (test (3)).
S, T, E and C can be either mass loss or depth-of-penetration
rates.

cavitation erosion test in distilled water, pure corrosion tests using
open circuit potentials (OCP) and polarization scanning in 3.5%
NaCl solution, and a combination of cavitation erosion-corrosion
kept at OCP in 3.5% NaCl solution. The results for T and E were then
analysed and compared using gravimetric mass loss analysis.

S = T − ( E + C ) = ΔE + ΔC

1.2. NAB microstructure and material behaviour

(2)

Where, ΔE = corrosion enhanced erosion, and ΔC = erosion enhanced corrosion. The underlying mechanisms for ΔE may generally include removal of work-hardened surfaces due to corrosion, exposing the softer substrate to the erosion mechanisms;
selective phase attack of grain boundaries; and an increase in the
number of stress-concentrating defects (such as caused by corrosion micro-pitting). Whereas, ΔC can occur due to local acidiﬁcation occurring within the erosion pits, which may accelerate corrosion rates and prohibit further ﬁlm formation; surface roughening due to erosion; or change in mechanical properties of the
sample material, such as lowering of the fatigue strength, due to
corrosion [8]. However, many attempts have been made in the past
to understand and quantify the S into the separate ΔE and ΔC
components. Attempts have been made to correlate them with
microstructural analyses [9], or measure them using experimental
(such as electrochemical) tests [10]–[12]. However, it has still
proven difﬁcult to be able to accurately quantify or separate the
components from the S term.
A previous study was conducted to understand the synergy
between cavitation erosion and corrosion of air-formed oxide
ﬁlmed NAB in 3.5% NaCl solution and distilled water [5]. Microstructural analysis was conducted for the eroded samples to understand the mechanisms involved. However, not much has been
understood about the cavitation of NAB in the presence of a thick
protective oxide layer that is known to form in the marine environment after only a few months of exposure. Furthermore, the
impact it has on the synergistic interactions between the cavitation erosion and corrosion is also unknown. Hence, the aim and
objective of the present study was to understand the impact of a
water-formed oxide layer on the material behaviour during cavitation erosion-corrosion, and compare it with that of an airformed ﬁlmed sample, along with the corrosion aspects of cavitation, the existence of synergism between erosion and corrosion,
and the overall cavitation erosion–corrosion damage at room
temperature in 3.5% NaCl solution.
For this, the synergy experiment was conducted by means of an
indirect ultrasonic vibratory system as presented in Ref. [5]. The
experiment conducted comprised of three different tests: pure

NAB is a copper-based alloy (80 wt%) with aluminium as its main
alloying element (10 wt%). In addition to that, it also constitutes 5 wt%
of Fe and Ni each among other traces of elements. Together, these
elements help NAB form its complex microstructure, which generally
comprises of columnar grains of copper-rich solid solution known as
α-phase and a small volume fraction of β-phase or retained martensitic β’-phase, surrounded by four different types of Fe-rich intermetallic kappa (κ) phases. Among these intermetallic phases, κI phase
is rosette shaped precipitate ranging from 5–10 μm in diameter. κII
phase is smaller (ranging from 1–2 μm in diameter) dendritic rosette
shaped phase distributed mostly at the α/β boundaries. κIII phase is a
ﬁne lamellar “ﬁnger-like” eutectoid structure. And κIV phase is a ﬁne
precipitation with highest Fe-content among the intermetallics that is
of varying sizes (o0.5 μm in diameter) with plate-like morphology
and is distributed throughout the α-matrix [3,5, 8–11].
Fig. 1 shows the general microstructural morphology of as-cast
NAB tested in this paper under Scanning electron microscope
(SEM) at 1000x magniﬁcation where, κI and κII are the globular
dendritic structures, κIII is the lamellar structure, and κIV is the very
ﬁne particulate imbedded within the α-matrix.
The κI, κII and κIV phases are all distributed in the nickel-aluminium structure of DO3 Fe3Al crystal structure. DO3 crystal structure is
an ordered face centred cuboid (FCC) crystal unit cell with four body
centred cubes (BCC) and four Fe3Al cubes arranged alternatively. κIII
phase, on the other hand, is a Ni-rich B2 structure, which is a BCC unit
with Ni elements at the eight corners but with Al element at the
centre of the cube. Fig. 2 illustrates the crystal structures of κI, κII and
κIV phases as DO3 Fe3Al, κIII phase as B2 NiAl [11,12].
The chemical compositions, in weight %, for the alloy as well as
the individual phases obtained under energy-dispersive X-ray
spectroscopy (EDS) are tabulated in Table 1.
As-cast NAB used for the research had high mechanical properties with a density of 7.65 g cm-3, an ultimate tensile strength of
650 MPa, a yield strength of 270 MPa, and a hardness of 160 Hv.
[13].
The general corrosion rate of NAB in seawater is considered to
be 0.06 mm year-1 [14,15]. For the longevity of propellers functioning in a harsh environment like seawater, it is very important
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Fig. 2. (a) Fe3Al DO3 structure, and (b) NiAl B2 structure [11,12].
Table 1
Chemical composition of the individual phases in the NAB samples as tested under EDS.
Micro-structural Phases

Alloy
α
κI
κII
κIII
κIV

Chemical composition in weight %
Cu

Si

Al

Mn

Fe

Ni

80.25
85.39
15.08
17.61
45.15
13.00

0.03
–
1.66
1.52
–
7.00

8.79
7.19
13.29
14.02
18.76
19.00

3.56
0.87
1.72
1.50
1.19
2.00

4.63
3.35
57.53
51.90
10.90
64.00

5.10
3.20
10.72
13.44
24.00
6.00

that the materials used for the propellers are highly corrosion
resistant. One of the ways to determine the corrosion properties of
a metal or alloy is by locating its position in the galvanic series to
understand how it would fair in the seawater environment. The
galvanic potentials of NAB in ﬂowing salt water at a velocity of
2.5 to 4 m s-1 at a temperature range of 10–27 °C is between -0.15
to -0.22 V [16–18]. This good corrosion resistance of NAB has been
attributed to the formation of a protective oxide layer predominantly comprising of aluminium oxide near the substrate and
copper oxide formed on the outer layer, when exposed to a corrosive environment. These ﬁlms generally take several weeks to
reach a thickness of 900–1000 nm, which are not susceptible to
localised breakdown and consequent pitting in the presence of
chlorides and therefore, making NAB very resistant to corrosion by
seawater, but may exhibit a different corrosion behaviour from the
NAB substrate when disrupted via external means, such as cavitation [14,19].
1.3. Corrosion behaviour and selective phase attack
In an alloy with multi-phase composition, the various phases tend
to have different electrochemical potentials due to which, there exists
a tendency for the most anodic phase to be corroded preferentially.
This is called selective phase attack. The extent of corrosion depends
on how great the potential difference is between the anodic phase
and the surrounding phases, and upon the distribution and intrinsic
corrosion resistance of the anodic phases [14].
In case of NAB, the copper-rich α-phase and aluminium-rich
phases tend to undergo localised galvanic corrosion when coupled

Morphology

Structure

–
FCC solid solution
Rosetta globular
Dendritic
Lamellar
Cuboidal

–
–
Fe3Al (DO3)
Fe3Al (DO3)
NiAl (B2)
Fe3Al (DO3)

with the cathodic κ phases, which tend to have higher electronegativity as compared to α-phase. This selective phase attack
affects especially the narrow bands of α-phase adjacent to the
lamellar κIII phases, from where it may spread further into the κIII
phase itself [3,5,10,20–25]. This vulnerability of α-κIII phase
boundary is considered to be due to its continuous nature. This
selective phase attack of the α-κIII phase boundaries may reach up
to a depth of 100 μm in just a month of submersion in seawater
[25]. A form of selective phase attack that arises in aluminium
bronzes is commonly known as “dealuminiﬁcation,” where the
aluminium in the alloy undergoes selective dissolution, resulting
in a residue of spongy porous copper, which retains the original
shape and dimensions of the component but has little mechanical
strength. NAB has been known to suffer from dealuminiﬁcation in
acidic media both in service and in laboratory tests, and also, infrequently in marine environment [14,26]. Generally the existence
of the retained β-phase, especially in non-heat-treated NAB, has a
negative effect on dealuminiﬁcation corrosion of aluminium
bronzes, since it occurs ﬁrst at the interface of the α-matrix and
the β-phase and then further develops within the β-phase [27,28].
It has been found that controlling of the factors such as the
composition of the alloy, and cooling rate from the working temperature of the cast, may ensure reduction in dealuminiﬁcation of
the alloy [14,26].
1.4. Oxide ﬁlm formation processes
There have been several studies on the corrosion behaviour of
NAB alloy and its protective oxide ﬁlm formation. Schüssler and
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Exner [34] established that when the oxide-free substrate surface
is introduced to a corrosive environment, the aluminium in the
alloy would preferentially oxidize ﬁrst in the presence of oxygen.
However, after a certain thickness is achieved, the formed alumina
ﬁlm, prevents further diffusion of aluminium, leaving copper to
oxidize on the surface of the corrosion product [19,29]. The formation of the Al2O3 oxide layer is done by “complexation” of aluminium by chloride as demonstrated in Eq. (3), which is then
followed by hydrolysis of the chloride product to form Al(OH)3
layer (Eq. (4))
Al þ4Cl  -AlCl4  þ3e 

(3)

AlCl4  þ3H2O-Al(OH)3 þ 3H þ þ 4Cl 

(4)

The chloride ions released play an important role in the formation and properties of protective oxide ﬁlms especially on
copper-based alloys. Hence, it has been observed and established
by Wharton and Stokes that the most prominent oxide forming in
aerated chloride media on a NAB surface is Cu2O [25]. This is because the main corrosion process in such environment mainly
constitutes of the dissolution of copper to form a dichlorocuprous
anion complex [25,30,31], given by Eq. (5):
Cu þ2Cl  -CuCl2  þe 

(5)

The Cu2O may form via a number of processes in Cl  containing environments, the extent of which depends on the relative
chloride ion concentration and pH. The oxide layers are considered
are formed by a dissolution process shown in Eq. (6) [32] [37].
2CuCl2  þ 2OH  -Cu2OþH2O þ4Cl 

(6)

The predominant cathodic reaction in aerated solutions given
by Eq. (7):
O2 þ 2H2O þ4e  -4OH 

(7)

2. Methodology
2.1. Sample preparation
12 samples were prepared for the tests. Each sample had a
dimension of 25  25 mm with a thickness of 5 mm with a tolerance of 7 2 mm. The samples were all wired with the help of M3
screws at one side for facilitating electrochemical analyses. The
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sample surfaces were all coated with lacquer on 5 of the 6 sides of
the sample, except one, the surface being monitored for oxide
formation. 6 samples of NAB were wet polished with 120-, 800,
1200- and 4000- silicon carbide (SiC) abrasive papers and kept
aside in 6 individual clean and uncontaminated plastic bags to
form air-formed ﬁlms for a maximum of 1 week.
The other 6 samples were wet polished with 120-, 800, 1200and 4000- SiC grit paper and then submerged in 3.5% NaCl solution for 3 months to form a thick layer of water-formed oxide ﬁlm
on the samples. Fig. 3 shows the differences in the optical images
of the oxide-ﬁlms formed after 1 week of air exposure and
3 months of submersion in 3.5% NaCl solution.
From Fig. 3(a), it can be seen that considering the protective
oxide ﬁlm formation is a slow process, especially in the absence of
corrosive environment like seawater, there is not a signiﬁcance
difference in the microstructure of the substrate after 1 week of
exposure to air, although the κIII phases seemed to appear more
prominent, meaning localised etching or selective phase attack at
the phase boundaries. Whereas, in Fig. 3(b) the sample immersed
for 3 months in 3.5% NaCl solution had a completely different
morphology where the microstructural details of the base material
were no longer clearly visible.
2.2. Protective oxide ﬁlm
The corrosion resistance of NAB is attributed to the formation
of protective oxide ﬁlm on NAB. This formation may occur either in
air or submerged in corrosive environment like chloride solution.
The rate of oxide ﬁlm growth is much more rapid when fully
immersed in corrosive solution that in air. The oxide layer mainly
comprises of cuprous oxide (Cu2O) and aluminium oxide or alumina (Al2O3) ﬁlms, with traces of copper salts and hydrochlorides
(Cu2(OH)3Cl and Cu(OH)Cl) that form after long exposures to
chloride solutions like 3.5% NaCl solutions or seawater. These
oxides tend to adhere ﬁrmly to the substrate, giving very little
permeability to liquid corrodant once formed. The oxide layer
formed on the substrate/base metal is mostly aluminium-rich,
whereas, the oxide formed in the outer regions is generally richer
in copper. The oxide ﬁlms rich in copper, according to Poggie et al.,
have mechanical properties similar to those of the parent aluminium bronze and are resistant to mechanical disruption during
sliding. They greatly reduce the corrosion rate by decreasing the
anodic dissolution reactions of aluminium and copper, hampering
not only the ionic transport across the oxide layers, but also decreasing the rate of the cathodic reaction on these oxide layers.

Fig. 3. 600x optical image of general oxide ﬁlm (a) after 1 week in air; (b) after 3 months of immersion in 3.5% NaCl solution.
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visible to the naked eye, but after conducting microstructural
analysis under SEM, it was found to be less than 20 nm. Whereas,
the oxide ﬁlm formed in 3.5% NaCl solution was found to have a
thickness of 1000–1200 nm (Fig. 4(b)). It should be noted that the
thick oxide layer formed after 3 months of submersion in 3.5%
NaCl solution have rough porous surface topography and the
thickness of the layer does not form homogenously throughout the
surface. This is considered to be due to the inhomogeneous distribution of aluminium and copper, the oxide forming elements in
the alloy itself. As reported by Wharton and Stokes, the thickness
of the protective oxide ﬁlms vary with different aluminium content on the phases in aluminium bronzes due to the increased
electrical insulation of the region with thicker aluminium oxide
[25].
As found by Wharton and Stokes [30] , the selective corrosion
of the κIII-phase can extend up to a depth of 200–300 μm after
6.5 months of immersion. They also found that under crevice
corrosion, the crevice inlet sustained attack at the α-phase of the
eutectoid up to a depth of 20–40 μm, while the κIII-phase was
increasingly more susceptible further below 40 μm. This was
veriﬁed on cross-sectioning of the NAB sample with a thick layer of
water-formed oxide layer above the substrate formed after
3 months of immersion in 3.5% NaCl solution showing crevice and
selective phase corrosion attack 40 μm deep below the surface
(Fig. 4(a) and (b)). The composition of the layer, obtained in EDS,
mostly comprised of Cu, Al and O. Corrosion mainly took place at
the α-κIII lamella eutectoid phase boundaries, and its corroded
depth could be as deep as 20 μm beneath the exposed surface,
propagating deeper into the substrate (as shown in Fig. 4(b)).
Fig. 4. SEM images the oxide ﬁlm cross-section on the NAB substrate after
3 months of immersion in 3.5% NaCl solution: (a) selective phase corrosion attack
reaching up to 40 μm in depth; (b) the area selected in (a) showing selective corrosion of the κIII phase under the surface.

The oxide ﬁlms are also considered resistant to most chemical
attack, provide good resistance to ﬂow velocity (up to 22.9 m s-1),
and heal rapidly when damaged especially in a corrosive environment like seawater in the presence of oxygen [19,20,25,29].
These oxide ﬁlms, especially alumina, are relatively hard and
abrasive but brittle and notch sensitive like other ceramics. If the
oxide ﬁlm is breached, the substrate becomes vulnerable to galvanic corrosion [19]. The oxide ﬁlm formed in air was barely

2.3. Experimental procedure
For the cavitation evaluation, the test samples used were cavitated in the same manner as in Ref. [5] under an ultrasonic vibratory cavitation transducer, UIP1000hd, at the tribology laboratory, University of Southampton. The samples were held in a
perspex bath using perspex ﬁxture for the indirect cavitation
process conforming to the ASTM standard G32-10 [33] [38]. The
samples were kept at a constant gap of 2 mm from the sonotrode
tip surface. Fig. 5 gives the schematics of the test arrangement [5].
The sonotrode was operated at a frequency of 19.5 kHz and peakto-peak amplitude of 80 (70.2) μm.

Fig. 5. Schematics of the cavitation rig with specimen connected to the electrochemical potentiostat, GAMRY Ref600, for cavitation erosion and corrosion measurements [5].
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The tests were conducted for 1 hour each, and the tip surface of
the sonotrode was ground to ﬁne surface ﬁnish of up to 0.6 μm
after each cavitation test using lathe at the engineering and design
manufacturing centre (EDMC) at University of Southampton. The
liquid mediums used for the experiments were 5 L of distilled
water and 5 L of 3.5% NaCl solution prepared in the lab for the
tests. The temperature and the pH of the water were monitored to
remain constant at a room temperature of 17 7 0.5 °C and pH of
7.5–8.5 throughout the experiment.
The electrochemical tests were conducted using the GAMRY
Reference 600 potentiostat to monitor and obtain the OCP and
polarization curves for the samples. The parameters for conducting the OCP and polarization tests were set and performed in the
GAMRY Framework software, whereas and the data obtained were
analysed in the GAMRY Echem Analyst software.
The gravimetric weights of the samples were recorded before
and after each experiment with suite 500 precision weighing
machine for gravimetric analyses ( 70.01 mg). The samples were
analysed for microstructural characterization using JOEL
(JSM6500F) scanning electron microscope (SEM) employed for
microstructural morphology analysis before and after cavitation.
To investigate the synergy for the two sample types, three
different tests were conducted in order to obtain the synergistic
results between cavitation wear and corrosion. For the pure corrosion (C) tests, all the samples were subjected to OCP and polarization test in 3.5% NaCl solution. For pure erosion (E) test the
samples were cavitated in 5 L of distilled water for 1 hour. Finally,
for the combined cavitation erosion-corrosion (T), the samples
were cavitated in 5 L of 3.5% NaCl solution for 1 hour while subjected to electrochemical tests kept under OCP.

3. Results and discussions
3.1. Electrochemical comparison
Fig. 6 is the OCP curve obtained for NAB with air-formed and
water-formed oxide ﬁlms in pure corrosion and erosion-corrosion in
3.5% NaCl solution, where Vf is the reference potentials in volt. From
the electrochemical tests, it was seen that the water-formed oxide
ﬁlmed had higher passivation for both pure corrosion and cavitation
erosion-corrosion. The ﬁgure shows that the air-formed ﬁlmed NAB
reached stability at -210 mV under pure corrosion, whereas the
water formed ﬁlmed NAB reached stability at -150 mV.
It was observed that the measured OCP shifted slightly negatively by about 6 mV from -207 mV to -213 mV for air-formed ﬁlm,
and by almost 20 mV for water-formed ﬁlm from -149 mV to
-165 mV under pure corrosion tests. This indicated that the protective oxide ﬁlms on both NAB samples were slowly broken down
due to localized corrosion, causing selective phase attack, during

Fig. 6. OCP for NAB with air-formed oxide ﬁlm and water-formed oxide ﬁlm in 3.5%
NaCl solution for 1 h with and without cavitation.
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Fig. 7. Polarization curves for NAB with air-formed oxide ﬁlm and water-formed
oxide ﬁlm in 3.5% NaCl solution for 6 hours.

its immersion in the 3.5% NaCl solution. However, there is a dramatic negative shift in OCP upon cavitation impact. The OCP of
water formed ﬁlmed surface was more anodic by 20–50 mV than
the air-formed ﬁlmed surface.
For the cavitation erosion-corrosion tests, the cavitation was
applied to samples held under OCP after 600 seconds. As can be
seen from Fig. 6, for the air-formed ﬁlmed samples there was a
drastic negative drop observed in the OCP from -170 mV to about
-300 mV on applying cavitation, while the cavitating NAB reached
stability within 120 seconds at a lower potential of -310 mV [5].
Whereas, for the water-formed oxide ﬁlmed NAB the OCP shifted
from -151 mV to about -250 mV before attaining stability, although the negative shift and stability was attained more gradually over time in about 600 seconds. Therefore, it can be concluded
that NAB with water-formed ﬁlm exhibited better corrosion resistance under static as well as cavitation erosion-corrosion over
time. It is also noteworthy that under cavitation impact, the OCP
very gradually shifted towards more negative value with time.
Therefore, it can be concluded that NAB with water-formed
ﬁlm exhibited better corrosion resistance under static as well as
cavitation erosion-corrosion over time. It is also noteworthy that
under cavitation impact, the OCP very gradually shifted towards
more negative value with time. Both mass transfer and the disruption of the protective layer as well as the material surface by
the rapid and violent implosion of cavitation bubbles, observed
both on the OCP trends and via microscope, was considered to be
the cause of the drastic negative shifts of the corrosion potentials
of the materials. For the pure corrosion test, samples with oxide
layers formed under the two different conditions and having an
exposed surface area of 6.25 cm-2 were subjected to potentiodynamic polarization at a scan rate of 0.167 mV s-1 under static
conditions using GAMRY potentiostat in 100 ml of 3.5% NaCl solution. Fig. 7 plots the two polarization curves comparing the
current rate and active regions of the two samples.
For NAB comprising of 80% copper, the main corrosion reaction is
generally considered to be for copper [30]. Hence, the sample materials
were considered to undergo rapid copper dissolution as shown in
Equations (8)-(9) taking place in the electrochemical cell:

Cu + Cl−CuCl + e−

(8)

Cu + 2Cl−CuCl−2 + e−

(9)

From the polarization results obtained, it can be seen that the
corrosion current density (Icorr) of water-formed oxide ﬁlmed NAB
is lower at 1.6 μA cm-2 than Icorr of air-formed oxide ﬁlmed NAB at
16.0 μA cm-2.
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Fig. 8. SEM images of (a) small selective phase attack on air-formed ﬁlm at a magniﬁcation of x1500 in distilled water; and (b) magniﬁcation of the selected area at x5000;
(c) SEM image of a 50 μm large cavity on the sample surface undergone cavitation erosion-corrosion in 3.5% NaCl solution; (d) the magniﬁed image of a cavity in (c) showing
selective phase attack at the α-κ phase boundaries leaving κI globules and κIII lamellar phases exposed [34].

Table 2
Current density and mass loss obtained for NAB with air-formed oxide ﬁlm and
water-formed oxide ﬁlm from polarization scanning in 3.5% NaCl solution for 6 h.
NAB sample surface

Current density (in μA cm-2)

Mass loss (in mg)

Air formed ﬁlmed
Water formed ﬁlmed

16.0
1.6

0.2 7 0.01
0.02 7 0.01

The corrosion rates of the samples were calculated, which
further aided in measuring the subsequent mass loss found using
Eq. (10).
Mass loss rate
3. 729 × 10−5 × Icorr × Atomic mass of corroding element
=
number of electrons freed

(10)

Where, the rate of mass loss is in mg cm-2 h-1. the corroding element was considered to be copper, and the number of freed
electrons was taken as 2 (from Equations (8) and (9).
Hence, the mass loss values obtained for pure corrosion
after polarization are as given in Table 2.

3.2. Microstructural morphology
For the microstructural analysis of the cavitated surface for airformed ﬁlm under SEM, it was found that the soft α-matrix, especially
surrounding the hard iron-rich κ phases, seemed to be most vulnerable to cavitation attack as compared to the κ phases and the precipitate-free α zones. The cavity sizes ranged between 10–30 μm in
distilled water (see Fig. 8(a) and (b)) as also reported in ref [5],
especially at the α-κIII grain boundaries. Whereas, the cavities were
recorded to be much larger, 50–80 μm, for the cavitation erosioncorrosion test in 3.5% NaCl solution It was also found that the materials underwent selective cavitation erosion-corrosion attack in 3.5%
NaCl solution at the α-κIII phase boundaries as seen in Fig. 8(c) and
(d); hence the regions with high lamellar κIII phases were most susceptible. Also seen in Fig. 8(d) are κ-phases exposed due to the surrounding soft α phase being eroded away.
The transverse section of the cavitation erosion pattern in an
air-formed oxide ﬁlmed NAB sample is shown in Fig. 9. The crosssectional imaging conﬁrmed that the adverse site of attack was
mostly at the α-κ phase boundaries. Once the cavitation erosion
took place, several micro-cracks initiated at these erosion sites,
and from there on propagated into the microstructure, especially
along the α-κ grain boundaries. Also, several subsurface cracks
were observed, however the origin and mechanism of these cracks
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Fig. 11. Image of water-formed oxide ﬁlmed NAB surface before cavitation erosioncorrosion.

Fig. 9. SEM images of transverse sections of NAB after 1 hour of cavitation erosioncorrosion test in 3.5% NaCl solution with air-formed ﬁlm showing crack propagation along the α-κIII phase boundaries and plastic deformation.

are not fully determined.
Fig. 10(a) and (b) show optical images of the transverse section
of an air-formed ﬁlmed surface cavitated in 3.5% NaCl solution for
5 h. Fig. 10(a) shows a series of cracks formed under the surface up
to a depth of 150 μm and interesting crack formation along the α-κ
phase boundaries especially beneath the largest cavity, about
50 μm in size. Fig. 10(b) shows the magniﬁed image of the crack
feature. There are a number of stresses acting upon the surface,
such as the tensile/compressive shear stress, repetitive loading of
the cavitation cloud, subsurface shear stress build-up, as well as
the material property itself that may mitigate cracks along the
weakest grain boundaries, and several subsurface cracks, as seen
in Fig. 10(a). The formations of the subsurface cracks are speculated to be due to the interaction between the slip lines of the curich matrix and the hard secondary phases. The α-matrix, having

an FCC structure follows the preferential o111 4 slip plane. The
subsurface layer generally procures more dislocation than the
surface itself. With repetitive or cyclic loading there tends to be
pile-ups of dislocations along the subsurface layer that leads to the
formation of voids. This is further enhanced within the material
with multi-phases with differences in the hardness. The dislocation is then said to pile against the hard secondary phases, forming
voids primarily due to plastic ﬂow of softer matrix around hard
secondary phase particles within the microstructure [35] [39].
This, combined with the accumulate subsurface strain, lower
fracture toughness of the softer phase against the hard phases
with higher mechanical property gives way to stress concentration
at the grain boundaries, which then eventually results in the
failure under cyclic impact stress generated by the cavitation
clouds. And hence, causing the subsurface cracks.
However, it should not be disregarded that these cracks may in
fact be initiating somewhere on the surface and propagating along
the weak grain boundaries with low fracture toughness and into
the surrounding microstructure. Further detailed sectioning and
characterization of these cracks would be required to explain these
cracks, their mechanisms and the crack initiation processes.
For the water-formed ﬁlm, the wear mechanism was found to
be same as the air-formed ﬁlm. However, the oxide ﬁlm formation,
the ﬁlm thickness, and the impact of corrosion in chloride solution

Fig. 10. Optical images of: (a) dendritic surface and potential subsurface cracks at 200x; and (b) detail of the selected area in (a) of surface cracks forming along the grain
boundaries at 1200x after 1 h of cavitation erosion-corrosion test in 3.5% NaCl solution.
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Fig. 12. SEM images of water-formed oxide ﬁlmed NAB sample under pure E conditions: (a) cavities formed on the sample surface after 1 h of cavitation erosion-corrosion;
(b) magniﬁed image of the cavities on the surface; (c) transverse-sections of a cavity at x1400; (b) detailed magniﬁed image of a cavity in (d) exhibiting crack growth and
propagation along the α-κIII phase boundaries.

Fig. 13. SEM image of the eroded surface of NAB sample with water-formed oxide
ﬁlm after combined cavitation erosion-corrosion test conducted in 3.5% NaCl solution for 1 h.

played a signiﬁcant role in the cavitation erosion-corrosion behaviour of NAB immersed in 3.5% NaCl solution for 3 months. Fig. 11
shows the water-formed un-cavitated oxide ﬁlm on NAB, where
the microstructure of the substrate is not clearly distinguishable.
From the cavitation erosion-corrosion results obtained, it was
observed that the phase boundaries, as already weakened by
crevice corrosion and selective phase attack, were the ﬁrst site of

attack for cavitation erosion-corrosion. Fig. 12(a) shows the cavitation erosion pattern on the roughened oxide surface, detailing a
cavity formed due to the erosion for 1 h in distilled water. On
closer analysis under the SEM, the erosion was seen to expose the
α-κIII phase boundaries under the oxide ﬁlm, shown in Fig. 12(b).
Fig. 12(c) shows the transverse sections of a cavity on the
sample surface after 1 hour of cavitation conducted under pure E
conditions for a water-formed oxide ﬁlmed NAB sample. The cavity
was found to be of 30-μm diameter with a large crack propagating
into the microstructure. Fig. 12(d) shows the magniﬁed details of
the crack (highlighted in (c)) revealing the crack growth and
propagation into the microstructure along the α-κIII phase
boundaries. Fig. 12(c) and (d) show the cavitation erosion pattern
on the surface, detailing a cavity formed due to the erosion of the
α phase at the α-κ phase boundary, leaving globules and lamellar
structures of κI and κIII phases exposed.
The wear scar images obtained after 1 hour of cavitation erosion, with the combined effect of corrosion (T) in 3.5% NaCl solution showed more aggressive wear scar and surface roughness, as
seen in Fig. 13, illustrating the various different phases within the
microstructure. It is evident from the ﬁgure that the softer matrix
has been eroded and detached, leaving behind small islands of
harder iron-rich κ phases exposed, especially at the highest concentration of grain boundaries. Islands of κI were seen at the
erosion boundaries, whereas threads of κIII were left exposed at
regions with high α-κIII eutectoid phases. Furthermore,
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Fig. 14. SEM images of the distinguished phase erosion of the oxide ﬁlmed sample in 3.5% NaCl solution after 1 h of cavitation.

Fig. 15(a) and (b) show the transverse sections of the sample
surface after 1 h of cavitation erosion-corrosion test for the waterformed oxide ﬁlmed NAB sample. The cavities were found to be of
about 50–80 μm in diameter. Fig. 15 exhibits a large crack propagating into the microstructure along the α-κIII phase boundaries.
"As seen from the microstructural analyses obtained, it was
concluded that the main synergistic mechanism at play for the test
materials was the ΔE mechanism, where the erosion rate of the
substrate was enhanced due to selective corrosion attack at the
grain boundaries under T. This was more prominent for NAB with
water-formed ﬁlm due to the pre-exposure to corrosion environment, subjecting to corrosion prior to cavitation."
3.3. Synergy measurement

Fig. 15. SEM images of transverse sections of NAB after 1 h of cavitation erosioncorrosion test in 3.5% NaCl solution with water-formed ﬁlm showing cracks propagating along the lamellar eutectoid grain boundaries.
Table 3
Synergism summary for NAB samples with oxide ﬁlms formed under air and water.
NAB sample with

T (mg)

E (mg)

C (mg)

S ¼T-(Eþ C)
(mg)

(S/T) x
100

Air-formed oxide
ﬁlm

1.48 7
0.02

1.00 7 0.05
(in Distilled
water)

0.2 7
0.01

0.28 7
0.08

19%

Water-formed
oxide ﬁlm

24.39 7
2.00

7.34 7 0.30
(in Distilled
water

0.02 7
0.01

17.03 7
2.30

70%

particulates of κIV phase were also seen to become more prominent due to the α-phase erosion at the phase boundaries.
For both E and T conditions, it was seen that the water-formed oxide
ﬁlmed NAB surface suffered similar erosion trend. The lamellar eutectoid phase boundaries were seen to be most susceptible to corrosion
attack, making them further vulnerable to wear via cavitation erosion.
Hence, the roughness observed was the highest in these phase
boundaries. In Fig. 14(a) the phases can be easily distinguished, especially after cavitation erosion-corrosion due to selective phase attack
and wear at the α-κIII as well as α-κIV phase boundaries, with the exposed κIV phases imbedded into the soft matrix (Fig. 14(b)).

Using Eq. (1), the synergy was calculated for the two types of
oxide ﬁlmed NAB samples. The results comparing synergism for
samples with air-formed as well as water-formed oxide ﬁlms are
tabulated in Table 3.
As seen in Table 3, the total mass loss incurred under the
combined effect of cavitation erosion and corrosion for NAB
samples with water-formed ﬁlm was much higher (almost 20
times) than the mass loss observed for air-formed oxide ﬁlmed
sample. Also, the mass loss incurred in distilled water for the
water-formed ﬁlm was signiﬁcantly lower than that found under T
by about 5.6 times for water-formed ﬁlm. The resultant synergy
calculated for samples with water-formed ﬁlm was found to be
about 2.2 times higher at 70% than the synergy calculated for
samples with air-formed ﬁlm (19%).
"Air-formed ﬁlmed NAB samples performed better than the
water-formed ﬁlmed NAB samples under E and T conditions. This
may be attributed to the weakening of the substrate microstructure, sans the removal of the protective oxide layer during
cavitation, due to the pre-existing selective phase attack and crevice corrosion induced by 3 months of immersion in 3.5% NaCl
solution. However, the water-formed ﬁlmed NAB showed much
higher resistance to corrosion than air-formed ﬁlmed NAB, owing
to its thick protective oxide layer."
Comparing the synergy results with the studies conducted
before, in the studies conducted by Wood and Fry [6] the synergy
was found to range between 10 – 29% for copper, and 30 – 50% for
Cu-Ni alloys. They investigated the fundamental mechanisms of
the synergistic effect of cavitation erosion and corrosion for copper
and cupro-nickel alloys in seawater. These results were measured
using the depth of penetration method in seawater after 4.5 hours
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at different overpotentials of 5 – 100 mV. The tests were conducted
in an all-plastic cavitation tunnel comprising of a 60° symmetrical
wedge cavitation source. The specimens of 10  20 mm working
section were held under potentiostatic control in a ﬂowing seawater system at an upstream ﬂow velocity of 14.7 m s-1. It was
hence concluded that the synergistic effect was most marked
when the cavitation erosion occurred in presence of mild corrosion with 50–70% of the damage caused due to pure erosion only
[6].
In another study, Kwok, Cheng and Man [40] investigated the
synergistic effect of cavitation erosion and corrosion of copperbased alloys and bronze, among many other engineering alloys
with the help of a 20 kHz ultrasonic vibrator at an amplitude of
30 μm in distilled water and in 3.5% NaCl solution at a temperature
of 23 °C. They calculated the synergy via mean depth of penetration rate method and concluded that the cu-based alloys had a
synergy percentage of 2.7–4.5% with 95–97% of the total damage
attributed to pure erosion only. It was also found that corrosion
only played a minor role of about 0.1–1.8% in the overall cavitation
erosion–corrosion for copper-based alloys [36].
Whereas, in the study reported by Barik, Wharton, Wood, et. al.
[25], [41] the authors reported negative synergy for NES 747 part 2
NAB. They performed sand slurry jet impingement solid particle
erosion-corrosion of NES 747 part 2 NAB samples, conducted on a
rig with a horizontal jet of salt solution impinging the NAB sample
at 90° with silica sand particles of 135 µm or 235 µm mean sizes at
3% w/w concentration. E values were obtained by subjecting the
samples to CP at 200 mV below the corrosion potential under
erosion-corrosion conditions. Flow corrosion and total combined
loss rates were determined without the addition of solids and CP
respectively. They observed strain hardening as the cause of the
negative S value layer, sectioning the erosion scars and looking in
to the subsurface microstructure and its depth proﬁle. The increase in strain hardening also reduced the erosion rate under T
conditions. They concluded that corrosion in fact enhanced plastic
ﬂow, thereby increasing strain in the near surface as compared to
the pure erosion conditions [25].
These results, although informative, were measured via different means under varying conditions, and hence cannot be readily
compared to the results obtained in the current study, however, a
relative comparison can be drawn based on the results obtained,
such as in all the cases, erosion had higher contribution upon
synergy.
It can be concluded that the oxide ﬁlm, being porous and
brittle, erode away much faster than the substrate, causing higher
material loss under pure erosion for substrate with water-formed
oxide ﬁlm when compared to substrate with air-formed oxide ﬁlm.
And under the combined effect of cavitation erosion and corrosion
in a chloride solution, it undergoes higher copper dissolution and
hence, further increases material loss due to the combined impact
of E and C. Additionally, an interesting observation made from
Table 3 was the inﬂuence of ΔE, corrosion[HYPHEN]enhanced
erosion, for both the samples. This can be seen numerically from
the increase in mass loss value under T when compared to the
individual E and C values, giving a higher ΔE contribution towards
synergy. Thus, further validating the results that were acquired
from the microstructural analyses of the test materials. Whereas,
the E and T results obtained showed that the inﬂuence of corrosion
on cavitation in fact reduced the mass loss, when compared to the
mass loss obtained under E. This suggests that 3 months immersion of NAB in 3.5% NaCl solution caused up to 50-μm deep selective phase attacks in the α-κIII eutectoid phase boundaries, resulting in sponge like porous surface layer. This in turn resulted in
the water-formed oxide ﬁlmed NAB samples to be more susceptible to cavitation erosion-corrosion than NAB with air-formed
oxide ﬁlm, giving higher mass loss under E and T. The synergy was

hence higher for the water-formed ﬁlmed NAB, putting the sample
at higher risk of damage induced by combined impact of cavitation
erosion and corrosion. In theory, this would deem NAB unﬁt as
marine propeller materials as the marine propellers dock and
function in the marine environment throughout their service lives.
However, in reality, the propellers may not be subjected to cavitation at such high intensities as under the ultrasonic transducer.
Also, in practical usage, the oxide ﬁlms formed on the propellers
get enough intervals for the damaged oxide ﬁlms to heal, re-instating their good corrosion properties.

4. Conclusion
The investigation of synergy conducted for NAB samples with
oxide ﬁlms formed under the two different conditions, air and
immersion in 3.5% NaCl solution concluded that:

 Both the types of NAB samples had measurable synergy under













cavitation erosion and corrosion. The synergy was calculated to
be at 70% for water-formed ﬁlmed NAB, whereas, it was about
19% for the air-formed ﬁlmed samples.
Thick layer of 1–1.2 μm oxide ﬁlm comprising mainly of Al2O3
and Cu2O were found on the NAB sample with oxide ﬁlm
formed after 3 months of immersion in 3.5% NaCl solution.
The water-formed ﬁlmed sample underwent higher mass loss
than the sample with air formed oxide ﬁlm. NAB samples with
both types of oxide ﬁlms underwent selective phase attack at
mainly the κIII phases and the α-κIII eutectoid phase boundaries.
SEM analyses revealed that the wear mechanisms of the cavitated sample surfaces with both air and water formed oxide
ﬁlms were found to be similar in nature with the ﬁrst site of
attack to take place at the α-κIII eutectoid phase boundaries.
The selective phase attack and corrosion of NAB immersed in
3.5% NaCl solution was more prominent due to the presence of
chloride with the corroded depth reaching up to 20–50 μm
beneath the exposed surface, propagating deeper into the
substrate.
The sites of most aggressive attacks exhibited large cracks
propagating into the microstructure along the α-κIII phase
boundaries, hence the regions with high lamellar κIII phases
were most susceptible to wear, crack initiation and propagation.
Electrochemical results indicated that the OCP of water formed
ﬁlmed surface was more anodic by 20–50 mV than the airformed ﬁlmed surface.
Both samples sifted negatively on the application of cavitation
while conducting OCP, before reaching stability again. The water-formed ﬁlm reached stability much more gradually in 600s
than the air-formed ﬁlm that reached stability within 100s.

References
[1] G.E. Totten, D.K. Wills, D.G. Feldmann (Eds.), Hydraulic Failure Analysis: Fluids
Components, and System Effects, 3, ASTM International, Philadelphia, 2001
(Issue 1339, 1st ed.).
[2] J.S. Carlton, Marine propellers and propulsion, in: Bay Propeller, Second, 2007,
pp. 382–393.
[3] A. Al-Hashem, W. Riad, The role of microstructure of nickel–aluminium–
bronze alloy on its cavitation corrosion behavior in natural seawater, Mater.
Charact. 48 (1) (2002) 37–41.
[4] R.J.K. Wood, J. Basumatary, M.-H. Evans, Energy-related tribocorrrosion research at the National Centre for Advanced Tribology at Southampton (nCATS),
in: Proceedings of the Second International Conference on Tribology, 2011.
[5] J. Basumatary, M. Nie, R.J.K. Wood, The synergistic effects of cavitation erosion–corrosion in ship propeller materials, J. Bio-Tribo-Corros. 1 (2) (2015) 12.
[6] R.J.K. Wood, S.A. Fry, The synergistic effect of cavitation erosion and corrosion
for copper and cupro-nickel in seawater, J. Fluids Eng. 111 (3) (1990) 271–277.
[7] ASTM G119 - 16 standard guide for determining synergism between wear and

J. Basumatary, R.J.K. Wood / Wear 376-377 (2017) 1286–1297

[8]
[9]

[10]
[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]
[19]
[20]
[21]

[22]

[23]

[24]

corrosion, ASTM International, 2016. Available: 〈http://www.astm.org/cgi-bin/
resolver.cgi?G11-09〉 (accessed 07.06.14), 2016.
R.J.K. Wood, S.P. Hutton, The synergistic effect of erosion and corrosion:
published results, Wear 140 (1990) 387–394.
J. Malik, I.H. Toor, W.H. Ahmed, Z.M. Gasem, M.A. Habib, R. Ben-Mansour, H.
M. Badr, Investigations on the corrosion-enhanced erosion behavior of carbon
steel AISI 1020, Int. J. Electrochem. Sci. 9 (12) (2014) 6765–6780.
R. Malka, D.A. Gulino, M. Technology, Erosion corrosion and synergistic effects
in disturbed liquid-particle ﬂow, Corros. Nacexpo (2006) (no. 6594).
Z.B. Zheng, Y.G. Zheng, Erosion-enhanced corrosion of stainless steel and
carbon steel measured electrochemically under liquid and slurry impingement, Corros. Sci. 102 (2016) 259–268.
S. Aribo, R. Barker, X. Hu, A. Neville, Erosion–corrosion behaviour of lean duplex stainless steels in 3.5% NaCl solution, Wear 302 (1–2) (2013) 1602–1608.
E.A. Culpan, G. Rose, Microstructural characterization of cast nickel aluminium
bronze, J. Mater. Sci. 13 (8) (1978) 1647–1657.
F. Hasan, J. Iqbal, N. Ridley, Microstructure of as-cast aluminium bronze containing iron, Mater. Sci. Technol. 1 (4) (1985) 312–315.
K.B. Faires, Characterization of Microstructure and Microtexture in Longitudinal Sections from Friction Stir Processed Nickel–Aluminum Bronze, North
Carolina State University, 2003.
A. Jahanafrooz, E. Hasan, G.W. Lorimer, N. Ridley, Microstructural development in complex nickel–aluminum bronzes, Metall. Trans. 14 (1983)
1951–1956.
J. Basumatary, R.J.K. Wood, Different methods of measuring synergy between
cavitation erosion and corrosion for nickel aluminium bronze in 3.5% NaCl
solution, Tribol. Int. (2017) 1–26.
N.E. Christensen, J. Kudrnovský, C.O. Rodriguez, Metamagnetic behavior in
Fe3Si and Fe3Al, Int. J. Mater. Sci. 1 (2007) 1–15.
H.S. Cambell, Aluminium bronze alloys - corrosion resistance guide, no. 80.
Copper Development Association, 1981, pp. 30.
B. Wallén, Corrosion of Duplex Stainless Steels in Seawater, 1998.
Corrosion: galvanic corrosion, Specialty Steel Industry of North America.
Available: 〈http://www.ssina.com/corrosion/galvanic.html〉 (accessed
12.09.13).
F. King, Corrosion Resistance of Austenitic and Duplex Stainless Steels in Environments Related to UK Geological Disposal, a Report to NDA RWMD,
Cumbria, 2009.
J.H. Horwath, Why nickel aluminum bronze for sea water pumps, Ampco
Pumps Company, 2002. Available: 〈http://www.ampcopumps.com/media/
1881/Why_NiAlBz_For_Saltwater.pdf〉.
H. Meigh, Cast and Wrought Aluminium Bronzes: Properties, Processes and
Structure, Institute of Materials, 1 Carlton House Terrace, London SW1Y 5DB,
UK, 2000 (404 pp.).

1297

[25] J.A. Wharton, R.C. Barik, G. Kear, R.J.K. Wood, K.R. Stokes, F.C. Walsh, The
corrosion of nickel–aluminium bronze in seawater, Corros. Sci. 47 (12) (2005)
3336–3367.
[26] D. Zhang, R. Chen, W. Zhang, Z. Luo, Y. Li, Effect of microstructure on the
mechanical and corrosion behaviors of a hot-extruded nickel aluminum
bronze, Acta Metall. Sin. 23 (2) (2010) 113–120.
[27] R.C. Barik, J.A. Wharton, R.J.K. Wood, K.S. Tan, K.R. Stokes, M. Planck, Erosion
and Erosion–Corrosion Performance of Cast and Thermally Sprayed Nickel–
Aluminium Bronze, 2011.
[28] E.A. Culpan, G. Rose, Corrosion behaviour of cast nickel aluminium bronze in
sea water, Br. Corros. J. 14 (3) (1979) 160–166.
[29] A.V. Takaloo, M.R. Daroonparvar, M.M. Atabaki, K. Mokhtar, Corrosion behavior of heat treated nickel–aluminum bronze alloy in artiﬁcial seawater, Mater.
Sci. Appl. 2 (11) (2011) 1542–1555.
[30] J.A. Wharton, K.R. Stokes, The inﬂuence of nickel–aluminium bronze microstructure and crevice solution on the initiation of crevice corrosion, Electrochim. Acta 53 (5) (2008) 2463–2473.
[31] Z. Han, H. Zhao, Effect of β martensite transformation on dealuminiﬁcation
behavior of Cu–9Al–2Mn alloy in a marine environment, vol. 345, 2003, pp. 8–
13.
[32] Z. Han, Y.F. He, H.C. Lin, Dealloying characterizations of Cu–Al alloy in marine
environment, J. Mater. Sci. 9 (2000) 393–395.
[33] S. Fonlupt, B. Bayle, D. Delafosse, J.-L. Heuze, Role of second phases in the
stress corrosion cracking of a nickel–aluminium bronze in saline water, Corros.
Sci. 47 (2005) 2792–2806.
[34] A. Schüssler, H.E. Exner, The corrosion of nickel–aluminium bronzes in seawater—I. Protective layer formation and the passivation mechanism, Corros.
Sci. 34 (11) (1993) 1793–1802.
[35] B.G. Ateya, E.A. Ashour, S.M. Sayed, Corrosion of α‐Al bronze in saline water, J.
Electrochem. Soc. 141 (1) (1994) 71–78.
[36] P. Süry, H.R. Oswald, On the corrosion behaviour of individual phases present
in aluminium bronzes, Corros. Sci. 12 (1) (1972) 77–90.
[37] F. King, C.D. Litke, M.J. Quinn, D.M. Leneveu, Corrosion potential of copper in
chloride solutions as a function of oxygen concentration and mass-transfer
coefﬁcient, Corros. Sci. 37 (5) (1995) 833–851.
[38] ASTM G32 - 16 standard test method for cavitation erosion using vibratory
apparatus, ASTM International, 2011. Available: 〈http://www.astm.org/cgi-bin/
resolver.cgi?G32-16〉 (accessed 13.02.13).
[39] N.P. Suh, The delamination theory of wear, Wear 25 (1) (1973) 111–124.
[40] C.T. Kwok, F.T. Cheng, H.C. Man, Synergistic effect of cavitation erosion and
corrosion of various engineering alloys in 3.5% NaCl solution, Mater. Sci. Eng. A
290 (1–2) (2000) 145–154.
[41] R.C. Barik, J.A. Wharton, R.J.K. Wood, K.R. Stokes, Electro-mechanical interactions during erosion–corrosion, Wear 267 (2009) 1900–1908.

Appendix B
Journal paper submitted to Tribology Internationals (2017): “Different methods
of measuring synergy between cavitation erosion and corrosion for nickel
aluminium bronze in 3.5% NaCl solution.

275

Different methods of measuring synergy between
cavitation erosion and corrosion for nickel aluminium
bronze in 3.5% NaCl solution
J. Basumatary1, R. J. K. Wood1
1University of Southampton, SO17 1BJ, United Kingdom

Abstract
In order to understand the combined detrimental effects of cavitation erosion
and corrosion in seawater on a conventional marine alloy, nickel aluminium
bronze, five different methods were employed to obtain synergism. The
experiments were conducted using an ultrasonic vibratory horn functioning at
19.5 kHz frequency and 80 μm ± 0.2 μm peak-to-peak amplitude. The test
methods used to obtain the synergy included gravimetric mass loss technique,
volumetric mass loss and mean depth of penetration rate methods, and
polarization technique. The cavitated surfaces were microstructurally
characterized via scanning electron microscopy. Synergism was found to have
measurable impact on the cavitation erosion-corrosion of NAB, with its
microstructure undergoing selective phase attack, resulting in increased
material removal especially in the presence of corrosive environment.
Keywords: cavitation; erosion; tribo-corrosion; synergism;

1. Introduction
Cavitation occurs when a liquid reaches its boiling point, even at ambient
temperatures, when its absolute pressure drops below its vapour pressure,
causing the liquid to vaporize and produce cavities. These cavities grow rapidly
and collapse asymmetrically, forming small diameter (~10 μm) microjets
impinging at a speed up to 200 m s-1 [1]. This in turn creates spots of very high
water hammer and stagnation pressure. Bubble collapse can create
instantaneous temperature at the bubble centre reaching as high as 8500 °C [2],
emitting destructive shock waves [3], [4]. It has various detrimental
consequences such as pitting, surface wear, micro-cracking, noise,
sonoluminescence, and corrosion if at a close vicinity to a solid surface [5], [6].
Cavitation erosion is a fluid-to-surface type of erosion that occurs when a portion
of the fluid is first exposed to tensile stresses that cause the fluid to boil, then
exposed to compressive stresses that cause the vapour bubbles to implode. It
requires a high relative motion between the surface and the fluid. The implosion
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produces shock waves and causes microjets to impinge against the surfaces. It is
a tribo-corrosion phenomenon, which is a result of the combination of
mechanical as well as electrochemical actions. Its complexity depends on the
type and unsteadiness of cavitation, the response of the material to the cavitation
energy imparted, and the surrounding corrosive environment [7], [8].
Bubble collapse causes surface/sub surface stresses. These stresses are generally
enhanced at stress risers (notches, tears, welding defects, etc.) or at
heterogeneous areas of the material such as at the directionality of metal flow,
and can generate microcracks. These micro-cracks propagate to the point where
the material can no longer withstand the impulse load that the imploding
bubbles foist. Therefore, a rough surface is prone to cavitation erosion. And since
pits and a rough profile characterize the cavitation damage, the damage
increases as the surface becomes rougher [4].
Cavitation wear is mechanical in nature and cannot occur without the
application of the tensile and compressive stresses. Cavitation wear damage
undergoes several periods of activity. Depending on the surface structure, the
material surface is deformed, loosened and eventually eroded in various ways
due to the frequent strain from the shock waves. The rate of erosion is a function
of the exposure period and it increases from negligible values, reaching a
maximum before decreasing again and finally levelling off to a steady value[4],
[9]–[11].
Marine propulsion systems are at an optimum risk of exposure to cavitation that
essentially results in very expensive dry-docking, maintenance, repair, etc.
Currently, nickel aluminium bronze (NAB), UNS C98500, is a conventional
marine alloy used for the fabrication of marine propellers, due to its mechanical
properties, and resistance towards corrosion in seawater [12], [13]. NAB gets its
corrosion properties from a thick layer of protective oxide film predominantly
composed of aluminium oxide (Al2O3) near the substrate with copper oxide
(Cu2O) formed mostly on the outer layer [52]. These films generally take several
weeks immersed in seawater, depending on the environmental conditions, to
reach a substantial thickness of up to 1 μm that will have a visible black/brown
colouration over the alloy surface. They provide sufficient corrosion resistance,
but may exhibit different corrosion behaviour for the NAB substrate when
disrupted. However, the protective layer is not susceptible to localised
breakdown and consequent pitting in the presence of chlorides, which makes
NAB very resistant to corrosion by seawater [13], [53].
To understand the behaviour of NAB in different cavitation erosion and
corrosion conditions, substantial studies have been done to understand its
microstructural characteristics, and the relationship between cavitation erosion
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and corrosion occurring in NAB [14]–[17]. This combined interaction between
erosional aspects of cavitation and corrosion is termed as synergy. Several
studies have been conducted and proven the existence of synergy between
cavitation erosion and corrosion on marine materials such as stainless steel (SS),
copper alloys, manganese bronze, and NAB among others [7], [18]–[30].
Synergy can be measured in terms of two common measurements, mass loss
incurred by combined contribution of erosion and corrosion or the mean depth
of penetration rate (MDPR). According to the ASTM G119 [31] guidelines for
determining synergy during erosion–corrosion test, the equation for synergy is
commonly written as Equation (1):
T=S+E+C

…(1)

Where, T is the overall cavitation erosion-corrosion rate, C is pure corrosion
contribution; E is the pure erosion contribution, and S the combined
contribution due to synergistic effect. From Equation (1), S can be also
represented as in Equation (2):
S = T – (E+C) = ΔE + ΔC

…(2)

Where, ΔE = corrosion enhanced erosion, and ΔC = erosion enhanced corrosion.
It has raised curiosity in the recent years for its ability to correlate erosion and
corrosion. At the same time it has also become a subject of debate whether the
technique is suitable, as well as reproducible. Some authors have suggested that
corrosion leads to increased abrasion resistance in some materials [32]–[35].
While, several authors mentioned the effect of corrosion on the rate of abrasion,
generally leading to an increased weight loss [33], [36]–[38]. Most authors
reported that abrasion increased the kinetics of corrosion [37]–[39]. Reports
have also been made where the synergy results seemed to be dependent more
on techniques and test conditions adopted during the tests as well as the impact
of corrosive solution, the material property, and also the type of materials itself.
For most alloys and metal samples the most significant impact was found at a
mild corrosive environment [25], [26], [34], [40]–[44].
Tomlinson and Talks [35] studied the cavitation erosion–corrosion of various
types of cast iron in 3% sodium chloride solution. The samples were eroded
using a 20 kHz ultrasonic cavitation device at peak-to-peak amplitude of 15 μm
in distilled water, increasing the salinity by 0.02% and 3%, at 50 °C. The standoff
distance was kept constant at 1 mm. They found that the fractional weight loss
due to pure corrosion ranged from 1% to 10% while that due to corrosioninduced erosion ranged from 16% to 90%.
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Neville, Hodgkiess, et. al. [43], conducted an experiment on the synergy between
the solid particle erosion-corrosion behaviour of engineering steels for marine
pumping applications. They conducted a series of electromechanically based
erosion tests under high-velocity (100 m s-l) liquid impingement of 3.5% NaCl
solution, and liquid-solid slurry impingement comprising of 3.5% NaCl and 1000
ppm cast silica sand flowing at 25 m s-1. The materials used were C-Mn steel, UNS
S31603 stainless steel and 2205 duplex stainless steel. The angle of impingement
was 90°, whereas the temperature was kept constant at 50 °C in both cases. They
concluded that corrosion had a significant effect on the material under the
combined synergistic erosion-corrosion process. It was also found that
increasing hardness yielded a lower total mass loss. However, these hardness
correlations were not apparent when corrosion was under consideration.
In a study conducted by Bello, Wood and Wharton [34] on UNS S30403, S31603
and S32760 stainless steel, they attempted to evaluate the synergistic effects of
micro-abrasion-corrosion using three approaches. They used two-body, mixed
and three-body abrasion methods. They used SiC abrasives (with a mean particle
size of 4.5 μm) in slurry. The slurries used were distilled water based for pure
abrasion, and 3.5% NaCl solution based for abrasion-corrosion tests. The erosion
test was conducted with a 22 mm diameter alumina ball in the micro-abrasion
apparatus. The synergy resulting from a two-body wear mode was highly
variable with a large degree of scatter. UNS S31603 and S32760 stainless steel
gave negative synergy for two-body abrasion, while a positive synergy was seen
for mixed and three-body abrasion. For S32760 stainless steel this result was
attributed to its repassivation kinetics and/or the presence of a passive film.
However, when the higher wear rate were reached, the film was ruptured or
removed, leading to increase in the synergy. For S30403, only positive synergies
were reported, attributing it to weak repassivation/passive oxide film structure.
The initial aim mainly was to study the quantification and sensitivity of
synergism and antagonism between mechanical and electrochemical processes
for air-filmed as-cast NAB.
Several variables and factors rendered accurate quantification of T, E and C
difficult. And hence, the aim of the study was to perform different test methods
in order to find the most reliable combination to obtain synergism found
between erosion and corrosion for the test material. Furthermore, synergy is
also highly dependent on the microstructure of the material, the environment,
and the duration exposure, hence spatial and temporal aspects of Tribocorrosion
testing must be considered. The cavitation experiments were conducted by
means of an indirect ultrasonic vibratory system as presented in Ref [44] at
room temperature.
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2. Material and methodology
2.1 Test material
The test material used for the research was cast NAB C95800 (without heat
treatment). The empirical composition of the cast NAB used is Cu-Al-Fe-Ni, with
a nominal composition of 10% aluminium, 5% nickel and 5% iron. The alloy’s
property comes from a very complex network of microstructures. It generally
consists of columnar grains of face centred cubic (FCC) copper-rich solid solution
known as α-phase and a small volume fraction of β-phase or retained martensitic
β’-phase, surrounded by a series of intermetallic Fe-rich kappa phases [14], [16],
[44]–[46].
Among the intermetallic compounds, κI phase is rosette shaped precipitate
formed at high temperatures in high Fe-content alloys and hence, is the coarsest
among them ranging from 5 μm – 10 μm in diameter, κII phase is smaller than κI
phase and form a dendritic rosette shape which is distributed mostly at the α/β
boundaries, ranging from 1 μm – 2 μm in diameter, and κIV phase is a fine Fe rich
precipitation of varying sizes (<0.5 μm in diameter) with plate-like morphology
that are distributed throughout the α grains along certain crystallographic
directions forming within the α-matrix at 850℃. κIII phase is a fine lamellar
“finger-like” eutectoid structure and forms at the boundary of κI phase [14], [44],
[45], [47], [48].
The mechanical properties of the test samples used for the study are
summarised in table 1.
Ultimate tensile
strength

Yield strength

Density

Hardness

650 MPa
270 MPa
7.65 g cm-3
160 HB
Table 1: Mechanical properties of C95800 NAB
The general corrosion rate of NAB in seawater is considered to be 0.06 mm
year-1 [13]. The galvanic potentials of NAB in flowing salt water is between -0.1 V
to -0.25 V at a velocity of 2.5 to 4 m s-1 at a temperature range of 10 ℃ – 27
℃ with reference to saturated calomel half-cell -0.15 V to -0.22 V [49]–[51].
2.2 Experimental procedure
Six samples of as-cast NAB were prepared for the experiments. Each sample had
a dimension of 25 mm x 25 mm (± 2 mm) with a thickness of 5 mm (± 0.5 mm).
The test sample surfaces facing the cavitation rig were wet polished using 120-,
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800-, 1200- and 4000-grit silicon carbide (SiC) abrasive papers, and 6 μm
diamond paste. They were then cleaned with distilled water and methanol
before blow-drying them. The surfaces away from the sonotrode tip were coated
with lacquer for protection against exposure to corrosion. The samples were left
inside six individual, clean and uncontaminated plastic bags for a week to ensure
the formation of air-formed oxide films. The preparation procedure was
repeated for each sample after each test in order to reuse the samples.
The test samples were tested using the experimental conditions and procedure
as given in previous work conducted, found in Ref [44] using indirect ultrasonic
vibratory transducer operating at a frequency of 19.5 kHz and an amplitude of
80 μm ± 0.2 μm (peak-to-peak). The ultrasonic vibratory apparatus was used for
the research as it is the most commonly used device that produces a periodic
pressure field, inducing the periodic growth and collapse of a cloud of cavitation
bubbles [54]. The ultrasonic vibration mechanism also provides the fastest
approach to obtaining cavitation results for a wide range of engineering
materials amongst all the various cavitation test methods [55]. The indirect
cavitation method was chosen in order to conduct in-situ electrochemical
analysis. The time period for each test was 1 h, except the polarization test, in
fresh batch of mediums. The standoff distance between the sample and the
ultrasonic transducer was kept constant at 2 mm. The temperature and the pH of
the water were monitored to remain constant for each test at room temperature
of 17 °C ± 0.5 °C and a pH range of 7.5 - 8.5. Figure 1 gives the schematics of the
test arrangement.

Fig. 1: Schematics of the cavitation rig with specimen connected to the potentiostat
for cavitation erosion-corrosion measurements [44].
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The synergy measurement was obtained using three main approaches, namely
the gravimetric mass loss method, the volumetric mass loss method, and mean
depth of penetration rate (MDPR) method. Under the gravimetric method, the
erosion rates (E) were obtained in two different ways: by erosion in 5 L of
distilled water for 1 h, and by subjecting the samples to cavitation erosion in
3.5% NaCl solution with cathodic protection for 1 h. The corrosion rates (C) were
also obtained in two different ways, gravimetrically by using mass balance, and
from the potentiodynamic polarization curves. Alicona InfiniteFocus 3D noncontact optical profilometer was used to obtain the synergy value using the
MDPR method, and the volumetric mass loss method. Alicona was also employed
to obtain surface topography and roughness measurements at a vertical
resolution of 10 nm – 50 nm.
For the electrochemical tests the samples were kept at OCP using the GAMRY
Ref600 potentiostat while their EIS values were monitored. The EIS frequencies
used were between 100000 (initial) Hz - 0.1 (final) Hz. The samples were used as
the working electrodes, with Ag/AgCl as the reference electrode and graphite
rod as the counter electrode. The parameters for conducting the OCP and EIS
tests were set and performed in the GAMRY Framework software. The samples
were tested under C and T conditions 3 times each. The data obtained were
analysed in the GAMRY Echem Analyst software. For the polarization test, two
samples were subjected to potentiodynamic polarization scan at a scan rate
0.167 mV s-1 under static conditions in 3.5% NaCl solution in order to obtain
pure corrosion rate in terms of mass loss by applying Faraday’s laws of
electrolysis. The potential of -400 mV against silver chloride electrode (Ag/AgCl)
was also obtained from the polarization curve for the pure erosion test in 3.5%
NaCl solution subjected to cathodic protection.
For the synergy evaluation, five different synergy values were calculated for the
samples. Using Equation (1), three tests were conducted for each sample in
order to obtain the synergy rates.
•

Pure erosion (E): Two different methods were employed for the pure
erosion test. Three samples were subjected to erosion performed in 5 L of
triple distilled water for 1 h. And three samples were subjected to
cavitation erosion in 3.5% NaCl solution with cathodic protection for 1 h.

•

Pure corrosion (C): Four samples were subjected to in-situ
electrochemical measurements kept at open circuit potential (OCP), and
electrochemical impedances spectroscopy (EIS) analysis were conducted
in 3.5% NaCl solution for 1 h. Two sample materials were also subjected
to potentiodynamic polarization, at a potential range between -1 V to 2 V,
to obtain C by applying Faradaic conversion.
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•

Combined cavitation erosion-corrosion (T): all six samples were cavitated
in 5 L of 3.5% NaCl solution for 1 h while subjected to OCP.

The masses of the samples were recorded before and after each experiment with
a precision mass balance for gravimetric analyses (± 0.01 mg). Each sample was
weighed 5 times, each after recalibration of the balance after every
measurement, and an average was considered per test. The samples were
analysed for microstructural characterization using JOEL (JSM6500F) scanning
electron microscope (SEM) employed for microstructural morphology analysis
before and after cavitation at an acceleration voltage of 15.0 kV, a probe current
at medium (6 nA – 13 nA), and a working distance of 10 mm and above. For
clearer microstructural evaluation backscattered electron imaging was also
employed. Samples were also transverse sectioned to observe the subsurface
impacts of cavitation on the microstructure. For SEM analysis of the transverse
sections, the samples were cut laterally with diamond saw, and then hotmounted in Bakelite resin mould. The interested surface was then polished using
1200- and 4000- grit SiC abrasive paper before mirror finishing it with 1 and 6
μm diamond paste.

3. Results and discussion
Table 2 gives the chemical composition in weight %, for the alloy as well as the
individual phases obtained under EDS.
Micro-structural
Phases

Chemical composition in weight %
Cu

Si

Al

Mn

Fe

Ni

Alloy
Alpha
Kappa 1

80.25
85.39
15.08

0.03
1.66

8.79
7.19
13.29

3.56
0.87
1.72

4.63
3.35
57.53

5.10
3.20
10.72

Kappa 2

17.61

1.52

14.02

1.50

51.90

13.44

Kappa 3
45.15
18.76
1.19
10.91 23.99
Kappa 4
3.10
4.01
10.99
2.05
72.80 7.05
Table 2: Chemical composition of the individual phases in the as -cast
NAB (C95800) samples, confirmed under EDS.
3.1 Surface analysis
Cavitation erosion damage undergoes several periods of activity. To understand
the gradual mass loss rate and the erosion behaviour of each materials, the
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material erosion wear rate is typically analysed by conducting cavitation on the
samples over a period of time, with periodic mass loss measurements at each
interval. Hence, the erosion wear rate curve for as-cast NAB sample, represented
in Figure 2 shows the cumulative erosion rate, plotted as a function of erosion
time, obtained after each exposure by dividing cumulative weight loss by total
exposure time.

Fig. 2: Cumulative cavitation erosion rate curve for NAB tested in 3.5% NaCl
solution for a time period of 5 h and 14 min.
Figure 3 shows the optical image of a NAB sample after 1 week of air-formed
oxide film formation, with distinct microstructures, before subjecting to
cavitation in 3.5% NaCl solution.
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Fig. 3: Microstructure of air-formed oxide filmed NAB before cavitation as seen
under the optical microscope.
Figures 4 (a)-(f) show the optical images of air-formed oxide filmed NAB surface
under cavitation in 3.5% NaCl solution over time, taken from the centre of the
erosion scar. First, the removal of oxide layer from around the phase boundaries
was observed (Figure 4 (a)) in the form of light brown oxide layer islands found
in the alpha region, after 30 min of cavitation in 3.5% NaCl solution. After 1 h of
cavitation, (Figure 4 (b)), the microstructure seemed to undergo cavitation
erosion as well as selective phase attack at the phase boundaries.

Fig 5: Optical images of the progression of cavities on air-formed oxide filmed NAB
after cavitation erosion for (a) 30-min, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, and (f) 5 h in
3.5% NaCl solution, showing the increasing roughness of the surface, and growth in
cavity sizes with time.
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On further cavitation, the cavities seemed to gradually grow in size from 10-μm
(Figure 4 (c)) to up to 80-μm (Figure 4 (f)), while the overall surface roughness
also seemed to increase over time after 2, 3, 4 and 5 h of cavitation (Figure 4 (c)(f)). The number of cavities also increased after 5 h of cavitation, as seen in
Figure 4 (f).
The cavitated surface of the test sample appeared to comprise of three easily
distinguishable damage regions, formed in concentric rings of cavitated and noncavitated regions around a centrally damaged area as seen in Figure 5. The
surface topography was then obtained by scanning the sample surface laterally
across the diameter.

Fig. 5: Surface profile at the centre of the cavitated surface of NAB after 1 h of test
measured in Alicona.
From the scanned topography profile it was clearly seen that the outer ring
undergoes more material loss than the centre with higher surface roughness at
the edge of the eroded region. Figures 6 (a) and (b) show the wear profile of air-
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formed oxide filmed NAB sample cavitated for 1 h in distilled water, and in 3.5%
NaCl solution, respectively.

(a)

(b)
Fig. 6: Wear scar profile of air-formed oxide filmed NAB after cavitation in (a)
distilled water, and (b) in 3.5% NaCl solution for 1 h, obtained using Alicona 3D
profilometer.
The wear profile of the air-formed oxide filmed NAB cavitated in 3.5% NaCl
solution (Figure 5 (b)) exhibited much higher erosion profile (almost double),
compared to the profile obtained in distilled water (Figure 5 (a)).
After conducting the cavitation tests on the samples, the surface profilometry
and Ra, mean depth of penetration (MDP) and the volume loss were measured
using both Alicona. Table 2 tabulates the measured values of Ra before cavitation,
in distilled water and in 3.5% NaCl solution with and without cathodic
protection. Whereas, the MDP and the volume loss were measured for the
samples cavitated in distilled water for pure erosion, and the combined erosioncorrosion test in 3.5% NaCl solution.
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Average surface roughness,
Ra (in μm)
Before
cavitation

Distilled
water

3.5%
NaCl sol.
With CP

0.063
± 0.003

0.153
± 0.003

0.160
± 0.003

Mean depth of
penetration,
MDP (in μm)

Measured
volume loss
(in mm3)

3.5% Distilled
NaCl sol. water

3.5%
NaCl
sol.

Distilled
water

3.5%
NaCl
sol.

0.165
± 0.003

0.955
± 0.003

0.115
± 0.003

0.169
± 0.003

0.645
± 0.003

Table 3: Average roughness, mean depth of penetration and volume loss measured
under pure erosion and combined erosion-corrosion test conditions using Alicona.
3.2 Microstructural analysis
Figure 7 shows the general microstructural morphology of the as-cast NAB
C95800 used for the experimental study, taken under SEM.
α
κI

κIV
κIII
κII

Fig. 7: Microstructural morphology of as-cast NAB. κI is the globular dendritic
structure, κIII is the lamellar “finger-like” structure, and κIV is the very fine
particulate imbedded within the α matrix.
The samples were observed under the SEM for microstructural analysis before
and after each test. Figure 8 (a) and (b) show the magnified images of the
microstructures of a cavitation-eroded region for NAB tested in distilled water
for 1 h. And Figure 8 (c) and (d) depict the microstructures of a cavitationeroded region for NAB cavitated for 1 h in 3.5% NaCl solution.
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(a)

(b)

(c)
(d)
Fig. 8: SEM compo/backscattered images of (a) small boundary erosion on airformed filmed NAB in distilled water; (b) shows the magnified image of the cavities
of size 10-μm at the selected area in (a); (c) SEM image of a 50-μm large cavity on
the sample surface undergone cavitation erosion-corrosion in 3.5% NaCl solution;
and (d) the magnified image of a cavity in (c) showing selective phase attack at the
α-κ phase boundaries leaving κI globules and κIII lamellar phases exposed.
For the cavitation erosion-corrosion test in distilled water, small cavities of sizes
10 μm – 30 μm were found in the grain boundaries as shown in Figure 8(b). This
was considered to be due to the soft α-matrix surrounding the hard iron-rich κ
phases being most vulnerable to cavitation attack. The κ-precipitates and
precipitate-free α-zones did not suffer any visible cavitation after 1 h of
cavitation test in distilled water, as also reported in ref [44].
Comparatively, the cavitation erosion-corrosion test in 3.5% NaCl solution
exhibited much larger cavities ranging between 50 μm – 80 μm. This again
proved that NAB underwent selective phase attack at the α-κ phase boundaries,
although more aggressively than under distilled water, leaving κI globules and κIII
lamellar phases exposed, Figure 8 (c).
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Figure 9 (a) and (b) show the transverse cavitation erosion pattern on the
surface after 1 h of testing in distilled water, detailing a cavity formed due to the
erosion of the α-phase at the α-κ phase boundary. Enlarged image of the
transverse sections of the cavities show cavity growth and crack propagation
along the α-κIII phase boundaries (Figure 9 (b)).

(a)
(b)
Fig. 9: SEM images of NAB sample under pure E (distilled water) conditions: (a)
transverse-sections of a cavity; (b) detailed magnified image of cavities in (a),
exhibiting crack propagation along the α-κIII phase boundaries.
SEM imaging of the transverse sections of the cavitated NAB surface under 3.5%
NaCl solution revealed the selective phase erosion leading to micro-crack
propagation into the material across the α-κ interface. From the SEM results, it
can be concluded that the material undergoes enhanced erosion in the presence
of corrosion, i.e. ΔE has a higher contribution to the synergistic relation between
wear and corrosion.
From the intrinsic microstructural results obtained, it was evident that the
microstructural properties of the material, as well as the individual properties of
each phase within the microstructure, played very important role in determining
the cavitation behaviour of the materials. The sizes on these microstructural
phases also played significant role, as it was seen that more the grain boundaries,
more the material was vulnerable to boundary erosion and selective phase
attacks. Softer phases surrounding the harder intermetallics were seen to
undergo erosion more, due to the accumulation of subsurface strain caused by
the repetitive hammering of imploding bubbles, and lower fracture toughness of
the softer phase.
3.3 Electrochemical analysis
Four samples were subjected to pure corrosion test under OCP, and three
samples were subjected to combined erosion-corrosion test kept at OCP. Figure
10 is the OCP curve obtained for NAB in pure corrosion and erosion-corrosion in
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3.5% NaCl solution, where Vf is the reference potentials in millivolt. It can be
seen NAB reached stability at -210 mV under pure corrosion. For the combined
erosion-corrosion tests, the cavitation was applied to the sample kept under OCP
after a delay of about 600 s [44].

Fig. 10: OCP for NAB in 3.5% NaCl solution for 1 h with and without cavitation
[44].
It can be seen that under pure corrosion, the measured OCP shift slightly
negatively at around -210 mV. This indicates that the thin layer of air-formed
protective oxide film on NAB can be slowly broken down due to localized
corrosion, causing selective phase attack, during its immersion in the 3.5% NaCl
solution. However, there is a dramatic negative shift in OCP upon cavitation
impact. As seen from Figure 8, the OCP shifted from -170 mV to about -300 mV
upon the application of cavitation, but attained stability within 150 s at a lower
potential (of -310 mV). It is noteworthy that under cavitation impact the OCP
very gradually shifted towards more negative value with time, meaning gradual
depassivation of the surface over time.
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Fig. 11: Nyquist plots for NAB samples in 3.5% NaCl solution with and without
cavitation.
Figure 11 is the Nyquist curves for the NAB samples undergoing pure corrosion
and combined erosion-corrosion test. It can be clearly seen that the material
exhibited single time-constant plots with single semi-circles and did not undergo
diffusion, either under pure corrosion or cavitation erosion-corrosion tests. The
radius of semi-circle is relevant to polarization resistance, where the larger the
semicircle is, the higher the polarization resistance. From Figure 12 it can be
seen that the polarization resistance is significantly decreased with cavitation
with much smaller semicircles, which indicate the polarization resistance.
Figure 12 shows the EIS Bode plots for the NAB samples under pure corrosion
and during cavitation. It can be seen that the EIS spectra in both cases exhibit
single time-constant behaviour in the investigated frequency range. It was seen
that the impedance of NAB under corrosion was slightly lower than that under
cavitation erosion-corrosion.
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Fig. 12: EIS Bode curve for NAB in 3.5% NaCl solution under pure corrosion and
during 1 h of cavitation.
The EIS results obtained were also verified using fit models. Fit models or
equivalent circuit models are used to model and analyse EIS spectra results that
can be built in the GAMRY Instrument Echem Analyst software. The
electrochemical cells are simulated in the software by incorporating various
factors such as electrode double layer capacitance, electrode kinetics, diffusion
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layer and solution resistance. The impedance of the element depends on the
element type and the values of the parameters that characterize that element.
The protective oxide layer on NAB subjected to cavitation may become porous.
These pores could be considered as non-coated portions of substrate. However,
due to their small size, the exchange of the electrolyte between the pore and the
bulk material may be hampered, therefore, the ion concentration inside the
pores could differ from the bulk concentration. This results in an electrolyte
resistance Rpore different from the bulk electrolyte (solution) resistance, Rs. For
NAB, the protective oxide layer is considered to be a mixed Cu/Al oxide, mostly
assumed to be Al2O3, which is a non-conductive ceramics, hence, considering
there is no electron passing through this layer, it is modelled using only one
capacitance, Cpl. Then the interface between the solution and the material
substrate through the pore needs to be considered, hence the model
incorporates the resistance of the inner substrate layer, Rinner, and the constant
phase element, Cinner, parallel with Rinner.

Fig. 13: A porous non-conductive coating layer with the resulting equivalent
circuit.
Figure 13 gives the respective equivalent circuit that incorporated the pores in
the passive layer on the material surface where, Rs is the bulk solution
resistance, Rpore is the resistance of the pores, Cpl is the capacitance of the passive
layer, and Rinner and Cinner are the resistance and constant phase element of the
metallic substrate under the passive layer. From the fit model illustrated in
Figure 14, the resistance elements at the pores and the inner layer were
compared for the results obtained from EIS test for NAB plotted in Figure 12.
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Fig. 14: EIS fit plot for NAB under C and T conditions.
From Figure 14 it can be seen that for NAB the substrate resistance (Rinner) is
higher than the pore resistance (Rpore) in both cases. The substrate and pore
resistance of NAB subjected to C was higher than that obtained under T. This can
be due to an increase in pore sizes or numbers induced under cavitation,
enhancing mass transport, causing the decrease in the Rinner and the Rpore value.
However, the values do not differ by a large margin, which could be due to the
surface undergoing rapid passivation process even though under the cavitation
impact, causing the corrosion process to slow down.
Figure 15 plots the polarization curves for NAB. The potential of -400 mV against
silver chloride electrode (Ag/AgCl) was also obtained from the polarization
curve for the pure erosion test in 3.5% NaCl solution subjected to cathodic
protection.
The sample materials were expected to undergo rapid redox reactions as shown
from Equations (3) - (6) taking place in the electrochemical cell [16].
Anodic reaction:
Cu + Cl- → CuCl + eCu + 2Cl- → CuCl2- + e-

…(3)
…(4)

And cathodic reaction:
Cl- + H+- → HCl
O2 + 2H2O + 4e- → 4OH-

…(5)
…(6)
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Fig. 15: Polarization curve for the NAB in 3.5% NaCl solution showing Tafel
extrapolation of corrosion current.
From the polarization results the corrosion current density (Icorr) was found to
be at 16.0 μA cm-2 using Tafel extrapolation. From the Icorr value the mass loss
rate of the sample was calculated using Faradaic conversion, given by Equation
(7).

Mass loss rate =

Icorr × Atomic mass of corroding element × exposed area
number of electrons freed × Faraday′ s constant

…(7)

Where, the rate of mass loss is in mg cm-2 h-1, and
Faraday’s constant = 96485 C mol-1
From Equations (3) and (4), the corroding element was considered to be copper,
and the number of free electrons (n) was considered 1 and 2. Hence, the mass
loss values obtained for pure corrosion using the potentiodynamic polarization
technique were found to be 0.382 mg ± 0.002 mg for n = 1, and 0.197 mg ± 0.002
mg for n = 2.
3.4 Synergy evaluation
Using Equation (1), the synergy was calculated using five different methods. The
first method used mass loss as the parameter for synergy. The second and third
methods employed Alicona to obtain the volumetric mass loss and the mean
depth of penetration rate from Table 2 as the parameters for measuring synergy,
all obtained in distilled water as the medium for pure erosion.
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The pure erosion test was also conducted in 5 L of 3.5% NaCl solution while
subjecting the samples to cathodic protection as the fourth method. It must be
noted that the pure corrosion test provided a negative value for the synergy
calculation due to a gain in mass observed gravimetrically after each test. Due to
this the results were rather dispersive and hence, the fifth method employed
polarization technique to obtain C. Table 4 tabulates the measured synergy
values for NAB for each test, obtained using the five different methods to
estimate the synergy between cavitation erosion and corrosion.
Method Used

MDPR (μm h-1)
(Measured by
Alicona)

T
(mg)

E
(mg)

C
(mg)

S=T-(E+C) (S/T)
(mg)
x100
Using
Equation (1)

0.955 ± 0.645 ± 0.005
0.003 (in distilled
water)

0.000 ±
0.002

0.310 ±
0.010

32%

1.29 ±
0.05

0.88 ±
0.04
(in distilled
water)

0.00 ±
0.02

0.41 ± 0.11

31%

Gravimetric mass 1.48 ±
loss (mg)
0.02
(Measured by mass
balance)

1.00 ±
0.05
(in distilled
water)

-0.61 ±
0.04

1.09 ±
0.11

73%

Gravimetric mass 1.48 ±
loss (mg)
0.02
(Measured by mass
balance)

1.52 ±
0.05
(with
cathodic
protection)

-0.61 ±
0.04

0.57 ±
0.11

38%

0.197 ±
0.002
For n = 2;

0.28 ±
0.072

19%

0.098 ±
0.072

6%

Volumetric Mass
Loss (mg)
(Measured by
Alicona)

Gravimetric mass
loss (mg)
(T and E measured 1.48 ±
by mass balance,
0.02
C calculated by
Equation 7)

1.00 ±
0.05
(in distilled
water)

0.394 ±
0.002
For n =1
(Polarization
and Faradaic
conversion)

Table 4: Synergism summary for NAB obtained using five different test methods.
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The highest synergy measured from the 5 different methods (tabulated in Table
4) was found to be 73% under gravimetric method (method 3) while the lowest
resulted from method 5 with E conducted for 1 h in 5 L of distilled water. This
yielded 6 - 19% synergy when a polarization method was used for C. The
gravimetric results measured using the cathodic protection method for E was
found to give a synergy of 38%. As for the results obtained via Alicona, the
synergy was found to be 31% using the volumetric mass loss method, and 32%
using MDPR method. The value of E was higher than C in every method. The
values of T were higher than E, except for the cathodic protection method. From
the results, it can be inferred that corrosion tends to enhance mass loss, except in
the case where cathodic protection was used to determine E, where corrosion
appeared to have a negative effect on total mass loss.
From Table 4 it can be seen that distilled water exhibited lower mass loss when
compared to cathodic protection test. On analysing under the SEM, it was
observed that under cathodic protection the number of cavities had actually
increased, which has also been reported in the literature [14], [15]. Hence, there
was an increase in the mass loss observed when applying cathodic protection,
although the grain-boundary attack was lower than that found in distilled water.
This gives an interesting result showing that using distilled water reduces mass
loss by about 0.5 mg relative to the CP technique, giving almost double the
synergy obtained under other two conditions.
The best method for S quantification is probably method 5 where gravimetric
measurements are used for E and T (E from distilled water experiments) and C is
from polarization and Faraday conversion techniques. However, it is uncertainty
on the value of n for Faradaic conversion and thus only a range of S% can be
given.
In a study by Kwok, Cheng and Man [22], the synergistic effect of cavitation
erosion and corrosion of copper-based alloys and bronze, among many other
engineering alloys using an 20 kHz ultrasonic vibrating cavitation at a peak-topeak amplitude of 30 μm in distilled water and in 3.5% NaCl solution at 23 °C
was investigated. It was found that synergism had a significant effect on the mass
loss with it contributing up to 85% total damage. They calculated the synergy via
mean depth of penetration rate method and concluded that the Cu-based alloys
had a synergy percentage of 2.7 - 4.5% with 95 – 97% of the total damage
attributed to pure erosion only. It was also found that corrosion only played a
minor role of about 0.1–1.8% in the overall cavitation erosion–corrosion for
copper-based alloys. They also performed several experiments on laser treated
metals such as austenitic steel alloy and NiCrSiB-1050-2 alloy in 3.5% NaCl
solution [56].
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In the studies conducted by Wood and Fry [25], they investigated the
fundamental mechanisms of the synergistic effect of cavitation erosion and
corrosion for copper and cupro-nickel alloys in seawater. The test was
conducted in an all-plastic cavitation tunnel comprising of a 60° symmetrical
wedge cavitation source. The specimens of 10 mm × 20 mm working section
were held under potentiostatic control in a flowing seawater system at an
upstream flow velocity of 14.7 m s-1. The synergy was measured using the depth
of penetration method, tested for 4.5 h. They found that that the synergistic
effect was most marked when the cavitation erosion occurred in the presence of
mild corrosion with 50 - 70% of the damage caused due to pure erosion only.
However, corrosion was responsible for 50% of the overall penetration depth.
The synergy was found to range between 10 – 29% at different over-potentials
of 5 mV – 100 mV for copper, and between 30 – 50% for Cu-Ni alloys. Their
preliminary results also suggested that depth of penetration measurements gave
clearer indication of the level of synergistic effect compared to mass loss
measurements with the majority of the depth of penetration being caused by
synergistic mechanisms.
Wood and Hutton [57] plotted the ratio of the synergistic wear to corrosive wear
(S/C) against the ratio of erosive wear to corrosive wear (E/C). These tests were
conducted using hydrodynamic cavitation, slurry impingement with aqueous
slurries containing 2% silica sand particles, and vibratory cavitation for various
steels and cast iron in a slurry pot, copper and curpo-nickel alloys, in various
corrosive and non-corrosive solutions. These were obtained from the results
published in literature [57], as summarized in Table 5.
Point
Point
Point
no.
Material
Ref.
no.
Material Ref.
no. Material Ref.
1
A514
[36]
15
MS1020 [58]
29
Cu
[25]
2
SS-316
[36]
16
MS1020 [58]
30
Cu
[25]
3
SS-316
[36]
17
MS1020 [58]
31
Cu
[25]
4
REM 500
[36]
18
SS-304 [58]
32
Cu
[25]
5
REM 500
[36]
19
SS-304 [58]
33
Cu
[59]
6
A514
[36]
20
SS-304 [58]
34
MS1020 [60]
7
SS-316
[36]
21
Cu
[25]
35
Fe
[61]
8
SS-316
[36]
22
Cu
[25]
36
Fe
[62]
9
REM 500
[36]
23
Cu
[25]
37
Fe
[62]
10
REM 500
[36]
24
Cu
[25]
38
Fe
[62]
11
Cu
[59]
25
Cu
[25]
39
Fe
[62]
12
Cu
[59]
26
Cu
[25]
40
Fe
[62]
13
Cu
[59]
27
Cu
[25]
14
G cast Fe
[35]
28
Cu
[25]
Table 5: Data used for S/C vs. E/C map (as plotted in Figure 16) and their
corresponding references [57], [63] .
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The S/C and E/C values for air-formed NAB from the current study were also
calculated and tabulated in Table 6, and plotted in the graph using the synergy
calculation in Table 4.
Material

S/C

E/C

NAB with air-formed film (n=1)

0.20

2.54

NAB with air-formed film (n =2)

1.42

5.07

Table 6: S/C and E/C values calculated for air-formed oxide-filmed NAB samples
using gravimetric method for E measurement, and polarization and Faradaic
conversion for C measurement.
Figure 16 illustrates the linear relationships between S/C vs. E/C plot along with
the current results from the NAB. The numbers designated to the points are used
to identify the type of materials and the experimental conditions they were
subjected to. The solid line represents the materials having medium S/C values
(i.e. up to 30% of total wear is affected by synergy); whereas, materials having
high S/C values (i.e. more than 60% of total wear is affected by synergy) are
represented by the broken line. Points below the solid line were considered as
low S/C values, with less than 10% of total wear affected by synergy. And for E/C
values above 50, the points could not be distinguished between high and low S/C
values. Also, it can be seen that data from this paper for NAB (with air-formed
oxide film) lies on the medium S/C value [57], [63].

Fig 16: S/C vs E/C curve [57], [63].

301

3.5 Limitations of the methods used
As presented by the author [44], the gravimetric mass loss results were
considered more reliable. This is because, although both gravimetric as well as
volumetric mass loss measurements are useful and efficient in their own
account, they both have major shortcomings.
On one hand, while the data obtained by precision mass balance are generally
considered accurate up to 0.01 mg, several factors may affect these results.
Water-retention due to absorption via porous layers/coats or selective phase
attack may occur that make actuate mass loss measurements difficult. On the
other hand, the volumetric analyses can be equally crude since the highest
magnification achievable using Alicona is 1000x. It can suffer from loss of data
for very smooth and reflective surfaces, or due to re-entrant topography of the
surface. Also, in the case where there are sediments, corrosion products, microscratches, and burrs existing on the sample surface, it may not clearly
differentiate these to allow selective volume loss measurement. This again
causes deviation from the true result. Hence, S/T % obtained using gravimetric
method for E and T, and polarization technique for C was considered more
preferable.
From the study, it must be noted that the errors for E, C and T all sum up while
quantifying S, which can lead to significant errors. Given the variables in the
synergy results under each test conditions, and also the high error accumulation,
the exact value of S is difficult to evaluate. Additionally, an important factor often
overlooked, and needs to be realized, is the percentage error for the S/T %
values obtained under each individual method. Often, the S values and the
corresponding S/T % are quoted in literature without the error bars. However,
as seen from the results, these error % values are not negligible, making the S
and S/T values less reliable than assumed. Furthermore, it is difficult to resolve S
into the separate ΔE and ΔC components. Also, the ΔC component of S is further
difficult to measure directly using electrochemical techniques due to the rapid
and aggressive nature of the cavitation clouds produced in the experimental set
up, affecting the IR drop. In the light of all the results obtained, there is still much
left to be answered in the realms of electrochemistry, and the individual
contributions of ΔE and ΔC.

4. Conclusion
From the experiments conducted it was concluded that:
• The synergy was calculated using five different methods, involving
gravimetric mass loss, measured using a precision mass balance for the
samples eroded under both distilled water, and 3.5% NaCl solution while
under cathodic protection using GAMRY Potentiostat. Volumetric mass
loss and MDPR both employed Alicona non-contact profilometry
measurements. The C measurements were obtained using polarization
and Faraday conversion methods.
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•

•

•

•
•

Synergy was found to be 31% using the volumetric mass loss method,
32% using MDPR method, 74% using gravimetric mass loss in distilled
water, 38% using the cathodic protection method, and 31% using the
Faraday conversion technique.
Due to a mass gain observed for C under the OCP method, the result
obtained via the polarization technique was considered more realistic
and reliable, which gives 6-19% synergism. This range was due to the
uncertainty of the exact electrochemical reactions occurring and the
number of electrons being transferred. Further studies are needed to
elucidate the exact reactions occurring over extended immersion periods.
Under cathodic protection the number of cavities increased, giving higher
mass loss through pitting than that under distilled water, however the
grain-boundary attack was lower than that in distilled water.
The soft α-matrix surrounding the hard κ-phases seemed most vulnerable
to cavitation attack, under both E and T conditions.
NAB was found to be susceptible to prominent selective phase attack of
the α-κ phase interfaces in the microstructure in the presence of
corrosive environment.

Acknowledgments
The author would like to thank Lloyd’s Register for funding the work.

References
[1]

N. K. Bourne and J. E. Field, “A high‐speed photographic study of cavitation
damage,” J. Appl. Phys., vol. 78, no. 7, pp. 4423–4427, 1995.

[2]

Y. Tomita and A. Shima, “On the Behavior of a Spherical Bubble and the
Impulse Pressure in a Viscous Compressible Liquid,” JSME, vol. 20, pp.
1027–1035, 1977.

[3]

J. P. Ghose and R. P. Gokarn, “Propeller Materials,” in Basic Ship Propulsion,
Kharagpur: Allied Publishers, 2004, pp. 166–173.

[4]

E. C. Fitch, “Cavitation Wear In Hydraulic Systems,” Machinery Lubrication,
2011. [Online]. Available:
http://www.machinerylubrication.com/Articles/Print/380. [Accessed:
15-Aug-2013].

[5]

W. Lauterborn and C. Ohl, “Cavitation bubble dynamics,” Ultrason.
Sonochem., vol. 4, pp. 65–75, 1997.

[6]

C.-D. Ohl, T. Kurz, R. Geisler, O. Lindau, and W. Lauterborn, “Bubble
dynamics, shock waves and sonoluminescence,” Philos. Trans. R. Soc. A
Math. Phys. Eng. Sci., vol. 357, no. 1751, pp. 269–294, Feb. 1999.

[7]

Y. Zheng, S. Luo, and W. Ke, “Effect of passivity on electrochemical

303

corrosion behavior of alloys during cavitation in aqueous solutions,” Wear,
vol. 262, no. 11–12, pp. 1308–1314, May 2007.
[8]

G. E. Totten, D. K. Wills, and D. G. Feldmann, Eds., Hydraulic Failure
Analysis: Fluids, Components, and System Effects, Issue 1339, 1st ed., vol. 3.
Philadelphia: ASTM International, 2001.

[9]

Y. Zhou and F. G. Hammitt, “Cavitation erosion incubation period,” Wear,
vol. 86, no. 86, pp. 299–313, 1983.

[10] F. G. Hammitt, Cavitation and multiphase flow phenomena. McGraw-Hill
Book Co., 1980.
[11] “Cavitation in Control Valves,” Samson. Samson, Frankfurt, pp. 1–62, 2003.
[12] R. Francis, “Bimetallic Corrosion,” 1982.
[13] H. S. Cambell, “Aluminium bronze alloys - corrosion resistance guide,” no.
80. Copper Development Association, p. 30, 1981.
[14] A. Al-Hashem and W. Riad, “The role of microstructure of nickel–
aluminium–bronze alloy on its cavitation corrosion behavior in natural
seawater,” Mater. Charact., vol. 48, no. 1, pp. 37–41, Feb. 2002.
[15] A. Al-Hashem, P. G. Caceres, W. T. Riad, and H. M. Shalaby, “Cavitation
Corrosion Behavior of Cast Nickel-Aluminum Bronze in Seawater,”
Corrosion, vol. 51, no. 5, pp. 331–342, May 1995.
[16] J. A. Wharton and K. R. Stokes, “The influence of nickel–aluminium bronze
microstructure and crevice solution on the initiation of crevice corrosion,”
Electrochim. Acta, vol. 53, no. 5, pp. 2463–2473, 2008.
[17] H. M. Shalaby, A. Al-Hashem, H. Al-Mazeedi, and A. Abdullah, “Field and
laboratory study of cavitation corrosion of nickel aluminium bronze in sea
water,” Br. Corros. J., vol. 30, no. 1, pp. 63–70, 1995.
[18] C. T. Kwok, H. C. Man, and F. T. Cheng, “Cavitation erosion and damage
mechanisms of alloys with duplex structures,” Mater. Sci. Eng. A, vol. 242,
no. 1–2, pp. 108–120, Feb. 1998.
[19] C. T. Kwok, H. C. Man, and F. T. Cheng, “Cavitation erosion of duplex and
super duplex stainless steels,” Scr. Mater., vol. 39, no. 9, pp. 1229–1236,
Oct. 1998.
[20] C. T. Kwok, H. C. Man, and L. K. Leung, “Effect of temperature, pH and
sulphide on the cavitation erosion behaviour of super duplex stainless
steel,” Wear, vol. 211, no. 1, pp. 84–93, Oct. 1997.
[21] S. Z. Luo, Y. G. Zheng, M. C. Li, Z. M. Yao, and W. Ke, “Effect of Cavitation on
Corrosion Behavior of 20SiMn Low-Alloy Steel in 3% Sodium Chloride
Solution,” Corrosion, vol. 59, no. 7, pp. 597–605, Jul. 2003.
[22] C. T. Kwok, F. T. Cheng, and H. C. Man, “Synergistic effect of cavitation
erosion and corrosion of various engineering alloys in 3.5% NaCl solution,”
Mater. Sci. Eng. A, vol. 290, no. 1–2, pp. 145–154, Oct. 2000.
[23] H. Yu, Y. G. Zheng, and Z. M. Yao, “The cavitation erosion and erosion-

304

corrosion behavior of carbon steel in simulating solutions of three rivers
of China,” Mater. Corros., vol. 57, no. 9, pp. 705–714, Sep. 2006.
[24] A. Sakamoto, H. Funaki, and M. Matsumura, “Seminar influence of galvanic
macro-cell corrosion on the cavitation erosion durability,” Int. cavitation
Eros. test Semin., 2000.
[25] R. J. K. Wood and S. A. Fry, “The Synergistic Effect of Cavitation Erosion and
Corrosion for Copper and Cupro-Nickel in Seawater,” J. Fluids Eng., vol.
111, no. 3, pp. 271–277, 1990.
[26] R. J. K. Wood, “Erosion–corrosion interactions and their effect on marine
and offshore materials,” Wear, vol. 261, no. 9, pp. 1012–1023, Nov. 2006.
[27] K. Darowicki and J. Ryl, “Cavitation erosion , influence of electrochemical
corrosion on cavitation – a review,” 2011.
[28] Y. Zheng, Z. Yao, X. Wei, and W. Ke, “The synergistic effect between erosion
and corrosion in acidic slurry medium,” Wear, vol. 186–187, pp. 555–561,
Aug. 1995.
[29] Q.-Y. Wang, S.-L. Bai, and Z.-D. Liu, “Study on Cavitation Erosion–Corrosion
Behavior of Mild Steel under Synergistic Vibration Generated by Ultrasonic
Excitation,” Tribol. Trans., vol. 57, no. 4, pp. 603–612, Jun. 2014.
[30] R. Malka, D. A. Gulino, and M. Technology, “Erosion corrosion and
synergistic effects in disturbed liquid-particle flow,” Corros. Nacexpo, no.
6594, 2006.
[31] “ASTM G119 - 16 Standard Guide for Determining Synergism Between
Wear and Corrosion,” ASTM international, 2016. [Online]. Available:
http://www.astm.org/cgi-bin/resolver.cgi?G119-09(2016). [Accessed: 07Jun-2014].
[32] B. Vyas and I. L. H. Hansson, “The cavitation erosion-corrosion of stainless
steel,” Corros. Sci., vol. 30, no. 8, pp. 761–770, 1990.
[33] M. Matsumura, “Erosion-Corrosion of Metallic Materials in Slurries,”
Corros. Rev., vol. 12, no. 3–4, p. 321, 1994.
[34] J. O. Bello, R. J. K. Wood, and J. a. Wharton, “Synergistic effects of microabrasion–corrosion of UNS S30403, S31603 and S32760 stainless steels,”
Wear, vol. 263, no. 1–6, pp. 149–159, Sep. 2007.
[35] W. J. Tomlinson and M. G. Talks, “Erosion and corrosion of cast iron under
cavitation conditions,” Tribol. Int., vol. 24, p. 67, 1991.
[36] B. W. Madsen, “Measurement of erosion-corrosion synergism with a slurry
wear test apparatus,” Wear, vol. 123, no. 2, pp. 127–142, 1988.
[37] FanAiming, LongJiming, and TaoZiyun, “An investigation of the corrosive
wear of stainless steels in aqueous slurries,” Wear, vol. 193, no. 1, pp. 73–
77, 1996.
[38] Y. Li, G. T. Burstein, and I. M. Hutchings, “Influence of environmental
composition and electrochemical potential on the slurry erosion-corrosion
of aluminium,” Wear, vol. 181–183, no. Part 1, pp. 70–79, 1995.
305

[39] S. Zhou, M. M. Stack, and R. C. Newman, “Characterization of Synergistic
Effects Between Erosion and Corrosion in an Aqueous Environment Using
Electrochemical Techniques,” CORROSION, vol. 52, no. 12, pp. 934–946,
1996.
[40] M. M. Stack and B. D. Jana, “Modelling particulate erosion–corrosion in
aqueous slurries: some views on the construction of erosion–corrosion
maps for a range of pure metals,” Wear, vol. 256, no. 9–10, pp. 986–1004,
May 2004.
[41] M. M. Stack, N. Corlett, and S. Zhou, “A methodology for the construction of
the erosion-corrosion map in aqueous environments,” WEAR, vol. 203, pp.
474–488, 1997.
[42] D. a. Shifler, “Understanding material interactions in marine environments
to promote extended structural life,” Corros. Sci., vol. 47, no. 10, pp. 2335–
2352, Oct. 2005.
[43] A. Neville, T. Hodgkiess, and J. T. Dallas, “A study of the erosion-corrosion
behaviour of engineering steels for marine pumping applications,” Wear,
vol. 186–187, pp. 497–507, Aug. 1995.
[44] J. Basumatary, M. Nie, and R. J. K. Wood, “The Synergistic Effects of
Cavitation Erosion–Corrosion in Ship Propeller Materials,” J. Bio- TriboCorrosion, vol. 1, no. 2, p. 12, Mar. 2015.
[45] E. A. Culpan and G. Rose, “Microstructural characterization of cast nickel
aluminium bronze,” J. Mater. Sci., vol. 13, no. 8, pp. 1647–1657, Aug. 1978.
[46] A. Jahanafrooz, E. Hasan, G. W. Lorimer, and N. Ridley, “Microstructural
Development in Complex Nickel-Aluminum Bronzes,” Metall. Trans., vol.
14, no. October, pp. 1951–1956, 1983.
[47] F. Hasan, J. Iqbal, and N. Ridley, “Microstructure of as-cast aluminium
bronze containing iron,” Mater. Sci. Technol., vol. 1, no. 4, pp. 312–315,
1985.
[48] K. B. Faires, “Characterization Of Microstructure And Microtexture In
Longitudinal Sections From Friction Stir Processed Nickel-Aluminum
Bronze,” North Carolina State University, 2003.
[49] “Corrosion: Galvanic Corrosion,” Specialty Steel Industry of North America.
[Online]. Available: http://www.ssina.com/corrosion/galvanic.html.
[Accessed: 12-Sep-2013].
[50] F. King, “Corrosion Resistance of Austenitic and Duplex Stainless Steels in
Environments Related to UK Geological Disposal A Report to NDA RWMD,”
Cumbria, 2009.
[51] J. H. Horwath, “Why Nickel Aluminum bronze for sea water pumps,” Ampco
Pumps Company, 2002. [Online]. Available:
http://www.ampcopumps.com/media/1881/Why_NiAlBz_For_Saltwater.
pdf.
[52] H. Meigh, “Cast and Wrought Aluminium Bronzes: Properties, Processes
and Structure,” Inst. Mater. 1 Carlt. House Terrace, London, SW 1 Y 5 DB, UK,
306

2000. 404, 2000.
[53] A. Daroonparvar, M. R. Atabaki, Mazar, M. Vakilipour, “Effect of pre-heat
treatment on corrosion behaviour of nickel-aluminium bronze alloy,”
Assoc. Metall. Eng. Serbia, vol. 17, no. 4, pp. 183–198, 2011.
[54] R. W. Johnson, The Handbook of Fluid Dynamics. Boca Raton: Springer,
1998.
[55] G. L. Chahine, J. Franc, and A. Karimi, “Laboratory Testing Methods of
Cavitation Erosion,” in Advanced Experimental and Numerical Techniques
for Cavitation Erosion Prediction, vol. 106, K.-H. Kim, G. Chahine, J.-P. Franc,
and A. Karimi, Eds. Dordrecht: Springer Netherlands, 2014, pp. 21–35.
[56] C. T. Kwok, H. C. Man, and F. T. Cheng, “Cavitation erosion–corrosion
behaviour of laser surface alloyed AISI 1050 mild steel using NiCrSiB,”
Mater. Sci. Eng. A, vol. 303, no. 1–2, pp. 250–261, May 2001.
[57] R. J. K. Wood, “Marine wear and tribocorrosion,” Submitt. to Wear Mater.,
2017.
[58] T. Okada, “Corrosive Liquid Effects on Cavitation Erosion,” J. Ship. Res., vol.
25, no. 4, pp. 271–284, 1981.
[59] S. A. Fry and R. J. K. Wood, “The synergistic effect of cavitation erosion and
corrosion.” Southampton, 1985.
[60] R. Simoneau, J. Fihey, and R. Roberge, “The effect of corrosion in lowintensity cavitation erosion,” in Cavitation Erosion in Fluid Systems, 1981,
pp. 71–81.
[61] Y. Oka and M. Matsumura, “Cavitation erosion-corrosion,” in 6th Int.
Conference on Erosion by Liquid and Solid Impact, 1983, p. 11.
[62] Y. Oka, M. Matsumura, and M. Yamawaki, “Slurry erosion-corrosion on
commercially pure iron in a vibratory testing facility-mechanism of
erosion-corrosion under predominantly erosion conditions,” in 7th Int.
Coqf on Erosion by Liquid and Solid Impact, 1987, p. 39.
[63] R. J. K. Wood and S. P. Hutton, “The synergistic effect of erosion and
corrosion: published results,” Wear, vol. 140, pp. 387–394, 1990.

307

Appendix D
Journal paper published under ASTM (2013): “Energy-Related Tribo-Corrrosion
Research At The National Centre For Advanced Tribology.”

339
321

Energy- - - Related Tribo- - - Corrosion Research At The
National Centre For Advanced Tribology at
Southampton (nCATS)
R.J.K. Wood1, J. Basumatary1 and M.- - - H . Evans1
1national Centre for Advanced Tribology at Southampton,
Engineering Sciences, University of Southampton, Highfield, Southampton, SO17 1BJ, UK

Abstract
This paper is based on a keynote lecture given at the Third International Conference
on Tribo- - - Corrosion, sponsored by ASTM International and held at the Georgia
Institute of Technology, Atlanta, GA, April 19–20, 2012. It summarises the tribo- - -
corrosion- - - related research relevant to the energy sector that has taken place over the
past 30 years at the National Centre for Advanced Tribology at Southampton at the
University of Southampton in the United Kingdom. Research is presented that relates to
multiple components in energy generation/conversion systems and involves a wide range
of tribo- - - corrosion mechanisms. These include cavitation erosion–corrosion of
turbomachinery, abrasion–corrosion of downhole drilling equipment, erosion– corrosion
of nuclear slurry handling components, bearing degradation of renewable energy systems
(wind turbines), erosion–corrosion in nuclear power plants, erosion– corrosion in non - - renewable energy systems (oil and gas), and tribochemical processes in internal
combustion engines. Work from other research groups is also used to
show
the
importance of understanding tribo- - - corrosion in energy generation/conversion
systems.
KEYWORDS: tribo- - - corrosion issues, energy, nCATS
1. Introduction
Tribocorrosion is defined as the material deterioration or transformation resulting from
simultaneous action of wear and corrosion [1]. The detrimental effect of tribocorrosion
results from a combined mechanical attack and an aggressive environment and can be
disastrous [2]. It is known to be a highly complicated phenomenon involving mechanical
factors, electrochemical factors, formation and removal of the passive film and tribofilm,
and either synergy or antagonism of these factors [3]. Tribocorrosion occurs in many
engineering applications with researchers tackling related problems with experimental and
analytical approaches; however, the actual mechanisms
involved
require
further
research [4- - - 5]. It is clear that the investigation of tribocorrosion requires the
control of the chemical conditions during a wear test [1].
One of the important tribocorrosion types is that of erosion- - - corrosion. This is
known to occur wherever energized solids, liquid droplets or cavitation bubbles entrain
in
a flowing fluid. In industrial activities including fluid flow handling at increasing velocities,
such as the food industry [6], automotive components [7], hydroelectric power plants [8- - -
10], marine pumping [11- - - 12], nuclear power plants [13], petroleum industry
(energy extraction), hydroelectric schemes and nuclear energy, the sand particles or liquid
droplets may enter or cavitation bubbles may form that may lead to
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component deterioration [14- - - 16].
The combined action of wear and corrosion processes can result in significant mutual
interaction beyond the individual contributions of mechanical wear and corrosion that
may significantly increase total material losses in aqueous environments, thus producing a
synergistic effect [5]. Quantification of wear/corrosion synergism can help in lowering of
the overall material loss. ASTM G119- - - 09 is the standard guide for determining
synergism between wear and corrosion. The procedures outlined, however, cannot be used
for systems in which any corrosion products such as oxides are left on
the surface after a
test, resulting in a possible weight gain. [17]. A few other relevant latest versions of ASTM
standards and their respective applications are listed below:
• ASTM G3, Standard Practice for Conventions Applicable to Electrochemical
Measurements in Corrosion Testing, 89(2010), Vol. 03.02. [18]
• ASTM G5, Standard Reference Test Method for Making Potentiostatic and
Potentiodynamic Anodic Polarization Measurements, 94(2011)e1, Vol. 03.02.
[19]
• ASTM G15, Standard Terminology Relating to corrosion and corrosion testing, Vol.
03.02. [20]
• ASTM G40- - - 12, Standard Terminology Relating to Wear and Erosion, Vol. 03.02.
[21]
• ASTM G59- - - 97, Standard Test Method for Conducting Potentiodynamic
Polarization Resistance Measurements, 97(2009), Vol. 03.02. [22]
• ASTM G102- - - 89, Standard Practice for Calculation of Corrosion Rates and Related
Information from Electrochemical Measurements, 89(2010), Vol. 03.02. [23]
The tribological contacts that suffer from tribocorrosion are various such as sliding,
fretting, rolling or impingement, resulting in reduced performance and lifetime of
installations, machines and devices with moving components, and controlling of certain
manufacturing processes such as chemical–mechanical polishing [1- - - 2].
1.1. Background of Tribocorrosion
The history of tribocorrosion dates back to 1875 when Edison first observed a
variation in friction coefficient at various applied potentials [1]. Recently, Tribocorrosion
research funding has led to activity in biomedical and nuclear sectors but the energy
sector, which is greatly affected, has yet to consistently invest in this area with the
exception perhaps of Oil and Gas.
The effects of tribocorrosion are found to be most pronounced on passive metals, as
their corrosion resistance is due to a thin protecting oxide film [5]. Most corrosion- - -
resistant engineering alloys belong to this category. This paper provides an introduction
to the developing field of tribocorrosion especially in energy sector and an overview of
the latest research within nCATS.
1.2. Tribocorrosion in nCATS
Research in tribocorrosion at Southampton started in the early 1980’s with Prof. Wood’s
PhD studies into cavitation erosion- - - corrosion sponsored by the Admiralty Research
Establishment (MOD) and supervised by Prof S. P. Hutton, [24- - - 29].
Research in the 1990’s looked at solid particle erosion- - - corrosion related to oilfield
components such as valve, pumps and pipelines fittings. Consultancy in the area of
tribocorrosion has been offered since 1995 initially through the Mechanical Engineering
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Consultancy Service which in now part of the Research Institute for Industry of the
University of Southampton since 1999, the tribocorrrosion of components handling
nuclear waste slurries has been studied funded by BNFL/ Sellafield Ltd. Tribochemical
research has focused on wear corrosion within lubricated contacts. The main
advancements in tribocorrosion understanding have been made by the PhD students who
have worked in this area, namely Puget (1999); Speyer (2002), Tan (2002) and Rajahram
(2010) in erosion corrosion; Bello (2003) and Symonds (2003) in oilfield coatings; Barik
(2006); Panchaliah (2007); Booth (2008) in tribochemistry; Thakare (2008) in abrasion - - corrosion drilling; Ismail (2010) in downhole drilling; and the current students
Evans in wind energy, Basumatary in cavitation erosion- - - corrosion, Love and Sutton in
DLC coating. The research has been sponsored by Chevron, GE Aviation, DSTL (MOD), BP,
Schlumberger, EPRC, BNFL/Sellafied Ltd., Rolls Royce, and Lloyd’s Register. We have also
four visiting professors working in tribocorrosion Higgs, Mischler, Sun and Uchidate from
USA, Europe, China and Japan respectively.
2. Energy related tribocorrosionissues
There are wide ranges of tribo- - - corrosion issues in the energy sector. The
phenomenon of tribocorrosion is very essential to understand in order to obtain efficient
and reliable generation of energy. It affects multiple components in energy
generation/conversion systems. In the energy systems tribocorrosion may include
temperature oxidation of turbine engine components, abrasion- - - corrosion of downhole
drilling equipment [29], erosion- - - corrosion of slurry handling [30], renewable energy
systems (offshore wind, tidal and wave turbines)[31], erosion- - - corrosion and/or fretting
in nuclear power plant [32], non- - - renewable energy systems (oil and gas) [14],
automotive (tribochemistry) [7], and soon.
It involves a wide spread of wear- - - corrosion interactions induced by fretting,
erosion, abrasion, oxidation, sliding, rolling, bending (fatigue) and impact wear processes
in parallel with a wide range of chemical and electrochemical processes [14]. Only a small
subset of these can be presented in this paper with Table 1 giving a summary of the sector
and tribocorrosion studies included in the paper:
Table 1: Summary of the energy – tribocorrosion research within nCATS.
Energy sector
Turbomachinery
Nuclear
Flow Corrosion

Renewable

Oil/gas

IC engines

Tribocorrosion study in nCATS
Cavitation
Solid particle erosion
Liquid droplet impingement erosion
Slurry erosion- - - corrosion
Cooling system
Heat Exchanger
Biofilms
Tidal
Wind
Biofouling
Abrasion- - - corrosion
Erosion- - - corrosion
Downhole drilling
Tribochemistry
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Relatively few of the papers published in the field of tribocorrosion relate to issues
in energy conversion systems; however, several studies that do address this important
technology area will be discussed under the headings given in Table 1.
3. Turbomachinery
Turbomachines are devices that exchange energy with a fluid using continuously flowing
fluid and rotating blades, e.g. aircraft engines and wind turbines [33]. Turbomachinery is
essential as the majority of the power generation and transportation rely on turbo- - - m achines.
They have to function in extreme environments such as high pressures, high
temperature, high altitude, etc., and thus, result in a number of tribocorrosion induced by
erosion under the influence of various factors such as cavitation, solid particles, etc [15, 33- - -
40].
3.1.

Cavitation

Excessively low pressures in liquid medium lead to a phenomenon called cavitation,
which is the change in the phase of the liquid to vapour and occurrence of bubbles (cavities).
It has significant importance in a wide range of applications from engineering
(turbomachinery) to medicine (lithotripsy) [41]. It occurs when the absolute pressure falls
below the saturated vapour pressure for the liquid, which causes the liquid to boil even at
ambient temperature encountered by hydraulic turbomachines. Vapour bubbles form that
then collapse near component surfaces as the fluid pressure rises again. The bubble collapse
creates a very high instantaneous pressure, which can significantly ‘erode’ the material
surface, lowering the machine performance and life [41]. Hence, cavitation erosion results
from the repeated impulsive loading of the material by high intensity short duration
pressures loads, due to shock waves and bubble re- - - entrant jet impacts (water hammer
pressure). Figure 1 shows the leading edge cavitation effect and the cavitating vortices over
a two- - - dimensional NACA0009 hydrofoil [34- - - 36, 39].

Figure 1 – Leading edge cavitation (left) and cavitating Karman vortices (right) in a
water flow over a 2- - - D NACA0009 hydrofoil [34]
Prediction of the occurrence of cavitation as well as the material performance is very
important since it leads to a loss of mechanical efficiency. However, this is a very difficult
endeavour as it involves good knowledge of both the material and the cavitation
environment to which it will be subjected. This prediction is, however, commonly
expected or required by new turbomachinery blade or propeller designers. At present the
industry has to rely on several factors such as laboratory testing, use of accelerated
erosion testing methods and comparative tests between the new material and previously
used materials [37,38]. For example, the EROCAV project on ship propeller designs has
looked at seven different types of cavitation where erosion tend to occur:
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(1) fluctuating/travelling sheet cavitation, (2) cloudy tip vortex, (3) severe/unstable mid - - chord cavitation developing into clouds, (4) vortices originating from the leading edge
on the tip, ending cloudy, (5) foaming root cavitation, root vortex cavitation, ending
cloudy, (6) foaming sheet close to trailing edge, and (7) sheet cavitation along the leading
edge of the face side, breaking up into clouds. Hence, the relative severity of cavitation
damage depends on the details of the local flow, which has important consequences for
tidal turbine blade designs[31].
On a weight- - - loss versus time curve (Figure 2) the initial period where little material
loss is observed, called the incubation period, is very difficult to observe in some accelerated
tests, but its duration is actually very important to the determination of the
life of the
cavitating device [35]. Figure 2 show micrographs (in the graph) of the incubation period
and during the acceleration period.

Figure 2 – Erosion progression curve for Al 1100- - - 0 obtained in a cavitation jet erosion
test [35].
The cavitation erosion- - - corrosion in turbomachinery, ship propellers and naval
structures leads to material loss (i.e. blade and pipe wall thinning) and pitting of metal surface
and unwanted cavitation noise [40].
3.2.

Solid particle erosion- - - corrosion

Solid particle erosion- - - corrosion is the wear phenomenon caused by the combined
process of solid particle erosion and the electrochemical process of corrosion, which leads
to a synergistic interaction, enhancing wear rate of the material. This causes severe
problems to engineering components exposed to these conditions [42,43].
In an experiment conducted by an nCATS PhD student, Shiva Rajahram, gravimetric
experiments were performed using a sand slurry pot erosion tester. The slurry pot erosion
tester was modified to perform in- - - situ electrochemical investigations. Results obtained
showed a rise in the erosion- - - corrosion rates and synergy levels with rise in velocity,
temperature and sand concentration. This was partly due to the continuous rupture of the
oxide film leading to an erosion- - - enhanced corrosion synergistic effect. The erosion-
- - corrosion rates were found to be a function of the kinetic energy of the particles, the
number and the size of the particles impacting the surface.
The largest interaction was found to occur between velocity and sand concentration
[42,43]. A comprehensive investigation performed on the evolution of wear on the
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surface and subsurface of UNS S31603 using Scanning Electron Microscopy (SEM), Focused
Ion Beam (FIB), Scanning Transmission Electron Microscopy (STEM) and Transmission
Electron Microscopy (TEM) revealed that a three- - - layer grain structure consisting of
nano- - - grains, micro- - - grains and deformed bulk grains was seen to evolve with time [44].
Figure 3(a) illustrates the SEM image of the single particle impact crater, and figure 3(b)
shows the dark- - - field STEM image of the lamella that has been removed to elucidate the
micro- - - structural characteristics surrounding of the impact crater. It can be seen that the
impacted region is slightly indented measuring at a depth of 1μm and a width of
approximately 5μm.
TEM investigations revealed the formation of numerous cracks and folding of crater
lips on the surface due to strain imposed by repeated particle impact. Figure 4 shows the
delamination of the surface, forming an extruded lip, and shearing of the microstructure
along the lip direction, enhancing crack propagation. A thin composite structure
consisting of a layer of chromium oxide was formed along with some erodent fragments
embedment, as well as strain induced phase transformation at the surface that were
enhanced by the formation of crater lips over this structure. The crater lips formed by
impacting sand particles appeared to crack on the surface, believed to be caused by
corrosive action accelerating material removal (figure 4). Figure 5 shows the TEM image
of the sample under pure erosion undergoing phase transformation at the surface,
showing presence of cracks and deformed grains [42- - - 44].

(a): SEM image of the single particle impact crater

Figure 3 – (a) SEM image of the single particle impact crater [42]. (b): STEM dark- - - field
image of the lamella of a single impact crater [42].
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The nano- - - scale phase transformations, which were observed as a result of the solid
particle impact, were thought to cause local galvanic cells, thus enhancing the corrosion rate
[42]. This is because, as we know, iron metal, when exposed to oxygen, undergoes redox
reaction where the electrons generated during the anodic reaction on the metal is consumed
by the oxygen reduction process. Figure 6 shows the schematic electrochemical reaction
process during galvanic corrosion.

The redox reaction taking place is given by:
Anodic reaction (oxidation reaction): 𝐹𝑒 → 𝐹𝑒 !! + 2𝑒 !
Cathodic reaction (reduction reaction): 𝑂! + 2𝐻! 𝑂 + 4𝑒 ! → 4𝑂𝐻!
!!!

Overall reaction: 𝐹𝑒 + 𝑂! + 2𝐻! 𝑂

𝐹𝑒 !! + 4𝑂𝐻 !

Formation of
crater lips

Crack propagation

Oxide layer
formation

Figure 4 – TEM (dark- - - field) image showing extruded lip region, and the crack extending
underneath it [42]
However, the solid particles impact the material non- - - uniformly across the surface
since, the anodic reaction occurs predominantly on the impacted area, while the cathodic
reaction occurs on the uneroded surface. This forms a corrosion cell between the two
eroded and uneroded surfaces, leading to a lower local corrosion potential in the eroded
area, causing galvanic current flow between the two surfaces. These formations of the
microgalvanic cells in the various impacted regions, and passive film rupture contribute to
the erosion enhanced corrosion synergistic effect.
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Figure 5 – TEM (bright- - - field) image of the sample subjected to pure erosion showing
cracks, martensite phase transformation and deformed grains [42]

Figure 6 – Schematic diagram showing the galvanic corrosion process [42]
4. Nuclear
4.1.

Nuclear reactors

The main prerequisites for the efficient production of energy from nuclear power
reactors are the high degree of reliability, as well as predictability of performance in
engineering components and plant. New nuclear power plants are expected to operate for
longer durations and to higher safety standards. Consequently, the reliability of
components is critical, and in the context of coatings increased efforts are needed to
understand the long- - - term tribology in a reactor environment. Of interest are Diamond- - -
Like Carbon (DLC) coatings, which are known for their high hardness, low coefficient of
friction, and wear resistant properties. This work concerns the tribology of DLC coatings
in a distilled water environment, as a foundation for future work in a Pressurised Water
Reactor (PWR) environment [45].
Work by Sutton at nCATS is currently looking at three commercially available DLC coatings,
investigated to help understand the dynamics of transfer layer formation and decay, when
sliding against 52100 steel ball bearings in distilled water. Optimum tribological behaviour
was observed during interfacial sliding between the transfer layer and DLC coating.
Alternatively, shear of the carbonaceous transfer layer from the contact region resulted
in growth of an iron oxide layer comprised of maghemite and hematite, as identified
by Raman spectra. Three- - - body abrasive wear involving iron oxide wear particles explained
the high wear rate of the DLC coatings in the case of shear [45].
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It is known that tribochemical reactions between a DLC coating and a steel ball bearing can
lead to high friction by the mechanisms of Li et al [46]. Initially high friction is observed for a non - - hydrogenated DLC coating – which decreases as a transfer layer forms. Two hydrogenated DLC
coatings show a similarly low coefficient of friction throughout the initial stage of the test. As wear
debris is sheared in the contact, tribochemical reactions occur, which increase the shear strength
of the transfer layer (the average bond energy of C–O and C=O is 0.21 eV compared to 0.08 eV for
a C–H bond [47]). This leads to a gradual increase in the coefficient of friction. A subsequent
decrease in friction was observed as the transfer layer thinned.
Martin’s work regarding OH–terminated DLC coatings sliding against each other in alcohol
suggested that lower friction is observed than compared to H–terminated DLC coatings, but only at very
high contact pressures (7GPa). This is because OH– termination prevents bonding between the
carbon atoms of each surface, reducing the frictional force, whereas H- - - termination leads to C–C
bonding at this contact pressure. Although, it is generally acknowledged in the literature that the
introduction of water vapour will cause the coefficient of friction of hydrogenated DLC coatings to
increase [48]; On the contrary, non- - - hydrogenated DLC coatings show high adhesion in inert
environments, and lower friction with increasing water vapour pressure [49]. This is due to the
preferential adsorption of polar species onto the DLC coating, such that the frictional properties of the
DLC coatings are controlled by the environmental species as opposed to the hydrogen content of the
DLCcoating.
The formation of a transfer layer is important to sustain low friction, and prevent high
adhesion between a DLC coating and steel ball bearing. In the work done by Sutton, as a transfer
layer formed (evidenced by contact potential measurements and optical microscopy), a small
increase in the coefficient of friction was observed. This is suggested to be due to tribochemical
reactions between the wear debris and water, which act to increase the shear strength of the
transfer layer, leading in increased friction. As the transfer layer is lost from the contact, the
coefficient of friction decreases again [45].
4.2.

Liquid droplet impingement erosion

In recent times, pipe wall thinning due to liquid droplet impingement (LDI) at bends in pipes
and orifices is known to be one of the major concerns of nuclear as well as fossil fuel plants [14,50].
The major parameters influencing the LDI erosion are impact velocity and droplet size [51].
However, the effect of impact velocity has not been clearly understood especially for the threshold
velocity, below which erosion rate is zero or negligible small, due to which, although most of the
empirical formulae related to LDI have focused on the mechanical process involved, it has been
shown that corrosion processes may also be involved especially at low flow rates using a numerical
simulation [51- - - 54]. The authors also suppose that the synergism of mechanical and chemical
factors due to depassivation and repassivation, shown in Figures 7(a) and (b), can have significant
effects on material loss by LDI[14,55].
To verify the effects of the chemical factor, an impact- - - fretting experiment of a type
304stainless steel at low frequency was conducted in pure water environment The impact- - - fretting
condition was chosen to allow a balanced corrosion- - - mechanical stimulus rather than current LDI
experiments which are extremely energetic and mechanical process dominant and are not
appropriate for tribocorrosion studies of LDI in low velocity streams [14].
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This kind of tribocorrosion may need to be considered at various contacts in power plants
such as the nuclear fuel rod, steam generator tubes, heat exchanger tubes etc. and their
supports, which involves impact- - - fretting motion in pure water [56].

(a) Schematic of depassivation and repassivation of a metal surface due to LDI
(Liquid Droplet Impingement).

(b) Schematic of synergistic material loss
Figure 7 – (a) Schematic of depassivation and repassivation of a metal surface due to LDI
(Liquid Droplet Impingement), (b) Schematic of synergistic material loss [14].
In a pressurized water reactor, typically, components and associated supports are
excited by a range of configurations such as sliding, fretting and impact. Most of the
materials are passivating alloys working in a relatively aggressive environment such as
high temperatures, pressure, boric acid, and lithium hydroxide [57]. This peculiar
environment and the motions highlighted previously are favourable to tribocorrosion
mechanisms [14].
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4.2.

Nuclear sludge

Reprocessing plant needs to transfer radioactive slurry from holding ponds to a
processing plant and needed to be sure that erosion and erosion- - - corrosion levels caused
by impingement of the transported solids on internal slurry handling components e.g. pipes,
pumps, valves, nozzles, and any surfaces likely to be impinged with it were going
to be at
minimal levels. Significant expertise in erosion and a commercial scale erosion testing
facilities had been developed at the University of Southampton and in collaboration with the
University of Nottingham in the UK. A full- - - scale version of an actual pumping
system was set up and the research highlighted the mechanism and areas of critical erosion
wear and engineering and materials solutions resulting in several journal and conference
papers [58- - - 63].
5. Flow corrosion
5.1.

Cooling systems

Erosion- - - corrosion in the cooling systems has been observed to occur in pipe bends
(elbows), tube constrictions, and other structures that alter flow direction or velocity. The
mechanism for this type of corrosion is that the energetic flow of fluid induces the wall
shear stress and flow field instabilities, which removes any protective film or metal oxide
from the metal surface occurring either in the presence, or in the absence of suspended
matter in the flow stream [64]. Deposits disturb the surface flow and increase turbulence
causing protective surface layers to be locally removed. The simultaneous action of
erosion and corrosion produces intense localized wastage [65]. Stronger films can be
removed at a relatively low fluid velocities in presence of the suspended particle than in
absence of the suspended matter, where, once the metal surface is exposed, it is attacked
by the corrosive media and eroded away by the fluid friction, which if does not repassivate
quickly enough by forming a layer of metal oxide, significant damage may occur [64].
Formation of tubercles, i.e. the formation of a corrosion product and deposit mound above
a corroded area, usually on a steel or cast iron surface, form a friable outer crust of brown
ferric oxide and other deposited materials. Figure 8 shows a heavily tuberculated supply
line from a steel mill [65].
Some materials are more resistant than others to erosion- - - corrosion under the same
fluid conditions, and found to be most prevalent in soft alloys, such as copper and aluminium.
Increasing the flow rate of the fluid in the cooling application may increase its performance,
however, this may lead to increase erosion- - - corrosion. Hence, it is important to
determine how great an impact increasing of the flow rate will have on the thermal
performance, since, even the slightest of the improvement in the performance of the heat
exchanger or cold plate may cost its longevity significantly [64].
Improving the flow lines within the pipe by deburring (i.e. smoothing out irregularities)
may help minimizing erosion- - - corrosion; also, bends with larger angles, and gradually
changing pipe diameters, rather than abrupt variations, reduce the erosion- - - corrosion
significantly. Keeping the same diameter tubing, doubling of the flow rate in the turbulent
region of flow does not result in doubling of the thermal performance. However, doubling
the flow rate in the laminar and transitional regions may more than double the heat
exchanger’s performance. Other methods include slowing the flow rate (minimizing
turbulence), reducing the amount of dissolved oxygen, changing the pH, and changing the
pipe material to a different metal or alloy [64].
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Figure 8 – Severe tuberculation in a 4- - - inch diameter mill water supply line [65]
5.2.

Heat exchangers

Corrosion in heat exchanger applications must be considered whether it may or may
not be a concern for some applications. The cost of corrosion is always more significant
than the replacement of the heat exchanger or element. Process down time, change out
cost, accessing the equipment and pressure testing are all incur additional costs to the
corrosion process [66].
Due to the varied designs and application of heat exchangers and the fact that they
can contain many different fluids under various flow and temperature ranges. In general,
heat exchanger companies will not make material recommendations to guard against
corrosion because the source of corrosion can vary and change. Also the fluid chemistry
and environment can change over the operating life of the exchanger, even just for short
periods of time (such as a spike in water chemistry)[66].
Factors affecting flow corrosion include fluid chemistry, fluid (or metal) temperature,
flow rate, the composition of material, material forming history, welding, maintenance or
cleaning frequency, fouling, and biofilm formation [66].
5.3.

Biofilms

Microbiologically Influenced Corrosion (MIC), also known as microbial corrosion or
biological corrosion, is the deterioration of metals as a result of the metabolic activity of
microorganisms on the metal [66]. About dozens of bacteria known cause the
microbiologically influenced corrosion of metals, such as carbon steels, stainless steels,
aluminium alloys and copper alloys, in water and soil, especially with pH of 4- - - 9, and at a
low temperature range of 10- - - 50°C. For example, the Sulphate reducing bacteria (SRB) is
often responsible for the accelerated corrosion damages to ships and offshore steel structures,
figure 9 shows a microbial layer causing corrosion damage to a ship [66,67].
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Figure 9 – Microbial surface interaction on marine vessels, propeller fans, etc. [67]
Biofilms formation on metals is the result of an accumulation process not necessarily
uniform in time or space that starts immediately after metal immersion in the aqueous
environment. A thin film of approximately 20–80 nm thickness may form due to the
deposition of inorganic ions and organic compounds of high relative molecular mass in
the first stage that can alter the electrostatic charge and wettability of the metal surface,
facilitating its further colonization by bacteria [68]. In a short time, ranging from minutes
to hours depending on the aqueous environment in which the metal is immersed,
microbial growth and extracellular polymeric substance (EPS) production may result in
the development of a biofilm. This biofilm is a dynamic system where the different
transport processes and chemical reactions occur at the biofouled interface through the
biofilm thickness [68- - - 71].
Positive identification of MIC requires chemical, biological and metallurgical analysis
of the waters, soils and the metal samples [71]. By demonstrating the microbial reactions
interference with the corrosion processes and, thus, identifying the products obtained
from these reactions on the surfaces of corroding metals by using appropriate analytical
techniques may help quantify mechanisms of MIC. Thus, together with these products and
the increasing corrosion rate, it can be proven that the specific mechanism of MIC is active
[71,72].
6. Renewable energy
6.1.

Wind

Wind turbine gearboxes tend to fail predominately at several critical bearing locations,
by the modes of micro- - - pitting, smearing and white structure flaking (WSF) [73,74].
Premature wind turbine gearbox bearing failures in the form of WSF account for
a large
proportion of gearbox bearing failures and can occur in as little as 6 – 24 months
of
operation [75].
The formation of white etching cracks (WECs), and also perhaps butterflies, under
rolling contact fatigue in the 1 mm zone beneath the contact surface are associated with
WSF (see Figure 10). WECs and butterflies both have microstructural changes associated
with their cracks. The microstructural change ‘white structure’ or ‘white etching area
(WEA)’ refers to the appearance of the altered microstructure when cross sections are
polished, etched with nital (~2% Nitric acid in ethanol) and examined
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under reflected light. WECs tend to be shaped in irregular shaped networks with geometries
depending on the sectioning direction, and butterflies are cracks initiating at stress raising
microstructural defects and non- - - metallic inclusions forming due to cyclic shear stresses
from rolling contact [74].

Figure 10 – Example of an inclusion- - - W EC interaction in a 100Cr6 bearing steel two- - -
roller test specimen that was pre- - - charged with hydrogen. Images are circumferential
cross- - - sections (in direction of travel), where over- - - rolling direction is left to right. (a)
Shows a low magnification SEM image of a WEC in the etched condition. (b) SEM image of
an inclusion or butterfly associated with a WEC. White etching area (WEA) is the microstructural
change associated with the failure mode.
Hydrogen release and diffusion into bearing steel (sourced from water contamination
or the lubricating oil) [74,76] and transient operating conditions not well understood [73,74]
are thought to drive WSF. Hydrogen has been shown to diffuse into the steel during rolling
element bearing tests [76- - - 80] to contents between about 0.1 –
4.2 ppm [76,79,80], however to what level is likely in actual wind turbine gearbox
bearings is currently unknown. Thus is due to practicality of removing bearings quickly
and freezing them for thermal desorption analysis. Two mechanisms for hydrogen entry
into bearings during operation are cited; (1) bulk diffusion continuously during operation
from tribochemical reactions at nascent surfaces created by severe events [74] (see
Figure 11), and (2) surface cracking begins and subsequently the lubricant or water
contamination inside the cracks release hydrogen locally due to intense crack rubbing,
the hydrogen diffusing into the surrounding crack tip vicinity [81,82]. If hydrogen enters
the steel it will be detrimental to the steels properties. The presence of diffusible
hydrogen in bearing steel is thought to enhance fatigue crack initiation and propagation
by localisation of plasticity at the fatigue crack tip [83,84] resulting in lowering of mode I
and II stress limits for crack growth [83,85].
Tribochemical factors have been shown to heavily influence WSF formation.
Lubrication additives such as anti- - - corrosion sulfonates have been shown to rapidly
accelerate the formation of WSF (sulphur can act to inhibit the recombination of
molecular hydrogen to H2 gas), whereas other surface protecting additives or base oils
containing no hydrogen radicals have been shown to offer degrees of prevention to WSF
[74]. Water, seawater and salt contamination from offshore environments are prevalent
in some wind turbine gearboxes. Wind turbine gearbox can also often experience long
standstills prior to grid connection and idling operation. Thus corrosion, fretting
corrosion and removal of passivation films on raceways exposing nascent steel surfaces
can occur.
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Figure 11 – Schematic of rolling element and race lubricated with oil, or similarly grease,
containing hydrogen radicals. Hydrogen ions (H+) combine with electrons (e---) at nascent
steel surfaces to form atomic hydrogen (H). Atomic hydrogen attracts and strongly binds
to crystal defects [74].
The initiation mechanisms of WECs are contested. Several mechanisms are cited,
however there has so far been few studies confirming these. Subsurface initiation at non-
- - m etallic inclusions (perhaps associated with extension of butterfly cracks [85]),
surface initiation (from surface flaws/cracks) and initiation from events such as high
impacts/vibrations in the contact are cited [74]. Understanding the initiation process is
important for designing solutions since subsurface initiation links to steel cleanliness, and
surface crack/impact/vibration initiation links to surface engineering and tribological
operating conditions. In the aim of verifying initiation and formation mechanisms of
WECs, extensive work has been recently conducted [86- - - 88]. Tomographic serial
sectioning (small removals of material between 3 – 5 µm per slice by polishing and
imaging over 100’s of slices) has been performed on a range of specimens/bearings
subject to rolling contact fatigue; these including hydrogen charged two- - - roller test
specimens at different diffusible hydrogen levels [86,88] industrial scale gearbox test
bearings and actual wind turbine gearboxes from service [87]. Hydrogen pre- - - charging
two- - - roller test specimens with diffusible hydrogen [86,88] has been conducted in
nCATS in the aim of replicating the continuous bulk hydrogen diffusion entry mechanism
during operation from tribochemical reactions at nascent surfaces created by severe
events. Pre- - - charging the steel with diffusible hydrogen to differing levels has shown
that the formation of butterflies and WECs can be quite sensitive to the bulk hydrogen
content [88] where perhaps a threshold exists. The novel application of tomographic
serial sectioning has enabled mapping and modelling of WECs for the first time, and
revealed critical information about initiators (see Fig. 10). The combined evidence
suggests that one mechanism of WEC formation in wind turbine gearbox bearings is due
to subsurface WEC initiation from inclusions, either in a butterfly manner or non- - - butterfly
manner; where small WECs link together to form larger WEC networks. In terms of steel
cleanliness standards for wind turbine gearbox bearings in understand butterfly and WEC
formation, it is suggested that more emphasis is required on the density of inclusions that
are small/short [86- - - 88].
6.2.

Tidal

The current issues restricting the development of tidal current turbines include
material selection, loading conditions and environmental impacts. As mentioned in a
paper by Prof. R. Wood of University of Southampton, “the areas of concern for
tribological components in tidal and offshore wind turbines include solid particle
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erosion, cavitation erosion, foreign object damage of blades, tribocorrosion of blades and
bearings, biofouling and ice build- - - up on blades causing increased drag, unknown and
unusual loadings on bearings and seals, extremely high torques through the drive train of
gearboxes as well as lubricant degradation particularly from salt water contamination
and atmospheric corrosion. All of these add uncertainty to the lifetime of tidal and wind
turbines” [31].
A rotating blade of the tidal turbine is bound to experience cavitation if the local blade
surface speed of the turbine blade reaches a critical value for a given depth of immersion,
which may be under the influence of tidal current, rotational speed and flow acceleration due
to the blade hydrofoil shape. The relative severity of cavitation damage will depend on the
details of the local flow. Typically, keeping the speed of rotation of
the turbine as high as
possible improves the hydrodynamic efficiency. Also, reducing the size of the step- - - up of
rotation speed needed in the gearbox may contribute in improving of the hydrodynamic
efficiency. Thus, it is likely that modification in turbine design may attribute in limiting of the
amount of cavitation on turbine blades. Use of materials such
as stainless steel may be
necessary near the blade tip as composite surfaces often have a low threshold for erosion
[31].
6.3.

Biofouling

Biofouling growth will affect wave machines perhaps more than submerged tidal
systems. Surface and sub- - - marine structures have to withstand the aggressive marine
environment with its corrosive salt water, fouling growth and abrasive suspended
particles. Even at a depth of 5m, the tidal systems and the rotor hubs (low velocity parts)
get covered with fouling [89]. Penetration of coatings/paints on tidal systems could lead
to an accelerated coating paint loss due to substrate corrosion and interfacial de- - - bonding
[90]. Figure 12 illustrates the biofouling of a nickle aluminium bronze [NAB] coupled titanium
alloy disc immersed in seawater, for 12 months from January '03 till January '04, at
National Oceanography Center, Southampton [NOCS]. [67].
Several methods may be employed to prevent biofouling and corrosion, particularly
around seals, welds, bearing surfaces and electrical insulation materials, keeping the blades
rotating in a particular speed, which reduces the risk of biofilm growth but, in turn,
increases wear. Biofilm growth can also be constrained by applying antifouling paints, and
using sonic and ultra- - - sonic systems [31].
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7. Oil and Gas
7.1.

Abrasion- - - c orrosion

Abrasion- - - corrosion in the power industry is a major concern for equipment such as
apron conveyors, bucket elevators, screw conveyors and drag conveyors that are built to
increase efficiency while withstanding abrasion- - - corrosion, and harsh temperatures.
Increasing pressure to use multi- - - fuel options for power generation has enhanced the
need for equipment to handle a variety of fuels and products such as coals, limestone, dust,
wood, etc. Modern fossil- - - fuel power plants, including coal- - - fired systems,
increasingly require components that can withstand higher temperatures and pressures
to improve efficiency, lower maintenance costs and decrease emissions levels [14].
Many of the damage mechanisms that affect power plant performance are a combination
of abrasion, corrosion and oxidation, in such that the abrasives damage the surface of the
substrates causing oxidation (passivation), which on further damage (depassivation) induces
faster corrosion, and hence, result in considerable operating costs [91]. The oil and gas
extraction sectors also deal with extensive abrasion- - - corrosion issues associated with tar- - -
sand handling to drilling operations, subjecting carbon steels and passive metals to
tribocorrosion mechanisms [14]. Figure 13 describes the method of depassivation of the
passivating coated surface on the substrate by the rolling action of a three- - - body abrasion
induced by relative motion between the coated surface and a counter face.
For abrasion- - - corrosion a variation in synergy levels has been linked to the abrasion
mechanism present in the contact. Figure 14 shows results from micro- - - abrasion- - -
corrosion tests on types 304 and 316 stainless steel (UNSS30403 and S31603) and super duplex
stainless steel (UNS 32760) in 3.5% NaCl solutions [91]. If the total abrasion-
- - corrosion rate (AC) is given as:
Total wear (AC) = pure abrasion (PA) + pure corrosion (PC) +synergy (S)
The levels of synergy are represented as a percentage calculated by equation (1)
where, PC (passive corrosion rates) are assumed negligible. Hence,
S/AC×100 =(AC – PA)/AC×100

(1)

The synergy levels (S/AC × 100) are plotted against volume fraction of abrasive. The
abrasive used was 4.5 m SiC particles. The abrasive mode is dependent of abrasive
concentration. For low concentrations of abrasives a 2- - - body grooving abrasion process
dominates, whereas 3- - - body rolling abrasion processes dominate in case of higher
concentrations.
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Figure 13 – Schematic showing depassivation of a passivating coated surface by three
body rolling abrasion induced by relative motion between the coated surface and a
counter face [91].

Figure 14 – Synergy % (S) vs. volume fraction of the abrasives for UNS S30403, S31603 and
S32760. Low volume fraction of abrasive gives 2 body grooving abrasion while higher
concentration generate 3- - - body rolling abrasion. Intermediate concentrations caused a
mixed 2 and 3- - - body mode (M on figure) [91].
It can be seen from fig. 14 that the synergy resulting from a two- - - body wear mode
was highly variable as evident by the large degree of scatter. Both S31603 and S32760
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stainless steels produced negative values of S under this wear condition while S was
positive for S30403.
The large negative synergies produced by the two- - - body wear
mechanism may be a reflection of the differences in repassivation kinetics and/or
composition of the passive films reducing the overall level of two- - - body abrasion [91].
However, the mixed- - - mode region shows a significant reduction in scatter for each
stainless steel. Likewise, all three stainless steel types within the three- - - body region
showed improved reproducibility with increasing volume fraction of abrasive.
7.2.

Erosion- - - corrosion

As mentioned in section 1, systems associated with energy extraction and generation
suffer from multiple types of tribocorrosion and pipe flow systems in particular can suffer
from solid particle erosion- - - corrosion (section 5.1). Due to the poor understanding
of the physical erosion- - - corrosion mechanisms and their interaction, engineers face
problems in predicting the erosion- - - corrosion rates, since no robust model is currently
available that can aid component life modelling, material loss rates and locate vulnerable
spots to localized high loss rates by erosion- - - corrosion [14]. Within nCATS, stainless
steel type 316 was investigated as a model system for passive metals used in pumps,
pipelines, valves etc. used in oil and gas sector and hydroelectric schemes (section 3.2)
[42]. It is recognised that in the oil and gas sector there is an overwhelming use of carbon
steel [92- - - 95] and the atmosphere is mostly sweet (CO 2) with no oxygen and specific
filming behaviour is seen which impacts on erosion- - - corrosion rates. In passive materials
this can affect recovery. For research into this area see references [92- - - 95].
Focus has been on the evaluation of the synergistic or interactive terms to allow the total loss
rate to be estimated based on separate erosion and corrosion data. As for abrasion-
- - corrosion, synergy can be defined as the difference between erosion- - - corrosion and the
summation of its two parts, and can be expressed by equations (2):
S=T- - - (C+E)

(2)

Where:
T = gravimetric term relating to erosion–corrosion,
C = gravimetric term relating to pure (flow) corrosion,
E = gravimetric term relating to pure erosion, and
S = gravimetric term relating to synergy.
Typically the evaluation of S will include an accumulation of errors associated with
T,
E and C measurements and as such values for S should always be accompanied by quantified
errors [14]. In addition, great care should be taken when obtaining pure mechanical loss rates
as, for example, applying a cathodic potential to materials can alter their microstructure
and mark the surface, thereby, influencing the loss rates. Synergy can be broken down into
two components, ΔE and ΔC, where ΔE is the corrosion- - - enhanced erosion and ΔC is the
erosion- - - enhanced corrosion, see equation (3).
S=ΔE+ΔC

(3)

There have been various attempts to attribute mechanisms to explain S values, which
can be positive (synergistic) or negative (antagonistic) [14].

7.3.

Downhole drilling

The downhole drilling companies encounter a major problem concerning high torque
and drag that are exacerbated when directional drilling techniques are used. Hence,
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reducing friction is key to reducing the requirements of drilling equipment as well as one
of the most researched areas by the oil and gas companies [29].
An investigation by Ismail within nCATS used an electrochemical method to control
friction and tribocorrosion for AISI 4340- - - steel/AISI 4340- - - steel, and AISI 4340
steel/sandstone sliding contacts lubricated by baseline solutions and the downhole drilling
muds. The tribometer used was a pin- - - on- - - disc, modified to incorporate a three- - -
electrode electrochemical cell allowing potential control of the rotating disc. The
overpotential used was in the range of ±1 V, the load and speed were kept constant at 50 N
and 0.03ms---1 respectively (to replicate downhole conditions to aqueous drilling
muds). Lubrication involved the addition of electroactive friction modifier additives to allow
electrochemical friction control [29].
No dependence of friction on over- - - potential was seen for the steel/sandstone
contact when using the bentonite mud only. However, the octanoate additive resulted in lower
friction at anodic over- - - potentials. The two contact arrangements employed, (i) steel
pin/sandstone disc, and (ii) sandstone disc/steel pin, both yielded similar friction behaviour
[29]. X- - - ray Photoelectron Spectroscopy (XPS) of worn surfaces of steel suggested the
formation of a weak octanoate tribofilm at cathodic overpotentials, most likely caused by
loosely packed adsorption. However, a robust tribofilm was observed at the anodic
overpotentials due to the development of a relatively close- - - packed adsorption
layer, which correlates with low values of current density that supports passivating the
surface by forming a tribofilm, [29].
8. Automotive engines: tribochemistry
Newly developed advanced materials offer lighter and stronger vehicles, but along
come the challenges of appropriate lubrication of these new materials. In addition, with
the growing concern for the environment, lubricant suppliers are put under extreme
pressure to limit sulphur and phosphorous contents in engine oils, which are known to
majorly contribute in the reduction of friction and wear in IC engines by forming a surface
tribofilm. Obtaining optimum durability and fuel economy of tribological systems,
especially where new materials and coatings or surface treatments are used relies on
compatibility between the surface and the lubricant [96].
The use of DLC coatings in automotive engines is increasingly adopted by companies
to the growing demand of improved fuel economy, emission reduction and component
durability of passenger cars and the challenges associated with it [97,98].
A comprehensive study conducted by Neville et al. [96- - - 99], showed that
interactions of Zinc Dialkyldithiophosphate (ZDDP) and/or friction modifiers
significantly influence the durability of DLC coating in the cam/follower tests, which was
mainly controlled by the antiwear performance of additives, which in turn strongly
influenced the mechanism of DLC wear. However, poor wear protection caused structural
graphitisation of DLC coating making it darker than normal. This also caused reduction of
hardness and increase in modulus leading to a gradual polishing wear of DLC coating
[98,99].
Further studies conducted by Booth et al. [100,101], Penchaliah et al. [102,103], Harvey
and Colleagues [104- - - 108] reviewed mostly the electrostatic monitoring technique
used for monitoring lubricated sliding contacts. The electrostatic charge
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depends on material wear and charge species present in the lubricant (additives and
contaminants).

Figure 15 – three layers of a fully developed ZDDP antiwear film [100].
Booth et al. [100,101] presented investigation of additive- - - additive and additive- - -
carbon black interaction, carried out on a pin- - - on- - - disc (PoD) tribometer. Results of
online electrostatic charge and coefficient of friction measurements were recorded, along with
post- - - test Electro- - - kinetic Sonic Amplitude (ESA) measurements, and pin and disc
material loss was measured using three- - - dimension profilometry. Analysis of
Variance (ANOVA) was used in order to statistically examine the obtained results to reveal
interactions [100].
From the result obtained from Booth’s work, primary ZDDP was found to form immature
antiwear film that increased pin wear (see figure 15). It was verified from the electrostatic
charge data, EAS and pin material loss measurement that interactions between carbon black
and detergent, as well as carbon black and dispersant did occur, showing a complex formation
between ZDDP and the dispersant [100,101]. Harvey and Morris concentrated mainly on
monitoring of wear debris using electrostatic sensing, effects of
oil- - - lubricants
and
lubricant chemistry effects on the electrostatic charge generation and transports,
and investigation of the electrostatic charging mechanisms in oil-
- - lubricated tribo- - - contacts including ceramics, composites and steel [104- - - 109],
whereas, Penchaliah’s work involved the effects of diesel contaminants and carbon black on
tribological performance of sliding contacts [102- - - 103].

9. Conclusions
•

•

•

Tribocorrosion is a growing research area for energy related applications and
some examples of the breadth of the types of wear and corrosion interactions
have been presented based on the research conducted within the national Centre
for Advanced Tribology at Southampton(nCATS).
The research into tribocorrosion at nCATS covers various energy sectors
including: oil & gas production and exploration, nuclear, power generation, diesel
engines, renewable energy (marine etc). It also covers interactions of multiple
wear mechanisms such as fretting, sliding, erosion and abrasion with a corrosive
environment or a complex biofilm induced corrosion environment.
The approach taken within nCATS is to link the mechanical stimuli to the
chemical/electrochemical processes and material science to allow a full
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understanding of the surface degradation processes and to allow accurate
modelling to start to be developed.
a. The renewal of Nuclear energy plant in the UK is a potential growth area for UK
tribocorrosion researchers to tapinto.
b. Consistent research funding is required by the energy sector in order to make
progress towards predictive tools for applications suffering from tribocorrosion.
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Abstract Synergy tests were performed for two most
common propeller materials, duplex stainless steel (DSS)
and nickel aluminium bronze (NAB), by means of an
indirect ultrasonic vibratory system. Tests were conducted
for pure cavitation erosion in distilled water, pure corrosion
using in situ electrochemistry under 3.5 % NaCl solution
and a combination of cavitation erosion–corrosion to understand the overall synergism existing between the two.
The results were analysed using gravimetric as well as
volumetric analysis. Alicona and Talysurf were employed
for the surface topography, and scanning electron microscope was used to see the microstructural morphologies of
the samples under different conditions. As a result, the
electrochemical tests held at open circuit potential showed
that, although DSS exhibited higher resistance to corrosion
under seawater alone, NAB exhibited much higher resistance to corrosion when subjected to cavitation. From the
experiments conducted, it was concluded that synergy had
measurable impact on the cavitation erosion–corrosion of
both NAB and DSS. NAB was found to be more susceptible to erosion under both the conditions as compared to
DSS with prominent selective cavitation erosion of alpha
phase in the microstructure. The overall synergism of NAB
was found to be higher than that of DSS.
Keywords Cavitation  Cavitation erosion  Cavitation
erosion–corrosion  Propeller materials  Nickel aluminium
bronze  Duplex stainless steel
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1 Introduction
The simultaneous existence of mechanical erosion and
electrochemical corrosion is a common scenario for engineering alloys used in marine environments, such as pump
impellers and valves. The situation is further complicated
by the fact that the effects of erosion and corrosion are in
general not additive owing to the interaction between them.
The overall damage arising from erosion and corrosion
including the interaction between them is termed cavitation
erosion–corrosion. The relative significance of corrosion,
erosion and the interaction between them depends on the
material and the environment system [1]. The nature of the
interaction is determined by a number of factors, the more
important ones being the passivity of the metal surface, the
adherence of the corrosion product, the metallurgical state
of the metal, the significance of the diffusion of dissolved
oxygen, the presence of aggressive ions and the intensity of
cavitation. These factors would determine the mode of
corrosion and the rate of erosion–corrosion loss [2–4].
Several studies have been conducted and proven the existence of synergy between cavitation erosion and corrosion,
and that this synergy can have a significant effect on the
cavitation behaviour of the test materials [5–12]. Vyas and
Hansson [1] conducted the ultrasonic vibrating cavitation on
stainless steel (SS) in 3.5 % NaCl solution, and they found
that the degree of intergranular corrosion of the sensitized
SS increased with increasing cavitation density. They confirmed that for stainless steels due to the existence of the
passive film, cavitation could accelerate or decelerate corrosion, depending on the intensity of cavitation and the
metallurgical state of the SS specimens. Tomlinson and
Talks [3] studied the cavitation erosion–corrosion of various
types of cast iron in 3 % sodium chloride solution and found
that the fractional weight loss due to pure corrosion ranged
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from 1 to 10 %, while that due to corrosion-induced erosion
ranged from 16 to 90 %. Between 1998 and 2006, Kwok
C.T. performed several experiments on laser-treated metals
such as austenitic steel alloy and NiCrSiB alloy in 3.5 %
NaCl solution. It was found that the synergism was responsible for 50–70 % of total loss for laser-alloyed 1050
steel specimen and 20 % for laser surface-alloyed 316 SS
specimen, and the cavitation erosion–corrosion resistance
was noticed improved for 1050 and 316 SS, respectively
[13–18]. In 2000, Kwok, Chen and Man conducted another
ultrasonic vibrating cavitation at 20 kHz on nine different
kinds of metals including cast irons and SS under 3.5 %
NaCl solution [19]. From the experimental results, it was
found that synergism had a significant effect on mass loss
with up to 85 % total damage. This synergy effect was found
to be due to several factors such as impact of corrosive
solution, the material property and also the type of materials
itself. The most significant impact was found at a mild
corrosive environment [4, 20–22].
Few studies have also been conducted on ship propeller
materials such as SS, copper alloys, manganese bronze and
nickel aluminium bronze (NAB) among others. A synergy
experiment conducted by Kwok, Cheng and Man ranked
austenitic (304) stainless steels to have very high cavitation
erosion resistance than austenitic 316 SS owing to its
higher martensitic transformability and work hardenability
and lower stacking fault energy of 25 mJ m-2 [23]. They
also concluded that materials with high corrosion resistance such as copper alloys also displayed higher resistance
to the erosion–corrosion synergy. They established that the
effect of cavitation on corrosion behaviour particularly
depended on two main effects of cavitation, corrosion film
detachment and increase of mass transport [10]. Several
cavitation corrosion tests were conducted by Al-Hashem,
Caseres, Riad and Shalaby on propeller materials like castnickel aluminium bronze (NAB) and duplex stainless steel
(DSS) in seawater using 20-kHZ ultrasonic vibrator under
free corrosion and cathodic protection conditions, and they
found that for DSS, the rate of mass loss was reduced by
19 % under cathodic protection, slightly reducing the
subsequent number of cavities as a result. The attack was
seen to be concentrated in the austenite phase but was
eventually seen to spread to the ferrite phase. This was
associated with ductile tearing, cleavage-like facets, river
patterns and crystallographic steps at later stages. Specimen cross-sections revealed microcracks at the bottom of
the cavities initiating from the ferrite matrix with crack
propagation impeded by the austenite islands, branching
along the parallel slip systems. They also observed an active shift in the free corrosion potential by about 140 mV
when cavitation was applied, with a slight increase in the
cathodic and anodic currents, shifting the corrosion potential in the noble direction by 75 mV [24].
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However, their cavitation corrosion test of NAB showed
a decrease of rate of mass loss by 47 % under cathodic
protection and a shift in corrosion potential in the active
direction by 70 mV. This could be attributed to the cushioning of bubble collapse by cathodic gas and elimination
of electrochemical dissolution. They also observed under
the optical and scanning electron microscopy that NAB
seemed to suffer from selective corrosion of the copperrich a phase at its boundaries with intermetallic j precipitates, while the j precipitates and precipitate-free areas
did not suffer corrosion. Also, it was found that selective
corrosion was enhanced by cavitation erosion. Under only
cavitation, large cavities were found with a–j grainboundary corrosion around the pit edge, whereas, in the
presence of cathodic protection, the number of cavities was
found to increase but the grain-boundary attack was seen to
be absent. They also found microcracks of 5 l to 10 lm
length were observed in the a phase adjacent to j precipitates along the cross section of the material. Selective
phase corrosion and cavitation stresses were implicated as
the causes of cracking [25, 26].
However, despite all the studies done so far, the study on
synergistic effects existing between erosion and corrosion
were usually carried out under different conditions by
different authors, making results difficult to compare.
Synergy can be measured in terms of two most common
factors, mass loss incurred by combined contribution of
erosion and corrosion or the mean depth of penetration
(MDP) rate. The equation for synergy is commonly written
as
T ¼ S þ E þ C:

ð1Þ

Here, T is the total mass loss or overall cavitation erosion–corrosion rate, C is the pure corrosion contribution; E
is the pure erosion contribution, and S is the combined
contribution due to synergistic effect. S can be also represented as in Eq. 2:
S ¼ T  ðE þ CÞ ¼ DE þ DC;

ð2Þ

where DE = corrosion-enhanced erosion and DC = erosion-enhanced corrosion. The present study was carried out
in order to understand the existence of synergism between
erosion and corrosion in the overall cavitation erosion–
corrosion damage of the two most commonly used ship
propeller materials, 2205 DSS and CuAl10Ni cast-NAB in
3.5 % NaCl solution at room temperature [10].

2 Experimental Method
The experiment for synergy between cavitation erosion–
corrosion was conducted using indirect ultrasonic cavitation rig. Although several tests have been conducted in the
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their lifetime. Hence, it is only reasonable for the chosen
test materials to be based not only on their high tensile
strength but also on their resistance to corrosion. DSS has
been well known for its high resistance to intergranular
corrosion, hence they serve as great raw material for
building the propellers. DSS used for the experiment was
type 2205. Mechanical properties were 774 MPa ultimate
tensile strength, 542 MPa yield strength with 34 % elongation and 233 Hv Vickers hardness. The microstructure
consisted of a ferritic matrix with islands of austenite
grains as shown in Fig. 1. DSS displays properties characteristic of both austenitic and ferritic stainless steels due
to their composite microstructure and are found to be, in
most cases, tougher than ferritic SS and have higher
strength as well as corrosion resistance as compared to the
generally used engineering austenitic SS [27].
Similarly, NAB is another lightweight conventional ship
propeller alloy used for the experiment for its high-strength
mechanical properties with an ultimate tensile strength of
650 MPa, yield strength of 270 MPa and 170 Hv Vickers
hardness. It is also considered to exhibit excellent cavitation resistance against the seawater [26]. NAB has high
ability to retain its original smooth machined surface over a
long period of time, thereby retaining its high efficiency
factor, and it also has the ability to resist failure under
impact when notched, contributing greatly to its value as a

past using an ASTM G-32 direct cavitation system where a
round sample disc is threaded into the probe tip; however,
the contact between the sample material and the probe
material could render electrochemical analysis difficult and
could cause possible galvanic corrosion between the two
resulting in either over- or under-evaluation of the corrosion-induced loss, and hence an indirect ultrasonic vibratory cavitation system was used instead of the direct
system. Ultrasonic vibratory transducer UIP1000hd with a
sonotrode horn made from titanium of diameter 15.9 mm
was used for the cavitation experiment at a frequency of
20 kHz and a peak-to-peak amplitude of 80 micron at room
temperature of 17 ± 0.5 °C. The test samples were placed
under an ultrasonic transducer with a vibrating probe of
diameter 15.9 mm kept at a distance of 2 mm above the
specimen surface for 1 h. The samples were tested for
cavitation erosion in 5 L of distilled water, for cavitation
corrosion in 5 L of 3.5 % NaCl aqueous solution using
in situ electrochemistry kept at open circuit potential
(OCP) and finally for cavitation erosion–corrosion in 3.5 %
NaCl solution with in situ electrochemistry kept at OCP.
Precision weighing machine (±0.01 mg) was used to
measure the gravimetric mass loss of each sample. Alicona
measurements were taken using Alicona 3D optical profilometer to measure the volumetric mass loss of the
samples along with surface roughness of cavitated regions
and compared with each other, as well as surface topography. Form Talysurf 120 L was also employed to capture
the overall surface roughness. Scanning electron microscopy was used to analyse the different microstructures
obtained under different conditions and cavitation environment to compare the samples.

Table 2 Chemical compositions of the materials used for the
research
Material alloys
composition (wt.%)

Nickel
aluminium bronze

Duplex stainless
steel (2205)

C (%)

–

0.024

Mn (%)

1.07

1.83

2.1 Propeller Materials Used

Ni (%)
Cr (%)

4.73
–

5.66
22.7

The materials used were 25 9 25-mm specimen samples of
2205 DSS and NAB with a thickness of 5 mm held under the
horn with Perspex fixture for the indirect cavitation process.
The surfaces of all the test samples were wet-polished using
1200 and 4000 grit silicon carbide (SiC) abrasive papers.
Table 1 gives the mechanical properties of the ship propeller
materials used for the experiment, and Table 2 gives the
chemical compositions of the test materials used.
Ship propellers work in a very harsh environment under
the sea, i.e. in a corrosive environment, for the majority of

Mo (%)

–

3.01

Cu (%)

–

0.22

Sn (%)

\0.01

–

Al (%)

9.39

–

Pb (%)

0.01

–

Zn (%)

0.11

–

Fe (%)

4.53

–

W (%)

–

0.02

N (%)

–

0.02

Table 1 Mechanical properties of the materials used for the research
Propeller material alloys

Ultimate tensile
strength (MPa)

Yield
strength (MPa)

Elongation
(%)

Density
(g/cm3)

Hardness
(Hv)

2205 (duplex stainless steel)

774

542

34

7.8

233

Nickel aluminium bronze (NAB)

650

270

18

7.65

170
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shaped precipitation of varying sizes with plate-like morphology that are distributed throughout the a grains along
certain crystallographic directions forming within the a
matrix beginning at 850 C[26, 28–30]. The jI and jII
precipitates in the samples used for the experiment were
found to be between 5 and 10 lm and around 2 lm in size,
respectively. Figure 2 shows the SEM morphology of the
NAB microstructure used in the experiment.
2.2 Cavitation Erosion Measurements

Fig. 1 SEM morphology of a two-phase microstructure of austenite
and ferrite grains of 2205 duplex stainless steel

propeller material [26]. The microstructure of NAB is more
complex than DSS with three distinct phases namely a, b
and four forms of kappa (jI, jII, jIII and jIV) in the as-cast
microstructure. The microstructure generally consists of
columnar grains of fcc copper-rich solid solution known as
a phase and a small volume fraction of lamellar eutectoid
phases b0 phase or martensitic b phase, surrounded by a
series of intermetallic k phases. The jI, jII and jIV phases
are all iron-rich precipitates distributed in the nickel aluminium structure. Among these intermetallic compounds,
jI phase is rosette-shaped precipitate formed at high temperatures in high-Fe content alloys and hence is coarser
than the rest, jII phase is smaller than kI phase and form a
dendritic rosette shape which is distributed mostly at the a/
b boundaries; jIII phase is a fine lamellar ‘‘finger-like’’
eutectoid structure, forms at the boundary of jI phase and
is rich in Ni, and jIV phase is a fine Fe-rich cruciformFig. 2 Microstructural
morphology of Cu3 cast-NAB
at a magnification of 100x. kII is
the globular dendritic structure,
kIII is the lamellar ‘‘finger-like’’
structure and kIV is the very fine
particulate imbedded within the
alpha matrix (surrounding
phase)

2.3 Electrochemical Measurements
For the erosion-corrosion test the samples were cavitated in
5 litres of 3.5 % NaCl salt water while kept under OCP for
1 hour with exactly the same electrochemical arrangements
as for pure corrosion (as shown in Fig. 3). The samples
were kept at OCP for 1 h in 5 L of 3.5 % NaCl solution
where Ag/AgCl was used as the reference electrode, sample as the working electrode and graphite rod as the counter
electrode.

I
III

IV

II

123

The first test conducted was the pure erosion test. The samples were cavitated in 5 L of stagnant distilled water for 1 h
at a frequency of 20 kHz and a peak-to-peak amplitude of 80
micron. The samples were kept at a constant distance of
2 mm away from the sonotrode tip. The temperature and pH
of the water were monitored before and after the experiment,
starting from room temperature and a pH of 8.9. Weight of
the sample was recorded both before and after each experiment with a precision weighing machine. The samples
were then analysed under Alicona and Talysurf to obtain the
surface roughness, maximum depth of penetration, volume
loss and the subsequent volumetric mass loss incurred.

α
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Fig. 3 Schematics of the
cavitation rig with specimen
under cavitation erosion–
corrosion

For the erosion–corrosion test, the samples were
cavitated in 5 L of 3.5 % NaCl salt water while kept under
OCP for 1 h with exactly the same electrochemical arrangements as for pure corrosion (as shown in Fig. 3). The
corrosion test preceded cavitation test by 10 min, and after
10 min the cavitation rig was switched on. The nature and
properties of the sample materials as well as the corrosion
products, formed in a corrosive environment, and the effects of cavitation determine the behaviour of the sample
alloys as well as help characterize them.

3 Results and Discussions
For the erosion and erosion-corrosion test the concentric
rings of cavitated and non-cavitated regions were formed
around a centrally damaged area. This phenomenon could
be attributed to the natural resonant frequency of the probe
and probe tip itself. The total cavitated diameter was
measured to be 15 mm across for both the materials as can
be seen in Fig. 4. There was a gradual increase in the
temperature of the liquid medium from 16–17 °C to 22 °C
after cavitation; however, pH remained almost the same
throughout the entirety of the experiments, i.e. between 8.5
and 9. This temperature rise could help enhance electrochemical reaction on the samples.
3.1 Surface Profilometry and Morphology
The surface profilometry and average roughness (Ra) and
MDP of each sample after each test were measured using
Alicona and Talysurf. Figure 5 shows the surface

Fig. 4 The cavitated surface of DSS

roughness and individually labelled damage regions of
DSS sample after undergoing cavitation in distilled water
obtained using Talysurf, which was employed to obtain the
surface roughness across the diameter of the samples.
Alicona was also employed to measure the volume loss
for each sample post cavitation. Table 3 tabulates the
measured values of Ra, MDP and volume loss for NAB and
DSS under each condition.
The SEM morphologies of NAB and DSS under distilled
water as well as 3.5 % NaCl solution are shown in Fig. 6.
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12

Page 6 of 12

J Bio Tribo Corros (2015) 1:12

Fig. 5 Talysurf surface roughness profilometry at the centre of the cavitated surface of DSS in distilled water
Table 3 Average roughness, mean depth of penetration and volume loss measured using Alicona
Average surface roughness (nm)

Mean depth of penetration (nm)

Measured volume loss (mm3)

Uncavitated
surface

Distilled
water

3.5 %
NaCl sol.

Distilled
water

3.5 %
NaCl sol.

Distilled
water

3.5 %
NaCl sol.

Nickel aluminium Bronze

49

153

165

645

955

0.115

0.169

Duplex stainless Steel

52

113

163

460

598

0.081

0.106

Material used

Figure 6a, e shows the general microstructures of NAB and
DSS, respectively, where Fig. 6a exhibits the lighter a
phase with dark dendritic intermetallic kappa phases distributed in the copper-rich a matrix and many visible Ferich jI and jII precipitates around the boundaries. Interfaces between the matrix, intermetallic and grain boundaries are generally the weak points in the microstructure of
metallic materials that are more likely to be attacked by the
cavitation. Figure 6b shows the morphology of NAB under
cavitation in distilled water. Small cavities of sizes
10–30 lm were found especially in grain boundaries as it
was established that the material surface underwent selective cavitation at the a–j phase boundaries. The j precipitates and precipitate-free a zones did not suffer any
visible cavitation after 1 h of cavitation test in distilled
water. For the cavitation erosion–corrosion test, the

123

cavities were recorded to be much larger, 50–80 lm, and
the sample surface had visible corrosion products. Figure 6d is the magnified (20,0009) image of one of the
cavities on NAB tested under 3.5 % NaCl salt solution with
spheres of silicon and aluminium oxides visible in the
cavity. Large cavity was observed with globules of oxides
formed in these cavities along with ductile tearing and
corrosion of the boundaries of the a columnar grains as
seen in Figure 6d. Many factors could cause the results
obtained such as the softer composition of the cu-rich a
phase as compared to much harder iron-rich intermetallic
precipitates; it could be expected for the a phase to be more
susceptible to cavitation erosion. There were also grainboundary attacks observed which could indicate that electrochemical dissolution within the structure may contribute
in the cavitation damage. Another reason for the selective
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Fig. 6 a General
microstructure of NAB at 9100
magnification, b cavitated
region of NAB under distilled
water after 1 h of exposure,
c cavitated region of NAB under
3.5 % NaCl solution, d 920,000
magnified cavitated region of
NAB; e general microstructure
of DSS, f cavitated region of
DSS under distilled water after
1 h of exposure, g cavitated
region of DSS under 3.5 %
NaCl solution, h 9960
magnified cavitated region of
DSS in 3.5 % NaCl solution

attack may be due to the cathodic behaviour of Fe-rich
phase when compared with the a phase which may induce
galvanic corrosion. This conclusion is found consistent
with the findings of previous works [26, 31–33].
As for DSS, the morphologies of DSS under both distilled water and salt solution were almost same with no

visible corrosion product. However, on comparing the
cavity sizes, the cavities under 3.5 % salt solution were
almost five times the size of that under distilled water, see
Fig. 6f, g. On taking a closer look under SEM, it was seen
that the cavitation attack was rather selective, with cavities
attacking the ferritic matrix and the ferrite–austenite
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12

Page 8 of 12

boundaries. Figure 6h shows a 40 9 70-lm-large cavity
formed in DSS under the salt solution where ductile failure
can be seen in the form of extrusion of the austenite at the
cavity boundary visible in Fig. 7. Also visible are tiny
microcracks and cleavage-like facets that may have been
caused by the austenite-to-martensite transformation either
due to high strain or due to the high temperature accredited
to cavitation. This result holds consistent with the findings
of the study by Al-Hashem and Riad [34].
3.2 Electrochemical Results
Figure 8 is the OCP curve obtained for DSS and NAB in
pure corrosion and erosion–corrosion in 3.5 % NaCl solution. All the tests were conducted for 1 h. For the
cavitation erosion–corrosion tests, the cavitation rig was
switched on after 600 s to obtain the change in the

Fig. 7 SEM images of plastic deformation at cavitation-damaged
edge for DSS in distilled water

J Bio Tribo Corros (2015) 1:12

electrochemical behaviour of the sample materials. As can
be seen from the trend, there was a negative shift of OCP
from -70 to -500 mV. However, DSS was seen to attain
stability within 10 min at a lower voltage, and this OCP
shift can be attributed to the result of protective oxide layer
destroyed by cavitation erosion. Similarly, the trend for
NAB shifted to negative when the rig was turned on, but it
attained stability much quicker than DSS (within 100 s) at
a lower potential than that under pure corrosion. On
comparing the OCP trend of the two materials when undergoing cavitation, it can be seen that while NAB reaches
stability at -210 mV at a lower voltage as compared to
DSS, the stability of DSS attained after the rig is switched
on is much lower than that of NAB showing that NAB has
higher corrosion resistance than DSS. Similar to the results
observed by Al-Hashem et al. [24], there was a shift in
corrosion potential for DSS under cavitation in the active
direction by 75 mV; however, there was not a very substantial shift in case of NAB. This may be due to the experimental reproducibility since several tests were
conducted giving similar results.
Figure 9 shows the electrochemical impedance spectra
(EIS) graph for the DSS and NAB samples with and
without cavitation. From the figure, it can be seen that both
the samples show very good resistance to corrosion both
with and without cavitation. Although it is clear that the
impedance was higher for DSS in saltwater alone without
cavitation as compared to DSS undergoing cavitation erosion–corrosion, it was seen that the impedance of NAB
under corrosion was slightly lower than that under cavitation erosion–corrosion. The reason for the high resistance
to corrosion may be explained from Fig. 10a, b, where it
can be seen that a high percentage of chromium was present in the chemical composition of DSS, and also a high

Fig. 8 OCP for DSS and NAB in 3.5 % NaCl solution for 1 h with and without cavitation
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percentage of silicon and aluminium oxides were formed
on the surface of NAB. However, while DSS is highly
corrosion resistant with a passive layer of iron oxide as
well as chromium oxide forming to protect the surface
from corrosion, the film thickness is in the range of 2 nm
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[35]; whereas a passive layer of oxides forms in case of
NAB that has a film thickness of 900–1000 nm [36]; this
was further verified on taking EDX spectrum of cavitated
NAB surface under distilled as well as 3.5 % NaCl solution, which indicated the presence of silicon (SiO2) and

Fig. 9 EIS for DSS and NAB in 3.5 % NaCl solution with and without cavitation

(a)

(b)

Fig. 10 EDS spectrum of a DSS cavitated under 3.5 % NaCl solution and b NAB cavitated under 3.5 % NaCl solution
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aluminium oxides (Al2O3), see Fig. 10b. These may account for the high corrosion resistance of both the material
samples used.

with the synergy results obtained by other studies. The
study by Neville, Hodgkiess and Dallas [37] found the
synergy for 2205 DSS eroded under liquid–solid jet
impingement under saline solution to be about 20 %,
whereas the vibratory cavitation as well as hydrodynamic
cavitation erosion–corrosion synergy tests conducted by
Wood and Hutton [38] showed S/T % values to be in the
range of 30% to [60 % for various materials tested under
3 % NaCl solution such as grey cast iron, 1020 mild steel,
304 SS and copper alloys. Several engineering alloys tested
in 3.5 % NaCl solution by Kwok et al. [39] showed very
low (negligible) S/T % of damage for corrosion-resistant
materials such as 316 SS, 304 SS and Zeron 100 super
DSS. However, it must be noted that these studies were
carried out with varying conditions, and also most of these
studies considered rate of depth of penetration as their
means of calculating synergy.
One reason for the existence of synergy could be due to
the difference in the quantity of dissolved gases present in
each medium. While 3.5 % NaCl solution may have higher
amount of dissolved oxygen, it also has dissolved minerals
and radicals among other such factors that can affect the
bubble nucleation, growth and impact. Distilled water is
considered to have negligible amount of dissolved minerals, and hence cavitation impact and results obtained in
distilled water can vary significantly from that in 3.5 %
NaCl solution. Also, few anomalies may exist due to certain assumptions made during the experiment such as, the
erosion test without any external electrochemical application was considered as pure erosion test; however, there
was still a small level of corrosion taking place in the form
of passivity of the individual materials itself. This alone
may explain the difference in the mass change between the
two materials for pure erosion test when comparing
gravimetric with volumetric analyses. One way of immunizing the material from any corrosion could be by using
the pH of the solution to move the material to immune
section of pourbaix diagram in order to protect it from

3.3 Synergy Calculation
From Table 3, the value of volumetric mass loss for each
sample was extracted using the simple mass, volume and
density formula:
ð3Þ

Density = mass/volume;
3

where density of NAB = 7.65 g/cm and density of
DSS = 7.8 g/cm3. Hence, the following values are
tabulated in Table 4 in order to compare the mass loss
obtained using precision weighing machine and Alicona.
The mass change observed during pure corrosion was mass
gain rather than mass loss, hence it is considered negative
since mass loss is considered positive.
From the pure corrosion measurements shown in
Table 4 and Eq. 3, the thickness of the passive layer
formed on the sample surface was calculated. The oxide
layers consisting predominant of Al203 in case of NAB and
Cr2O3 in case of DSS were found to be of thickness
0.24 lm and 0.03 lm, respectively.
Using Eqs. 1 and 2, and considering the values of
gravimetric mass loss from Table 4, the synergy can be
calculated and the values are tabulated in Table 5.
3.4 Discussion
It can be seen from Table 5 that for both NAB and DSS
synergy has measurable impact on their cavitation erosion–
corrosion. While the synergy between cavitation erosion
and corrosion for NAB was found to be 73.6 %, it is almost
half in case of DSS at 36.5 %, with DC (erosion-enhanced
corrosion) dominating the synergy result for both cases.
These values are in general much higher when compared

Table 4 Comparison between gravimetric mass loss and volumetric mass loss
Material used

In distilled water cavitation erosion loss
(E)

In 3.5 % NaCl solution cavitation erosion–corrosion
loss (T)

Gravimetric
mass loss (in mg)

Volumetric mass
loss (in mg)

Gravimetric mass
loss (in mg)

Volumetric mass
loss (in mg)

Nickel aluminium bronze

1.00

0.88

1.48

1.29

-0.61

Duplex stainless steel

0.71

0.63

0.96

0.82

-0.10

Table 5 Synergism summary
for the samples

123

Material used

T (mg)

Pure corrosion
mass gain
(C) (mg)

E (mg)

C (mg)

S = T-(E ? C) (mg)

(S/T) 9 100 (%)

Nickel aluminium bronze

1.48

1.00

-0.61

1.09

73.6

Duplex stainless steel

0.96

0.71

-0.10

0.35

36.5
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corrosion. Also, instead of using distilled water, cathodic
protection can also be employed to prevent the samples
from corrosion; however, while cathodic protection can
prevent corrosion, it is difficult to suppress corrosion and
hydrogen evolution simultaneously as also explained by
Kwok et al. [39]. Hydrogen could cause embrittlement in
stainless steels, but it may also exert a cushioning effect,
reducing mechanical erosion, and this may potentially increase the relative contribution of synergism.
For the synergy result, gravimetric mass loss values were
considered due to the reason that, although both gravimetric
as well as volumetric mass loss measurements are useful
and efficient in their own account, they both have major
shortcomings. While the data obtained using precision
weighing machine can be considered accurate, several
factors may affect the results, such as sediments of eroded
titanium probe tip deposited on the sample, dissolved NaCl
salt deposits and absorption of water by porous layers/coats
if any, as well as other impurities that cannot be detected
and fully prevented. Also, as the samples are introduced to a
corrosive environment, if they are highly corrosive and
form corrosion product immediately after erosion, it is hard
to tell how much mass is actually lost accurately. The mass
balance does not take into account these factors, and this
could cause deviation in the final result. On the other hand,
volumetric analyses using Alicona can be equally crude
since the highest magnification achievable using Alicona is
1009, which may sometimes cause loss of data while
looking at very smooth and reflective surface, or due to reentrant topography of the surface. Also, in case that there
are sediments, corrosion products, micro scratches and
burrs existing on the sample surface, Alicona cannot differentiate and do selective volume loss, which again causes
deviation from the result. It may also manifest its own
roughness and waviness of the surface when using lower
magnification or highly reflective surface, which was applicable for the experiments undertaken. Due to this,
gravimetric analyses were slightly more preferable.

4 Conclusion
From the experiments conducted, it can be concluded that
after a short period of exposure to cavitation both NAB and
DSS have measurably high synergistic effect under
cavitation erosion–corrosion. In the case of NAB, the
synergy between cavitation wear and corrosion was found
to be 73.6 % and for DSS it was found to be 36.5 %. The
data obtained from electrochemical measurement for the
cavitation erosion–corrosion test showed that, although
duplex SS exhibited higher resistance to corrosion under
seawater alone, NAB exhibited much higher resistance to
corrosion when subjected to cavitation. Also, NAB attained
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stability much faster and at higher potential than DSS,
proving that it is more corrosion resistant.
The NAB surface was seen to undergo selective cavitation
erosion–corrosion attack at the a phase and the a-j phase
boundaries with ductile deformation around the cavity, while
the j precipitates and precipitate-free a zones were found to
suffer no visible cavitation after 1 h of cavitation test in both
distilled water as well as 3.5 % NaCl. The DSS was seen to
undergo ductile failure in the cavitated zone in the form of
extrusion of the austenite at the cavitation pit along with microcracks and cleavage facets that could be attributed to the
austenite-to-martensite transformation by either the high
strain rate or high temperatures generated during cavitation.
And because of that the erosion process was found to be
predominantly of plastic nature with little of no fatigue failure
noticed at this stage, due to this NAB was found to be more
susceptible to erosion under both the conditions as compared
to duplex SS with prominent selective cavitation erosion of
alpha phase in the microstructure since DSS is harder than
NAB. From the experiments conducted, it was concluded that
synergy had measurable impact on the cavitation erosion–
corrosion of both NAB and duplex SS, and the overall synergy
for NAB was found to be higher than that for DSS.
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