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ABSTRACT

Water Droplet Erosion Resistant Materials and Surface Treatments

Mohammad Sadegh Mahdipoor
Concordia University, 2016

Water Droplet Erosion (WDE) is a mechanical degradation which is of great concern to
power generation and aerospace industries, where water droplets interact with high-speed moving
components. It is observed on multiple components of airplanes when flying in the rain, on steam
turbine blades, and gas turbine compressor blades which is the focus of this study. Compressor
blades in gas turbines suffer from WDE due to the recently implemented technology Inlet Fog
Cooling. It is utilized to boost gas turbine efficiency in high ambient temperatures via the spraying
of micro-sized water droplets into the intake air. Evaporation of water droplets cools the intake
charge and increases the air density. The main drawback of inlet cooling is that part of the water
droplets are carried into the compressor by intake air flow, which is called overspray. Repetitive
impact between rotating blades and water droplets leads to WDE damage, which is a major

problem.

This study attempted to improve WDE resistance of compressor blades made of Ti6Al4V.
Two different approaches were considered: Studying WDE of TiAl alloy as a potential erosion
resistant material for turbine blades and Surface engineering of Ti6Al4V via gas nitriding and
HVOF spraying of WC-Co. To investigate WDE in this work, erosion experiments were carried
out using the state-of-art WDE rig available at Thermodynamics of Materials Group (TMQG),
Concordia University. It enables control of erosion conditions such as impact velocity, impact

angle, droplet size, and droplet impingement number.

In the first stage of this study, WDE of nearly fully lamellar TiAl alloy was directly
compared to Ti6Al4V at relatively wide ranges of impact speed (i.e. 275m/s, 300m/s, 325m/s and
350m/s) and droplet size (i.e. 464pm and 603um). TiAl demonstrated superior erosion
performance (i.e. longer incubation period and slower material loss) compared with Ti6Al4V at
all tested conditions. Herein, the relation of impact velocity and maximum erosion rates for TiAl
and Ti6Al14V alloys was established and the damage threshold speeds of TiAl were determined.

Afterwards, the erosion behaviour of TiAl was related to its mechanical properties and irregular



microstructure. Lastly, in-depth investigation was carried out to reveal erosion damage
mechanism of TiAl at different stages including incubation, material loss initiation,

maximum erosion rate, and advanced stages.

In the second stage of this study, the influence of gas nitriding on water droplet
erosion behaviour of Ti6Al4V was investigated. Ti6Al4V coupons were nitrided at two
different temperatures (i.e. 900 and 1050°C) for 5 and 10 hours and the nitrided coupons
were characterized. Their erosion behaviour in comparison with as-received and annealed
Ti6Al4V was examined at two impact speeds (i.e. 300m/s and 350m/s). Mechanical
properties, erosion performance and damage mechanism of treated Ti6Al4V were
significantly influenced by the nitriding temperature. Exploring the potential of HVOF
spray WC-Co coating to combat WDE was the last part of this study. Erosion performance
of two WC-Co coatings was examined at 250m/s, 300m/s and 350m/s impact speeds in
comparison with Ti6Al4V. The as-sprayed coating did not show notable WDE protection;
however, removing its top layers and smoothing its surface notably improved the erosion

performance.
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Chapter 1 : Introduction

1.1.  Water droplet erosion

The word "erosion" is derived from the word “rodere”, which is a Latin verb and means
“gnaw”. This word is widely used to describe wearing of rocks, sea shores, and soil by water and
wind; however, in material science it is used to describe a mechanical damage caused by high
speed impingements [1]. Erosion is the result of either solid/solid or liquid/solid interactions.
Different types of erosion are known such as solid particle erosion, cavitation erosion, liquid
impingement erosion, and slurry erosion. They are all associated with the cyclic loading and sharp
pressure pulses [2-4]. Compared to solid particle erosion and cavitation erosion, liquid

impingement erosion has not been well studied.

In the field of aerospace and power generation, water droplet erosion (WDE) refers to a
progressive material loss caused by repetitive high speed impact of water droplets [2, 5]. WDE is
a sub-category of liquid impingement erosion. It is widely observed in turbine blades, aircraft
aerofoils, missiles, helicopter rotors, and the inner wall of certain steam pipes [2]. Also, it is a well-
known damage for steam turbine blades, shown in Figure 1-1, and scientists have attempted to
address this phenomenon since the beginning of 20™ century [6, 7]. When steam reaches to the last
stages of turbine, because of low pressure and temperature small portion of steam goes below the
saturation line and causes the formation of very small primary water droplets, which is called fog
droplets. Such droplets coalesce and form a water film on the stationary blades. Accumulation of
more water makes the water film unstable and leads to the formation of large droplets (more than
Imm). The large droplets are atomized and then brought with the steam flow to the plane of
rotating blades [8]. The schematic of water droplet formation in steam turbines is demonstrated in
Figure 1-1-a. The supersonic impingement of rotating blades and generated water droplets cause
WDE, as shown in Figure 1-1-b. This type of erosion has also been observed on the blades of gas
turbine compressor when fog cooling system is used [5, 9], shown in Figure 1-2. It is known that
turbine efficiency decreases 0.3-0.5% by raising 1°F ambient temperature [10]. Fog cooling,
spraying small water droplets to cool the intake air, is introduced as a practical approach to enhance
the turbine efficiency through increasing air density. During fog cooling the sprayed water droplets
partially evaporate; however, some of them remain and enter the compressor with the intake air,

called overspray [5, 9, 11]. Successive high speed impingements between these droplets and



rotating blades result in water droplet erosion damage on their leading edge. This damage leads to
material loss, distortion of the blades profile, and reduction of their aerodynamic performance.
Moreover, weight loss of the blades may influence the balance of compressor and cause significant
vibrations, which is a major issue for the engine. Hence, understanding water droplet erosion and

reducing this damage is of high interest for power generation industries.
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Figure 1-1: (a) Schematic of water droplet formation in the steam turbines [12], (b) severe water droplet erosion on
suction side of steam turbine blades [13]
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Figure 1-2: (a) Schematic of a gas turbine equipped with fog cooling system [14], (b)eroded blade of HP
compressor in LM6000 turbine [15]



1.1.1. Physics of the water droplet impact on a solid surface

To explain the WDE, first the physics of a single liquid/solid impingement are reviewed.
Upon impingement of single droplet onto a solid surface pressure pulses are generated and form a
disturbed zone (shocked envelop) inside the liquid, close to liquid/solid interface [16], shown in
Figure 1-3-a. After a few micro seconds, the compressed region of liquid breaks away. This
moment, which is followed by the formation of lateral outflow jets, is commonly referred to as
“stagnation moment”. The generated jets travel across the surface with velocities up to 10 times
the impact speed [3, 16, 19]. They are detrimental and play a notable role in initiating the erosion
damage [2, 3, 20]. Once the disturbed region of water breaks away, the potential energy of
compressed water transforms to kinetic and the impact pressure is released into the solid [21].
These pressures predominantly concentrate in the centre of contact area or its edges [21]. Lesser
and Field [22] explained that pressure in the contact edge is higher than pressure at the centre (up
to 3 times); however, these pressures last for very short duration of time and can be ignored for
damage mechanism investigation [22]. Figure 1-3 demonstrates the schematic of a liquid droplet
impact onto a solid surface at two different stages, before and after shock envelop detachment. The
stress waves, high pressure locations, and the potential cracking sites are highlighted in this

schematic.
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Figure 1-3: Schematic presentation of a water droplet impingement onto a solid surface. (a) upon impact and before
the detachment of disturbed region, (b) after the detachment of disturbed region [3, 23]

In 1928, Cook [6] posited that the impingement of a liquid jet induces a constant pressure

to a solid. He called this pressure “water hammer pressure” and proposed Equation 1-1 to calculate
it.

P = poCoV Equation 1-1
where py is the liquid density, Cy is the speed of sound in the liquid and ¥ is the impact speed.
Equation 1-1 is not accurate to address the impact pressure because it was derived for simplified

conditions. Indeed, the peak transient pressure is much higher than the proposed constant value by

Cook. Later Heymann [24] analytically calculated and proposed another equation for the peak



transient pressure generated by the impingement of one droplet, Equation 1-2. It is used in this

thesis to address the impact pressure.

P = poCoV[2 + (2k — 1) Clo] Equation 1-2

where £ is liquid constant. In the case of water erosion, k=2, po=1000kg/m> and Co=1463m/s. It is
worthy to note that the impact pressure is approximately generated over a circle with radius of:
R=r C_O Equation 1-3
where 7 is the radius of the droplet [18]. Due to the compressibility of fluid, the impact pressure in
the liquid stay mainly at the centre of impact until the stagnation moment, when the release waves
vacate the free surface and the lateral jetting initiates. This is called jetting time and Field [21]
proposed Equation 1-4 to calculate it. He explained that time duration of an impact pressure pulse

is around 3 times that of jetting time.

T, = % Equation 1-4

0

Upon water droplet impact, the disturbance transmits into the solid by the longitudinal
(dilatational) and transverse (distortional) waves traveling at different speeds (C; and C>). Rayleigh
wave is also generated by the droplet impact and it travels on the solid surface with the speed of
Cr, shown in Figure 1-4-a [16, 18]. Upon impingement the compressive longitudinal waves expand
into the target. Thereby, they interact with microstructural discontinuities and rebound in the form
of dilatational tensile waves [16, 18]. The interference of these released and reflective stress waves,

shown in Figure 1-4-b, may cause considerable failure especially for a target with

nonhomogeneous microstructure [25].

Impact

Figure 1-4: Schematic presentation of: (a) stress waves travelling in the target, (b) reflection and interference of
longitudinal and Rayleigh waves [16, 18]



Exerted stresses on the solid during the water erosion can be classified into two main
groups. The first group is associated with 'explosive' compressions, which influence the surface
for very short time and are referred to as water hammering effect. The second group is a result of
the erosive scouring action of the high speed radial outflow jetting [25]. Both groups contribute to
the water droplet erosion damage. The physics of liquid/solid impingement becomes more
complicated when the repetitive impacts are considered. In this case more parameters, e.g., surface
roughness and absorbed energy, involve in the response of target to droplet impacts [26, 27].
Surface roughness varies during the impingements because of localized plastic deformation.
Lesser and Field [22] highlighted that local plastic deformation of solid significantly influences
liquid behaviour and its jetting time. Hence, the stress distribution and travelling shock waves
differ with surface roughness variation. Once the droplet strikes any asperity on the surface, the
high impact pressure coming from the compressed part of the liquid may not be generated. This is
due to different deformation behaviour of the liquid. However, hitting a pit may cause even higher
impact pressure due to shock wave collisions inside the pit [2]. In addition, the energy of each
impingement is partially transferred to the solid surface. This energy may accumulate in the weak
points of microstructure, such as grain boundaries, phase interfaces, cracks and porosities, as the
vulnerable sites. Once the next droplet strikes these locations, a prompt failure may occur due to
the interaction between the new incident impact waves with the reflected waves. This is not the

case for the surface impacted by a single isolated droplet.

1.1.2. Damage mechanism of water droplet erosion

A considerable amount of research has been carried out over the last few decades seeking
to understand the details of damage caused by water droplet erosion. It is well-known that the
erosion damage mechanism is a function of target’s mechanical properties and microstructure, as
well as the solid surface conditions (i.e. roughness and presence of stress raisers) [2, 28-31]. To
date, it is impossible to predict the water erosion behaviour of a certain material based on the
knowledge of its mechanical and physical properties only. Therefore, the response of each material
to water droplet impacts and the erosion damage mechanism need to be studied individually.
However, some common erosion features found in the early and advanced stages of water droplet

erosion are reviewed further.



1.1.2.1.  Early stages of erosion

In 1985, Field et al. [16] shed light on the mechanism of erosion damage initiation for
ductile targets. They proposed that the repetitive impacts of water droplet on a completely smooth
surface cause development of damage in four stages, as demonstrated in Figure 1-5. After initial
droplet impacts a shallow depression appears on the surface, shown in Figure 1-5-a. This
depression becomes deeper with further impacts. Once the impacting droplet fills the generated
depression, the water is thought to be compressed for a longer period of time. This results in greater
impact pressure, Figure 1-5-b. The next droplet hitting the deformed location experiences different
forms of disturbance, shown in Figure 1-5-c. Here, the angle between the water’s free surface and
the water/solid interface is important and if it goes beyond a critical angle, the shock envelope
breaks away. The shock waves coming from the walls of deformed area compress the water and
make a spear-like central jet [3]. The impact pressure and the strike of this central jet dig the base
of depression and generate small central cavity, shown in Figure 1-5-d. This cavity becomes deeper
until the air or water, which can be trapped in the pits, play some cushioning role and suppress

further deepening [2].

Central pit

Figure 1-5: Schematic of erosion damage initiation on a ductile solid surface proposed by Field et al. [16]
Dimples and central depressions are common features reported for the erosion of ductile
metals either in the laboratory or in service conditions of turbine blades [16, 32-34]. Other

experimental studies have been carried out on a wide range of materials and their response to



droplet impacts were documented in the early stages of erosion [18, 25, 28-30, 35, 36]. Several

features of erosion damage at early stages are listed below.

1.

Circumferential surface fracture: upon collision the centre of impacted area is under
compression. At the same time radial tensile stresses are exerted at the edges of
impacted area for short durations. These stresses cause local fractures at the periphery
of the droplet on hard and brittle targets, such as plexiglass, shown in Figure 1-6-a [25].
In some cases, an undamaged area in the centre of impact which is surrounded by ring
fractures is observed, shown in Figure 1-6-b. Indeed, the fracture of central region is
suppressed by induced compressive stresses and only elastic deformation may occur.
For hard intermetallic alloys, material loss around the rim of the depression was posited
to be the dominant phenomenon [25]; however, no experimental proof was provided.
Depression and localized material flow: the central compressive and subsequent shear
stresses, caused by the water hammering, result in permanent local depression (saucer-
shaped), shown in Figure 1-6-c. This is observed mainly for erosion of ductile metals
[2, 25, 29, 30] once the dynamic exerted stresses exceed the dynamic yield strength of
the solid. In addition to the local penetrations, large amount of micro-plasticity can be
observed in the microstructure at high magnification. Slip lines, grain boundaries, and
twin boundaries may appear on the surface of depressions [2, 25, 28]. Localized
material flow needs to be studied in depth because it facilitates material loss in
subsequent stages. Furthermore, the sub-surface flow and subsequent cracking are also
observed once droplets impact the ductile targets [25]. In multiphase alloys, the softer
phase predominantly shows micro-plasticity. This results in inhomogeneous localized
deformation [2, 25, 35].

Micro-cracking due to local plastic deformation: surface and sub-surface cracks is often
reported as the main erosion features [2, 25, 28-30]. In the case of ductile metals, they
mainly initiate due to localized material flow [2, 28-30].

Grain boundaries failure: when the size of microstructure constituents is relatively
small compared to droplet size, the impacting droplet considerably damage their
boundaries. For instance, in erosion of metallic targets grain boundary damage is
frequently observed [28, 29, 31, 35]. An eroded surface of aluminium with revealed

grain boundaries is shown in Figure 1-6-c. Huang ef al. [28] highlighted that the
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rotating of small grains is the main reason for the grain boundary damage in erosion of
Ti6Al4V. Different orientation of the grains and subsequent anisotropy were reported
as another reason for the grain boundary damage [25].

5. Circumferential shear fractures: after a few microseconds of impingement and once the
shocked envelop in the liquid breaks away, the lateral outflow jets form and hit any
surface discontinuity with very high speed. This collision may lead to lateral material
flow at the periphery of impacted area or localized fracture of surface asperities such
as grinding tracks, elevated grain boundaries, or raised slip bands [25, 31], shown in
Figure 1-6-b.

6. Micro-cracking due to stress waves: The travelling stress waves (mainly reflective
tensile waves) may generate micro-flaws in the target. These waves interact with
microstructural irregularities and initiate cracking [37]. Furthermore, the interference
of Rayleigh waves with reflected tensile dilatational waves, shown in Figure 1-4, may
cause circumferential fracture on the surface [18, 25, 38], shown in Figure 1-6. This
was mainly observed in hard and brittle targets and could be more destructive compared

to the other types of failure occurring over the attacked surface area [25].
v & \‘ T

Figure 1-6: Eroded surface of: (a) polymethyl methacrylate showing ring fractures [25], (b) zinc sulphide showing
an undamaged area surrounded by annular fractures [18], (c) aluminum showing the rim of depression and the
revealed grain boundaries [25]

1.1.2.2.  Advanced stages of erosion and material removal

Hancox and Brunton [39] investigated the response of copper to repetitive droplet impacts.
They performed long erosion experiments using low impact speeds (<100m/s). After a few
thousand impacts, large number of depressions on the surface of attacked copper were observed.
Such localized material flow and surface roughening was put forth as the main cause of material

loss initiation [39]. Indeed, peaks of asperities within the roughened surface are broken with the
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impact of high speed jets flowing on the surface. Major portion of pitting on the surface of ductile
copper was attributed to these impacts [39]. Huang et al. [28] reported that generation of crack
networks and their coalescence is the dominant mechanism of material loss initiation for Ti6Al4V.
They highlighted that droplet impacts slightly rotate the grains and cause intergranular cracking,
and subsequent micro-pitting. Luiset e al. [30] reported the grain boundary damage in the initial
stages of erosion of stainless steel. They explained that cracks development in the boundaries
caused the detachment of grains and the generation of small pits. In several cases, the rupture of
grains because of transgranular cracking was also observed. Triple splitting of grains is another
mode of material loss which was documented by Kong et al. [36, 40]. The role of grain boundary
as an important microstructural defect was elaborated by Hancox and Brunton [39]. They observed
that a single crystal of copper shows fewer erosion pits and subsequent slower material loss
compared to polycrystalline copper. Generally, erosion progress is associated with abundant
cracking. Cracking behaviour is a function of target material properties and the fractography of
eroded surface should be carried out for each specific material. However, intergranular cracking
for damage initiation and transgranular cracking for the advanced stages were highlighted as the

dominant behaviour for erosion of ductile metals [20, 28, 30, 40, 41].

Further droplet impacts on the generated small pits cause a phenomenon called “hydraulic
penetration”, which was highlighted as one of the most damaging phenomena in the advanced
phases of erosion [3, 20]. Hydraulic penetration was attributed to the formation of spear-like jets
inside the cavities. These jets strike the floor of cavities with much larger force compared to the
initial droplet impact and bore secondary pits inside the original cavity [3]. Hence, the cavities
enlarge and merge together with further impingements. The coalescence of enlarged cavities
causes detachment of large fragments and the generation of deep craters. In these stages water
hammering, lateral jetting, and water penetration contribute to the erosion damage progress [2, 3,
20]. Droplet impacts on the deep craters result in inhomogeneous stress distribution and formation
of different types of pits on the bottom and the sidewall of craters. For instance, generation of
narrow and undercutting pits, called tunnels and sub-tunnels, were documented in the case of
Ti6Al4V erosion [35]. Their generation roughens the surface along the edges of erosion craters.
The vulnerable sites over the roughened surface will be broken with oncoming droplet impacts.

Their fracture smooths the eroded surface, which was called water smoothing [41, 42].
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1.1.3. Parameters affecting liquid droplet erosion

Liquid droplet erosion is a complex phenomenon which is a function of numerous
parameters. They are classified into two main categories [2, 43]. The first group comprises liquid
and solid properties including their densities, liquid viscoelasticity behaviour, and mechanical
properties of solid target. The second group includes the impingement parameters such as impact
speed, impact angle, droplet size, and its shape, which are mainly the interest of this thesis and

thus reviewed further.

1.1.3.1. Impact speed

Water droplet erosion as repetitive impact wear is a function of impact speed because the
induced pressure and kinetic energy of each impact are influenced by the velocity. Coulon [44]
described that impact speed is significantly important since it changes the nature of damage
(chemical or mechanical). Based on the impact speed, he divided the damage caused by
liquid/solid interaction into four groups; corrosion, corrosion-erosion, erosion-corrosion, and
erosion [44]. He explained that above a critical impact speed, no chemical degradation (corrosion)
can be seen for liquid/solid interaction and there is only mechanical degradation (erosion). On the
other hand, several experimental investigations showed that below a critical impact speed no
mechanical degradation occurs [7, 45, 46]. However, Heymann [47] questioned this point and
explained that mechanical damage happens at all speeds; however, it needs very long exposure to
erosion. Furthermore, the relation between impact velocity and erosion rate, the most important
indicator of erosion damage, was of great interest in previous works. Different functional forms
were used to fit the experimental data for this relation [7, 8, 45-48] and they are reviewed in chapter

2.

1.1.3.2. Impact angle

In service conditions, blade twisting and air turbulence in the chamber result in different
impact angles along the turbine blades. Therefore, the influence of impact angle on erosion
behaviour was studied in the literature and it was mainly described by its effect on the impact
speed [2, 32, 49]. Water erosion is a strong function of normal impact velocity and this velocity
varies with changing the impact angle. The influence of impact angle was explored during the

incubation period of erosion and before the formation of craters, because the crater formation leads
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to lose of control of the impact angle [49]. Heymann [47] explained that even during the incubation
period studying the influence of impact angle is challenging because of the surface roughness
variation. This implies that the impact angle affects only very early stages of erosion and some
researchers such as Lee et al. [49] claimed that this effect could be neglected. However, Ahmad
[32] recently reported a notable influence of impact angle on water erosion, shown in Figure 1-7.
The maximum erosion damage, cumulative volume loss after 50h, occurred at impact angle of 90°
which is associated with the maximum normal component of impact velocity. In the case of solid
particle erosion, the impact angle associated with the maximum damage depends on the target

mechanical properties. It is 22.5° for ductile materials and 90° for brittle materials [50].

+ experimental results
-l -~ gragion approximation|-

normalised velume loss [-]

0 45 80 180
droplet impact angle [°]

Figure 1-7: Normalized material loss of stainless steel eroded at different impact angles [32]
1.1.3.3.  Droplet size

Another parameter affecting water erosion damage is the size of impacting droplets. The
droplet size influences the area exposed to the impacts, time duration of each impact pulse,
distribution of impact pressure, and the transferred kinetic energy [2, 49, 51]. The general trend is
that increasing droplet size accelerates the erosion damage. Heymann [2] explained that using
same volume of water, larger droplets cause more and faster damage. Although the target is
impacted by greater number of smaller droplets, these impacts are not as destructive as large
droplet impacts. This was explained by fatigue-like mechanism of erosion damage and detrimental
kinetic energy of water droplets [2, 27]. Besides, it was claimed that the damage caused by water
erosion is a function of droplet radius at the contact area and not its mass [19]. It denotes that the
droplet shape also affects the erosion damage. Hence, the radius of flattened area must be taken as

the influencing radii for a deformed droplet in the contact region. It has been argued that a small
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flattened droplet behaves similar to a larger sphere droplet [18, 52]. This would be correct for the
stress distribution; however, it can be questioned in term of transformed kinetic energy. This
energy is a direct function of droplet mass/volume and the difference in amounts of kinetic energy

for a small flattened droplet versus a large sphere droplet is significant.

1.1.4. Time dependence of water droplet erosion

Erosion is a progressive and time-dependent mechanical damage. As explained earlier, the
localized plastic deformation, micro-cracking, and local fractures cause material removal during
erosion. Time dependence of cumulative material loss has a non-linear nature, similar to what was
observed for the cavitation erosion [53]. Figure 1-8 demonstrates different forms of erosion graphs,
cumulative material loss versus cumulative exposure duration. Curve A is the typical S-shaped
graph, which is seen for erosion of bulk materials. Curve B could be seen when the erosion
conditions, i.e. impact speed and droplet size, are severe for the target. Curves C and D are
anomalous for the erosion damage and therefore cannot be accepted. It is worthy to note that the
erosion results of surface treated coupons do not necessarily fit in the aforementioned graphs and

their behaviour depends on surface structure and microstructure.

Curve Sometimes
Obtained At High
Impact Velocity Or
With Weak Materials

Cumulative
Material Loss

"Well-Behaved” —
Erosion Curve

Anomalous
Curves

Cumulative
Exposure Duration

Figure 1-8: Different forms of erosion graphs [54]
Typical S-shaped erosion graph was divided by Heymann [2, 53] into five distinct stages,

shown in Figure 1-9-a.

A. Incubation stage: At the beginning of erosion, droplet impacts mainly cause local material
flow and micro-cracking; however, no material loss or a little can be detected, as can be

seen in curve A of Fig 1-8. This stage may be very short and not observed in the case of
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severe erosion conditions, when initial droplet impacts cause detectable material loss. This
is demonstrated in curve B in Figure 1-8.

B. Acceleration stage: Immediately after the initiation of micro-pitting, greater material
removals could be seen with further droplet impacts. In this stage, the erosion rate grows
rapidly and reaches its maximum value, as shown in Figure 1-9. This period is associated
with coalescence of the generated pits and noticeable increase in the size of the crater.

C. Maximum erosion rate stage: In this stage the material loss rate remains constant or
nearly so, resembling the maximum erosion rate. The formed craters in this period of
erosion become deeper and larger.

D. Deceleration or attenuation stage: Once erosion craters reach a certain depth, erosion
rate decreases notably (25 to 50% of maximum erosion rate). It was attributed to the very
high roughness of eroded surface (generated peaks and pits), which changes the stress
distribution. Also, some water which is trapped in the crater may cushion the impact and
decelerate the erosion damage.

E. Terminal steady state stage: This is the last stage of erosion evolution, when the material
loss rate becomes again constant or nearly so. This stage was not captured in water droplet

erosion of brittle materials.
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Figure 1-9: (a) Typical water droplet erosion and (b) erosion rate graphs showing five different stages [53]

1.1.5. Representation of water droplet erosion results
Erosion results are conventionally represented using the cumulative materials loss (vertical

axis) as a function of cumulative erosion exposure duration (horizontal axis). They are referred to
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as water droplet erosion graphs. In addition, erosion rate graphs are also considered in the
literature, shown in Figure 1-9-b. They are beneficial to track down the erosion performance during
the whole experiment. In open literature, erosion rate graphs are mainly plotted with the

instantaneous erosion rates, which are the slopes of the lines connecting two consecutive points on

the erosion graphs [2, 8, 46, 53, 55]. However, Rao & Young [56] proposed to use the cumulative
erosion rates, which is the slope of the lines connecting the origin to each point on the erosion
graphs, in order to diminish possible bios and noises. The cumulative erosion rate is not a popular
idea in the literature; however, it was used by Ahmad et al. [8, 51] to find Cumulative Erosion

Resistance (CER). CER is the reciprocal of cumulative erosion rate at the end of experiment.

The erosion graphs are represented in the literature with different parameters trying to
capture the maximum amount of information in these graphs [2, 7, 8, 35, 41, 46, 48, 51, 57, 58].
For the vertical axis, either mass loss or volume loss were used [7, 8, 35, 41, 46, 58]. However,
various parameters were used to represent the erosion exposure duration. Erosion time [8, 59-61],
number of cycle [41, 51, 62], droplet/jet impact number [46, 63], droplet/jet energy [35] and
volume of impacting droplets [53] were used to represent the erosion exposure. This makes
comparison of the previous results impossible. ASTM standard G73 [54] describes the basic
approach for erosion investigation and guidelines for results representation, which are used in this

thesis.

In order to plot the erosion graphs, the experiments are interrupted at different time
intervals to weigh the coupons and record the mass loss. This mass loss is converted to the volume
loss knowing the density of tested coupons. Recording the cumulative mass loss at different time
intervals reveals the points constructing the erosion graph, shown in Figure 1-10-a. ASTM
standard G73 recommends to use volume loss (vertical axis) versus volume of water droplets
impacting the surface (horizontal axis) for erosion graphs. This approach results in the
dimensionless slope for the erosion graph, which would be necessary for the comparative studies.
However, exact volume of impacting water was not known in most of the previous studies. Using
the erosion graph, three important erosion indicators could be extracted, incubation period (Hp),
maximum erosion rate (ERuax), and final erosion rate (ERfina1), as shown in Figure 1-10-b [2, 54].
The first two can be found for all materials; however, the last one may not be revealed during the

erosion of brittle materials [2]. Indeed, there is a relatively large variation for the final erosion rate
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of such materials because of the brittle fractures leading to the detachment of relatively large
fragments [25, 64]. In addition, very long experiments are required to reach the final steady state
stage for the erosion resistant materials. In this thesis, incubation period (Hp) and maximum
erosion rate (ERqqx) are used to represent the erosion performances. ERnqx 1S extracted by fitting
the best line through the points in stage C, shown in Figure 1-10-a. The slope of this line is taken
as ERpax. In addition, the intersection of this line with erosion exposure axis is taken as the
incubation period (Hp), as shown in Figure 1-10-b [54]. Since the surface treated coupons do not
usually show the typical S-shaped erosion graph, using the mentioned indicators for them is
challenging. Therefore, cumulative erosion resistance (CER) are mainly used in this work for
comparative investigations. CER is defined as the ratio of total volume of impacting water to total
volume loss of the target. This indicator reflects the total resistance of the material to water droplet
erosion. It is noteworthy that the erosion resistance, which is used further in the thesis, is inversely

proportional to the erosion rate.
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Defined By -
Cumulative Data Points o O _“2"
Material Scattered (o) s
Loss Around It £
5] Sl
| — :-/LPRﬁnal
- ERuax
e < |
Cumulative Exposure Time / ' Cumulative exposure duration

Figure 1-10: (a) Typical S-shaped erosion graph plotted through experimental points, (b) extracting the erosion
indicators from material loss graphs [2, 54]

ASTM standard G73 describes a certain procedure to study the influence of impingement
parameters (e.g., impact speed) on the erosion behaviour. Indeed, the results must be expressed
using physically meaningful variables, which are dimensionless. Hence, the incubation period (Hp)
is represented using specific number of impacts. Also, the rationalized erosion rates (RER) are
used. These parameters are explained in detail in chapter 2. Furthermore, using a reference coupon
in each erosion experiment is strongly recommended in ASTM standard G73. This approach

allows to represent the erosion behaviour of each coupon with respect to that of the reference pair.
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This is beneficial in order to detect small changes in water erosion performances. In this work,

Ti6Al4V is used as the reference coupon in erosion experiments.

In summary, the erosion and erosion rate (instantaneous rate) graphs (Figure 1-9) are
plotted as the basic erosion results. From these graphs, erosion indicators are extracted and the
ones reported in this thesis are as follows: Incubation period in terms of either volume of impacting
water or specific number of impacts (Hp); Maximum erosion rate (ERmax of RERua); and
Cumulative erosion resistance (CER) of each sample normalized to CER of Ti6Al4V pair. More

details on erosion experiments could be found in Appendix.

1.2.  Promising water droplet erosion resistant materials and surface treatments

Erosion resistance have been widely correlated to the mechanical properties of the target
such as yield strength and hardness, ultimate resilience (S./2E, where S, is ultimate strength and E
is modulus of elasticity), true stress at fracture, strain energy to fracture, and work hardening rate
[2, 8, 12, 65, 66]. Amongst these parameters, yield strength and modulus of elasticity were
introduced as the most important ones by Heymann [66]. The material strength is the most
corresponding index to erosion performance. Usually the higher the mechanical strength, the more
the erosion resistance [66]. The mechanical strength is more important in the surface of target and
it can be addressed by hardness. In order to enhance WDE of turbine blades, either a new stronger
alloy should be used or the surface of currently used alloy (Ti6Al4V) must be hardened. Based on
the high strength of TiAl alloy and its superior cavitation erosion resistance [67-69], it would be a
promising water droplet erosion resistant material especially because it is even lighter than Ti
alloys. Therefore, its WDE performance and damage mechanism are comprehensively investigated

in chapters 2 and 3.

Surface of Ti6Al14V is being modified using different techniques. They can be classified
into four main groups: thermal treatments; thermochemical treatments; deposition of thin films;
and fabrication of thick coatings [70]. Surface treated samples using the mentioned techniques are
schematically presented in Figure 1-11. Applying a thermal surface treatment such as laser
hardening hardens the surface due to phase transformation and microstructure refinement. The
main challenge for this process is controlling the formation of micro-cracks due to rapid
solidification [71]. These micro-cracks would be detrimental in erosion applications.

Thermochemical treatments harden the surface by making two main layers on the sample. The first
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one is compound layer, which is hard and brittle ceramic film. The level of porosity and adhesion
strength to the sample are the main parameters determining the mechanical stability of compound
layer. Beneath this layer, there is a diffusion layer which is hardened by the formation of interstitial
solid solutions [70, 72]. Solid solution strengthening increases the hardness without adding an
interfaces, which is suitable for erosion applications. Thermochemical treatments require high
temperature and it may change the microstructure of base material. To avoid this, hard and thin
films at relatively low temperatures are fabricated on the substrate using vapour deposition
methods such as Cathodic Arc Physical Vapor Deposition (CAPVD). The main issues for vapour
deposited films are the formation of micro-cracks and micro-pores within the films, their residual
stresses, and their adhesion to the substrate [70]. These films are vulnerable when they are
subjected to the harsh mechanical loading. The last technique is thermal spray coating, which is
used to fabricate thick layers on the surface by spraying various powders. [73]. The main issues
for sprayed coatings are their porosity, adhesion of splat boundaries and the quality of
coating/substrate interface [73]. Such microstructural defects would be detrimental for WDE

application because they facilitate the cracking upon droplet impacts and stress wave propagation.

. Sprayed coatin
Compound layer Deposited film Sprayed coang
Substrate Substrate Substrate Substrate
@ (b) © (@

Figure 1-11: Different surface treatments of titanium alloys: (a) thermal treatments, (b) thermochemical treatments,
(c) thin film deposition, (d) thermal spray coating

Water droplet erosion performance of surface treated Ti6Al4V have been rarely
investigated. However, their cavitation erosion behaviour have been well studied in the literature
[74-77]. The nature of cavitation erosion damage and water erosion damage is similar because in
both cases hydrodynamic forces are exerted on the sample. Therefore, available literature for both
cavitation and water erosion performance of surface treated Ti6Al4V and stainless steel are
reviewed. Figure 1-12 demonstrates the erosion resistance of bulk TiAl and surface treated

coupons normalized to their reference material (i.e. Ti6Al4V or stainless steel). Herein, the erosion
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resistance were taken from different articles. In some of them, only the level of improvement at
the end of experiment is given without clear definition for the considered erosion indicators [67,
74]. In the other ones, the erosion graphs are provided [76, 78-80]; however, there are different
scales for the erosion graphs and no standard indicator is considered. In order to have relatively
fair comparison, CER was derived from erosion graphs and then normalized by CER of reference
material in that article. It is noteworthy that this graph is not a very accurate comparison because
of different reference materials, different experimental setups, and different erosion conditions
used in the previous studies. However, it provides general ideas about the potential of different

surface engineering techniques or materials to combat erosion.

Nitriding is the most common thermochemical treatment applied on titanium alloys.
Nitrided Ti6A14V demonstrates superior erosion resistance almost at all of the previous studies,
shown in the second column of Figure 1-12. Erosion performance of nitrided Ti6Al4V depends on
the utilized nitriding parameters which are reviewed in chapter 4. Sprayed cermet coatings are
found resistant to erosion; however, large variation can be seen for their performance [48, 62, 79].
In a few cases, they showed even worse performance compared to the substrate. The reasons for
such variation are explained in chapter 5. Laser hardening enhanced the erosion resistance of
Ti6Al4V and stainless steel in all previous investigations. Unlike laser hardened samples, vapour
deposited hard films do not always show superior erosion resistance. The last column in Figure 1-
12 indicates that the ratio of erosion resistance of coated sample to that of reference material is
between 0.4 and 11. This ratio is highly dependent to the mechanical stability of deposited thin
films, their thickness, and erosion severity. The more aggressive the erosion conditions, the less

the erosion resistance of vapour deposited samples.
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Figure 1-12: Cumulative erosion resistance of TiAl intermetallic and surface treated Ti6AI4V normalized to that of
reference material [48, 61, 67, 68, 74-76, 78-81]
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1.3.  Objectives

The main objective of this research is to improve water droplet erosion resistance of gas
turbine compressor blades. Two approaches are used to tackle this objective: (1) proposing an
erosion resistant alloy which can be potentially used for the compressor blade; (2) enhancing the
erosion resistance of Ti6Al4V using two different surface treatments. To achieve the main

objective, the sub-objectives are defined as follow:

- Studying water droplet erosion of nearly fully lamellar TiAl alloy
o Investigating erosion performance of TiAl compared with Ti6Al4V at different
impact velocities and droplet sizes
o Understanding the erosion damage mechanism of TiAl alloy at different phases of
erosion including the incubation, material loss initiation and advanced stages
- Studying the influence of gas nitriding treatment on water droplet erosion behaviour of
Ti6Al4V
o Investigating the erosion performance of Ti6Al4V which are nitrided at different
conditions in comparison with non-treated Ti6Al4V
o Understanding the erosion damage mechanism of gas nitrided Ti6Al4V
- Exploring the potential of WC-Co coating sprayed by HVOF technique to combat water
droplet erosion damage
o Investigating the erosion performance of WC-Co coatings sprayed at different
conditions in comparison with Ti6Al4V

o Understanding the erosion damage mechanism of thermal sprayed WC-Co coating
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1.4. Thesis layout

This section outlines the format of the current manuscript-based thesis. This document
consists of six chapters. Chapter 1 gives an introduction about water droplet erosion. The physic
of solid/liquid impact are briefly described, the erosion damage mechanism is reviewed, and the
common methods to represent the erosion results are highlighted. Afterward, the objectives of this
thesis are presented. In chapter 2, the erosion performance of TiAl is investigated compared with
Ti6Al4V. The influences of impact velocity and droplet size are examined on the erosion
behaviour of these structural alloys. In addition, the critical impact speed or damage threshold (V¢)
for water droplet erosion of TiAl is determined. In this chapter, it is verified that water droplet
erosion resistance of TiAl is superior to that of Ti6Al4V at all erosion conditions. Hence, chapter
3 presents in-depth investigation of WDE damage mechanism for nearly fully lamellar TiAl alloy.
The eroded coupons at different phases: incubation, material loss initiation, maximum erosion rate
and advanced stages of erosion are characterized. In order to address the second approach
mentioned in the objectives, chapter 4 is dedicated to the influence of gas nitriding on water erosion
behaviour of Ti6Al4V. Ti6Al4V specimens which were nitrided at two different temperatures (900
and 1050°C) for 5 and 10 hours are characterized. Their erosion behaviour in comparison with as-
received and annealed Ti6Al4V are examined at two different impact speeds. Afterwards, erosion
damage mechanism of the nitrided coupons is described. In chapter 5, potential of WC-Co thermal
sprayed coatings are examined to combat water droplet erosion. Two different WC-Co powders
were sprayed using HVOF technique, and two relatively thick cermet coatings with different
microstructures were obtained. Their erosion performance in comparison with the as-received
Ti6Al4V are explored at three different impact speeds (i.e. 250, 300, and 350m/s). Afterward, the
erosion damage mechanism of coatings with splat microstructure are explained. Chapter 6
summarizes the findings in this research and presents the conclusions, contributions, and
recommendations for future work. At the end of each manuscript, a short text is added to connect

the chapters and ensure the coherency of the thesis.
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ABSTRACT
Water Droplet Erosion (WDE) as a material degradation phenomenon has been a concern

in power generation industries for decades. Steam turbine blades and the compressor blades of gas
turbines that use water injection usually suffer from WDE. The present work focuses on studying
erosion resistance of TiAl as a potential alloy for turbine blades compared to Ti6Al4V, a frequently
used blade alloy. Their erosion behaviour is investigated at different droplet impact speeds to
determine the relation between erosion performance and impact speed. It is found that the
relationship is governed by a power law Equation, ER ~ V", where the speed exponent is 7-9 for
Ti6Al4V and 11-13 for TiAl There is a contrast between the observed speed exponent in this work
and the ones reported in the literature for Ti6Al4V. It is attributed to the different erosion setups
and impingement conditions such as different droplet sizes. To verify this, the erosion experiments
were performed at two different droplet sizes, 464 and 603um. TiAl showed superior erosion
resistance in all erosion conditions; however, its erosion performance exhibits higher sensitivity to
the impact speed compared to Ti6Al4V. It means that aggressive erosion conditions decrease the

WDE resistance superiority of TiAl.

!In this article, Mr. Kirols helped with the experiments. In addition, Dr. Kevorkov, as the Research Associate at
TMG, and Dr. Jedrzejowski, as the industrial partner, helped in the interpretation of the results.
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2.1. Introduction and literature review

Water droplet erosion (WDE) is a result of repetitive high-speed water droplet impacts on
solid surfaces which generate impulsive pressures [2]. This impact wear phenomenon seen on
high-speed moving components in environments containing water droplets has always been a
challenge, as it may decrease their service life. For instance, water is sprayed to cool down the air
intake to gas turbine compressors [9]. As a result, high speed impingements between the applied
water droplets and the compressor’s rotating blades cause WDE, especially for their leading edges.
Moreover, the water droplets form at the low pressure stages of steam turbines due to steam
condensation, which results in erosion of the blades [2, 11]. The erosion of these components
reduces, to a great extent, the power generation efficiency of turbines [9, 11]. Water impingement
erosion can also be observed in aircraft's aerofoils, missiles and helicopter rotors which is called
rain erosion [2]. WDE is a complicated combination of several phenomena. The imposed normal
pressure, the subsequent stress waves and the formed outflow jets are the main reasons for damage
in the target material [2, 24]. The magnitude of impact pressure, area exposed to stresses and time
duration of each impact pulse are functions of impingement conditions. Velocity of outflow jets
and subsequent stresses also depend on the impact conditions [47]. Hence, determining theoretical
and empirical relationships between the erosion rate or erosion resistance (reciprocal of material
loss rate) and the WDE test parameters including impact speed and droplet size have been

attempted by several scientists [24, 47, 57].

Theories based on the normal impact stresses (water hammering), stress waves, and energy
transferred to the target were proposed in the literature for WDE [24, 47, 57]. The impact speed is
the main parameter considered in all of them. It was also confirmed by experimental results [7, 8,
46, 48, 58] that the erosion performance and the damage mechanism change significantly at
different impact speeds. Experimental data were fitted to different functional forms in order to find
the relationship between the erosion performance (erosion rate) and the impact speed. The most

important ones were summarized by Heymann [47] and are listed below:

ER = qV" Equation 2-1
ER =a(V -V)" Equation 2-2
ER = ae™ Equation 2-3
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where ER is the erosion rate, V' is the impact speed, Vc represents the threshold speed and a is a
constant. The simple power relationship, Equation 2-1, is the most used form to correlate £ER and
V' [46-48]. However, it implies that WDE takes place regardless how low the impact speed is.
Whilst, the common thought is that there is a critical or threshold speed called V¢, below which
erosion does not take place. Therefore, an erosion-impact speed relationship based on this concern
was developed, Equation 2-2 [47], to fit the experimental data. Nevertheless, it was not as
accurately representing the experimental results as Equation 2-1, in the usual range of impact
speeds (1.5<V/Vc<3). Another relationship based on the analogy of fatigue is Equation 2-3;
however, it was not referred to in the literature as much as the first two Equations [47, 66]. The
speed exponent in Equations 2-1 and 2-2 is an important value in the erosion performance
investigations. It was claimed that the erosion damage is proportional to V? for solid particle
erosion [48]; however, it is not the case for water droplet erosion. A list of the reported speed
exponent (n) values for different materials and their test conditions are summarized in Table 2-1.
It is worth mentioning that the way of representing the ER .4y is different in each case as explained

in the table.
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Table 2-1: The impact speed exponent in Equation 1-1 found in different water erosion investigations

Range of
| - Speed
) 1mpact Impinging water )
Authors Tested material . ER representation exponent
speeds conditions
range (n)
(m/s)
Al Ni, 316
Thiruvengadam ) 800um, water jet, Maximum material
Stainless Steel, 90 - 250 ) 5-7
et al. [46] rotating arm loss rate, cc(hr)™!
Ti6Al4V
45 to 130pum,
Stainless steel,
water droplet,
TiN coated steel, Erosion damage
Oka et al. [48] 60 - 300 spraying water 3-55
Sprayed cermet rate,mm>(kg)!
) droplets on a
coating )
stationary target
Zinc sulfide 700 to 1800um, ) .
i Transmittance loss
(for Infrared water droplet (rain )
Hackworth [58] ) 200 - 350 ) ) rate (not material loss), 9-14
window erosion), rotating )
o % loss (min)!
application) arm
Erosion resistance
100-350pm, )
) ) (reciprocal of average
Stainless steel, spraying water )
Ahmad ef al. [8] 350 - 580 material loss rate) at 50 3.8-53
Ti6Al4V droplet, rotating )
hours erosion,
arm
sm'’!
Average material loss
50um, water
Tsubouchi et al. ) rate at 30 hours
Stainless steel 450 - 630 droplet, rotating 5

[82]

arm

erosion,

mm(h)!

*Since the rain erosion of materials for infrared window application was studied, the transmittance loss with respect
to the original transparency was considered.

Clearly, studying the influence of impact speed on water erosion was not carried out based

on a standard method. Its influence has been studied using different erosion indicators. Some

research groups [8, 58, 66, 82] compared the average erosion rate at a specific exposure time (e.g.,

30 hours). This type of comparison can be questionable because after 30 hours different samples

might be at different erosion stages when tested at different speeds. Studying the relationship

between impact speed and maximum erosion rate, Thirwvengadam’s work [46], eliminates this

concern. Moreover, with the large number of available experimental data, it was concluded that
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even the best proposed erosion rate-impact speed relationship would only fit the data over a limited
speed range [47, 66]. Indeed, this relationship is a function of water droplet erosion conditions and
target material properties. The observed speed exponents for erosion rate-impact speed
relationship, which can be seen in Table 1, are different because of diverse erosion conditions.
Considering all of these studies [7, 8, 46, 48, 58, 66, 82], it seems that using a standard method to
find a dimensionless maximum erosion rate and determine its relationship with impact speed is
necessary. This approach is proposed by ASTM G73 standard [54] and is used in this study to

calculate dimensionless erosion rate, unlike the previous works [8, 46, 48, 58].

Droplet size and its shape also affect the erosion damage. Unlike impact speed, the
magnitude of impact stress was defined as independent of the droplet size or shape [24, 47, 57].
However, their influence on the erosion damage was observed in several experimental studies [7,
51, 66, 83, 84]. Honegger [7] carried out erosion experiments using 500 and 1,500um jets and they
found significant difference in the erosion damage. The difference was function of the utilized
impact speed. Indeed, at high impact speeds, the influence of water jet diameter on the erosion
damage decreases. The erosion damage caused by six different jet diameters ranging from 1,000
to 2,500pm was compared in another work [66]. For the jet diameters less than 1,600um,
incubation period increased considerably by decreasing jet diameter. The influence of jet diameter
on the incubation period was confirmed also by Hancox and Brunton for jets smaller than 1,000pm
[39]. It was demonstrated [47] that threshold speed which corresponds to the erosion endurance

was influenced by jet diameter based on the following relationship.

VZD = Critical — Velocity — Constant Equation 2-4

Heymann suggested that Equation 2-4 can be generalized for water droplet erosion [47];
however, it was not verified experimentally. Decorso ef al. [83] confirmed that the larger the water
droplets, the lower the threshold speed. They concluded that for the equal volume of impacting
water, droplet size considerably affects the erosion damage for impact speeds close to the
threshold. However, it does not influence the erosion when erosion tests are carried out at the
impact speeds well above Vc. In the case of small droplets, the higher V¢ and longer incubation
period were attributed to the attenuation of impact stresses, less energy transferred to the target
and lower chance for large fragment detachment [47]. Despite the mentioned explanation, there is

no complete agreement on the reasons for the influence of water droplet shape and diameter.
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Recently, Hattori ef al.[84] and Ahmad ef al.[51] reported that the erosion rates of Al and Ti6A14V
are found to be proportional to the droplet diameter as, ER « V*7 for Al and ER o V2> for
Ti6Al4V. It is a notable dependency, which cannot be justified only by different duration of impact
pulse or area exposed to the impacts. Therefore, more investigations need to be carried out in order

to clarify the role of droplet size on the erosion damage.

Additionally, target material characteristics are effective parameters for water droplet
erosion damage. Hardness, yield and ultimate strength, strain energy, modulus of resilience,
hardenability, and crack-growth rate as a function of stress intensity (Paris law) are the mechanical
properties of target material which were found to play roles in erosion damage [2, 39, 66]. None
of these parameters has been accepted as the only index for erosion performance. Hardness is the
most common property to which difference in erosion performance of materials relate. Heymann
[66] reported that erosion resistance of metals is proportional to the target hardness as, o< HV %5,
He did not observe direct relationship between strain energy or modulus of resilience and erosion
resistance. An empirical value, which is the product of strength squared and modulus of elasticity,
0.°E, showed the best correlation with the WDE performance among the mentioned mechanical
properties. Heymann [66] demonstrated that WDE resistance is proportional to (a,°E)”>. Hence,
the higher the strength and modulus of elasticity, the higher the erosion resistance. Such values
can be only assumed as primary indications for the erosion performance. However, to study the

WDE behaviour measuring the erosion resistance by itself is essential.

Over the years, TiAl alloys have been considered as suitable materials for aeroengine
applications, such as engine vanes or blades [85]. Their high specific strength, modulus of
elasticity, hardness, fatigue strength, and hardenability make them potential candidates for wear
and erosion applications. These alloys were investigated mostly for high temperature applications
[85, 86]. However, some promising results about their cavitation erosion behaviour at room
temperature were reported [68, 87]. Nakao et al. [87] investigated the cavitation erosion of
different TiAl-based alloys compared to pure titanium and austenitic stainless steel. They reported
that TiAl showed 20-30 times better cavitation erosion resistance than the other alloys. Howard
and Ball [68] attributed the high cavitation erosion resistance of TiAl alloys to their initial high
tensile strength and high work hardening rate, compared to 304 stainless steel and WC-Co. High

strain hardening of TiAl works as a surface treatment and leads to hardness increases upon water
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droplet impact, which is beneficial for erosion performance. They also proposed that the erosion
mechanism is based on the “twinning deformation” that happened in this alloy. Twinning at the
tip of large cracks impedes their propagation and causes the formation of micro-cracks instead
[69]. Such behaviour results in the decrease of crack growth rate, and it was mentioned as another
reason for superior cavitation erosion performance of TiAl alloy [68]. Thereby, if twinning occurs
upon water droplet impact, a deceleration in crack growth rate is expected, which is beneficial for
WDE performance. Despite the great potential of TiAl alloy to combat WDE, their water droplet

erosion behaviour could not be found in the literature.

The main objective of this work is to study the WDE performance of TiAl compared with
Ti6Al4V. This has been accomplished through the following sections. First, the erosion
performance (incubation period and maximum erosion rate) of TiAl and Ti6Al4V alloys at
different impingement conditions are compared and their differences based on the mechanical
characteristics and microstructural changes are justified. Secondly, the erosion rate-impact speed
relationships for TiAl and Ti6Al4V, which is also referred to as Ti64, are determined. Finally, the

threshold speed or the erosion endurance of TiAl alloy for different droplets sizes is determined.

2.2.  Materials and experimental procedures

2.2.1. Materials

An annealed Ti6Al4V sheet and a heat treated Ti45A12Nb2Mn0.8TiB; (45-2-2XD) plate
were received from Titanium Industries Inc. and Rolls-Royce Canada Ltd., respectively. They are
referred to as Ti6Al4V and TiAl. Erosion specimens (23mmx*8mmx>3mm) were prepared from
these two alloys. The target surfaces were ground using SiC grinding papers of 600 grit size. The
surface roughness of erosion coupons was kept as similar as possible to minimize its influence on
the erosion behaviours. The received Ti6Al4V contains o and B phases with a homogenized
equiaxed microstructure as shown in Figure 2-1-a. The studied TiAl alloy was received as a plate
undergone a special treatment (i.e. hot isostatic pressed and then heat treated). TiAl alloy has nearly
fully lamellar microstructure composed of a» phase in y phase matrix, as shown in the Figure 2-1-
b. The density and mechanical properties of these alloys including their young’s modulus, yield
strength, and modulus of resilience are listed in Table 2-2. The young’s modulus was taken from
the literature [69, 88, 89]. The yield strengths values were inferred from the hardness measured in

this work. They are approximately 1/3 times the Vickers hardness [90]. Modulus of resilience was
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derived from the yield strength and Young’s modulus. In this work, erosion performance are

explained based on the mechanical properties and microstructures.

Figure 2-1: SEM micrographs of: (a) annealed Ti6Al4V, (b) HIP TiAl

Table 2-2: Mechanical properties of Ti6AI4V and TiAl* [69, 86, 88-91]

) Young’s Yield  Modulus of Resilience,
Density

Modulus  Strength oy’ 2E
(g/en’)
(GPa) (MPa) (kJ/m>)
Ti6Al4dY  4.42 113 993 4.36
TiAl 4.00 160 1120 3.92

* Mechanical properties of TiAl may vary with microstructure;
however, the most corresponding ones are presented here.

2.2.2. Water droplet erosion test

Water droplet erosion tests were performed using a rotating disk erosion rig with controlled
conditions. It was designed based on the ASTM G73 standard [54]. It provides simulated
impingement conditions between high speed rotating blades and liquid droplets for erosion studies.
A schematic of the erosion rig including water droplet generation system is presented in Figure 2-
2. The rotating disk can reach a maximum linear speed of 500m/s. Erosion test coupons should be
mounted on the disk and based on the desired impact speed, the rotation speed would be set. The
coupons mounted on the rotating disk are subjected to the water droplets with an impact angle of
90°, as can be seen in Figure 2-2. In order to produce the water droplets, distilled water is pumped

into the droplet generation system after passing through 5 micron filters.
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Figure 2-2: Schematic of the water droplet erosion rig and droplet size measuring setup

The water generation system includes a flow meter, a pressure gauge and a nozzle. The
pressure of the pumped water and its flow were optimized to have water droplets in desired size
and narrow size distribution. The nozzle is shielded against the turbulence occurring inside the
chamber to ensure the straightness of water stream with minimum deviation and droplet distortion
till impact. To acquire the droplet size distribution, a transparent box, shown in Figure 2-2,
simulating the erosion chamber in terms of its pressure and the water droplets conditions was used.
The water droplet diameters were measured in the box when the same water droplet generation
system, nozzle, back pressure and flow rate were utilized. The falling droplets were monitored
using a high speed camera and the diameters of 200 droplets were measured. The erosion test
results are presented in the form of cumulative material loss versus cumulative exposure.
Accordingly, the erosion tests were divided into several time intervals, in order to measure the
mass loss per interval. After each interval, coupons were weighed five times. Their average weight
was recorded and the difference from the initial mass is taken as the cumulative mass loss. The
volumetric material loss was derived using the measured eroded mass and the density of the tested
alloys. To make the erosion results consistent and following the ASTM standard, the obtained
volume loss was normalized by the area exposed to droplet impacts. Such area was measured from

the optical micrographs recorded at the beginning of the maximum erosion rate stage. Other
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erosion characteristics were obtained from these water erosion graphs. Since all the erosion results
are derived from mass loss, a high precision (0.1mg) balance was used. The maximum observed
standard deviation was 0.2mg, which is less than 2% of the average measured mass loss after each

interval.

The erosion curves were plotted according to the ASTM G73 standard [54]. The erosion
performance variables, incubation period and maximum erosion rate, were determined from the
graphs. Since quantitative comparison among different impingement conditions is one of the goals
of this study, rationalized and dimensionless values for erosion rate and erosion time were utilized,
based on the ASTM standard. Therefore, specific impact and rationalized erosion rate (RER) are

defined [54] as:

o Total number of impacts X Area influenced by one droplet ,
Specific impat = _ Equation 2-5
Total surface area exposed to erosion

Volume of impacting water droplets Equation 2-6

Impi trate (U;) =
mpingement rate (Uy) Unit time X Area influenced by one droplet

. , , Volumetric erosion rate .
Rationalized erosion rate (RER) = : Equation 2-7
U; X Total surface area exposed to erosion

According to the ASTM G73 standard [54], straight line best fit for the maximum slope
points was plotted and its slope was considered as RERu.x. The incubation period (Hp) was

determined as the intersection of the fitted line with the X-axis.

As explained earlier, the threshold speed corresponds to the impact speed below which a
very long incubation period can be seen. To determine the threshold, this long incubation needs to
be defined. In this work, V¢ corresponds to the speed at which one million droplets impacts per
Imm? do not cause measurable mass loss. It is noteworthy that 25m/s is the used interval in this
work to study the influence of impact speed. Hence, the real critical impact speed would be
between Vc (the speed at which one million droplets impacts per Imm? do not cause measurable
mass loss)and Vc+25 (the speed at which one million droplets impacts per Imm? cause measurable
mass loss). Here, Vc which is the minimum of this range is reported as the critical impact speed

for safety measures.

33



An important aspect for experimental work is the repeatability of the tests. Therefore, the
following experimental conditions were monitored and their repeatability was verified using
sensors and gauges available on the test setup: stability of speed (rpm), stability of vacuum, and
vibration. In order to ensure the repeatability and reliability of WDE test results, three specimens
from annealed Ti6Al4V alloy were prepared. The material and its properties are assumed to be
identical. Three erosion tests were performed at the same conditions, 350m/s impact speed and
464um droplet size. The results are presented in Figure 2-3. They are consistent; however, some
deviations can be seen. Similar deviations were reported in the literature [8]. The degree of
deviation increases with the erosion time and higher deviation can be seen at the last stages.
Erosion initiation and material loss is a function of coupon surface quality [2, 54]. There is less
deviation at the initial stages because of the preparation of the coupons, which leads to similar
surface conditions. It is not the case for the later stages, since the formation of craters change the
surface topography with same degree of variability and lead to different hydrodynamic loadings
and subsequently mass loss variation. The mass loss per interval was measured and the maximum
standard deviation of mass loss in each interval was 1mg among the replicas, even at the later
stages. The coupon resulting surface topography, impurities in the water, accuracy of the used
balance and microstructural variations might be the reasons for such differences. In the current
study, the influence of impingement speed on the erosion behaviour of Ti6Al4V and TiAl is
studied. Four different impact speeds, 275, 300, 325, 350m/s, and two different droplet sizes are
investigated as the erosion test conditions. Nozzle 1 and 2 were used to generate different droplet

sizes of 464um and 603um, respectively.
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Figure 2-3: Erosion results of three Ti6Al4V coupons tested at 350m/s impact speed and 464um droplet size
showing repeatable experimental results

2.2.3. Imaging techniques

To document the microstructures of the as-received materials, a Hitachi S-3400N Scanning
Electron Microscope (SEM) equipped with a backscattered electron detector was used. During the
erosion experiment and after each time interval, the erosion craters were observed using an optical
microscope MEIJI Techno IM7100 and their images were recorded. These optical images provide

general idea of how erosion damage initiates, progresses and forms a complete erosion line.

2.2.4. Hardness measurements

Vickers hardness tester was used to measure the surface hardness of Ti6Al4V and TiAl
specimens. Five indentations were performed (10kg load) at different positions on the test samples
and their average value was taken as the hardness. In order to compare the mechanical behaviour

of tested specimens, their yield strength values were inferred from their measured hardness.

2.3. Results

2.3.1. Surface hardness and roughness of erosion test coupons

The surface roughness and hardness of prepared coupons were measured after polishing.
Respectively, 0.082+0.007 and 0.078+0.004pum are the surface roughness of Ti6Al4V and TiAl.
Although they were polished using 600 grit SiC grinding papers, small variation are observed for
the values of surface roughness. The hardness of Ti6Al4V and TiAl was found to be 284 and
338HV0, these values are the averages of 5 readings. The hardness measurements were close and

standard deviations were 12.5 and 9.1 for Ti6Al4V and TiAl, respectively.
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2.3.2. Droplet size distributions
The diameters of 200 water droplets coming from each nozzle were measured using a high

speed camera and their distributions are presented in Figures 2-4 and 2-5.
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Figure 2-4: The number and volume droplet size distributions of 200 droplets generated using nozzle 1
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Figure 2-5: The number and volume droplet size distributions of 200 droplets generated using nozzle 2

Based on the droplet size distribution, the diameter of 78% of droplets range from 440 to
490um in case of nozzle 1 and the diameter of over 80% of droplets range from 575 to 635um for
nozzle 2. Also, the presented volume fractions verify that a large volume of water (more than 75%)
impacts the coupons as the droplets with diameter in the range of 430 to 490pum and 575 to 635um.
The arithmetic mean diameter based on the number of droplet counts was calculated as 464um for
droplets generated by nozzle 1 and 603pum for the ones generated by nozzle 2. To address droplet

size further, these mean diameters are used.
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2.3.3. Water droplet erosion performance of TiAl and Ti6Al4V alloys

2.3.3.1. Cumulative erosion, incubation period and maximum erosion rate

The erosion results are reported based on the cumulative material loss versus cumulative
exposure. The cumulative material loss is defined as the difference in volume between the as-
received specimen and the eroded specimen. The cumulative exposure can be represented using
different parameters such as erosion time, number of impingements, and volume of water
impacting the coupon [7, 8, 46, 48]. In this study, the cumulative volume of water impinging the
surface was used to represent exposure, which results in a dimensionless erosion rate. It is
noteworthy that in most of previous studies [8, 46, 58] either the number of rotations (in rotating
arm designs) or exposure time (hours or minutes) were reported as the cumulative exposure
parameter. These do not accurately describe WDE, since in most of these studies, the actual amount

of water droplets impacting the samples was not known.

The erosion tests results of the current study are presented in Figures 2-6 and 2-7. They are
plotted as the volume loss of material per unit area (mm?/mm?) versus the volume of impacting
water droplets per unit area (mm?/mm?). In each figure, the erosion behaviour at constant droplet
size but different velocities is demonstrated. Different stages of erosion damage can be easily
identified in the plotted graphs of Ti6Al4V. However, this is not the case for TiAl alloy at low

impact speeds and small droplets, where erosion did not reach the terminal stage as shown in

Figure 2-7-a.
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Figure 2-6: Water droplet erosion results, material loss versus volume of impinging water, for Ti6Al4V specimens
tested at different impact speeds and droplet size of (a) 464um, (b) 603um
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Figure 2-7: Water droplet erosion results, material loss versus volume of impinging water, for TiAl specimens tested
at different impact speeds and droplet size of (a) 464um, (b) 603um

Different trends were observed for Ti6Al4V and TiAl alloys’ erosion performance with

changing the impact speed. The general propensity is that the higher the impact speed, the more

the erosion damage. Furthermore, the larger the droplets size, the less the incubation period and

the higher the maximum erosion rate. This is more evident for the erosion of Ti6Al4V. Here,

erosion performance is represented by the incubation period (in terms of specific impacts), and the

maximum erosion rate. These values were determined and plotted in Figures 2-8 and 2-9. TiAl

shows 6 times lower RER . than Ti6Al4V and more than 3 times longer incubation at the least

severe erosion condition. In case of the most aggressive erosion condition, it exhibits 2.5 times

lower RER nqx than Ti6Al4V and only 2 times longer incubation period.
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Figure 2-8: Maximum erosion rate of Ti6Al4V and TiAl alloys eroded by 464 and 603um water droplets at four

different impact speeds
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Figure 2-9: Incubation period of Ti6Al4V and TiAl alloys eroded by 464 and 603um water droplets at four different
impact speeds

2.3.3.2. Influence of impact speed on incubation period and erosion rate

Increasing the impact speed results in increasing the localized impulsive pressure on the
target. The pressure resulting from liquid-solid impingement, known as the water hammer

pressure, was firstly explained based on one-dimensional liquid-solid impact model [6].

P = poCoV Equation 2-8
where py is the liquid density, Cy represents the speed of sound in the liquid and V is the impact
speed. It is a simplified condition which is not an accurate representation of reality. Heymann [24]
theoretically analyzed and proposed a more accurate model to include the effect of shockwave

formation.

%4
P =pyCoV[2+ (2K —-1) C_] Equation 2-9
0

where £ is an impinging liquid constant. The impact pressure is presented independent of the
droplet size. In this study, Heymann’s Equation is used to calculate the impact pressure
corresponding to different erosion conditions. In the case of water droplet erosion &, po and Cy are

2, 1,000kg/m> and 1,463m/s [24], respectively.

In addition, the time duration of an impact pressure pulse was found to be a function of

droplet diameter and Equation 2-10 was introduced by Bowden and Field [21, 38].
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= Equation 2-10
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where r represents the radius of the water droplet front curvature, and Cs is the shock wave velocity
in the water droplet. Table 2-3 presents the impact pressure and duration of each impact pulse

which help to explain different erosion performances.

Table 2-3: Impact pressure and time duration of one impact pulse calculated for different erosion conditions based
on Equations 2-9 and 2-10

Impingement conditions Impact Duration of
Droplet size Impact pressure the impact
(um) speed (m/s) (MPa) pulse (us)
275 1032 0.0234
300 1148 0.0243
464
325 1268 0.0251
350 1392 0.0258
275 1032 0.0307
300 1148 0.0319
603
325 1268 0.0330
350 1392 0.0339

Figures 2-10 and 2-11 show the relation between the incubation periods of Ti6Al4V and
TiAl alloys and impact speeds/impact pressure. The plotted curves show similar behaviour to
fatigue S-N curves. To find the erosion endurance of TiAl eroded by 464um water droplets, the
range of impact speeds was widened and erosion experiment was carried out at speed down to
250m/s. At this speed, no mass loss was observed after one million droplet impacts per 1mm?
corresponding to 240,000 specific impacts. Hence, 250m/s was assigned as the threshold speed for
TiAl when 464um droplets were utilized, shown by arrow in Figure 2-10. Knowing V¢ in case of
464um water droplets and using Equation 2-4, the critical-velocity-constant of TiAl was
calculated. Based on this constant and Equation 2-4, we should be able to estimate V¢ in case of
using any droplets size for TiAl. To prove that, the threshold speed for 603um droplets were
theoretically calculated and the corresponding experiment for that speed were carried out. The Ve

for 603um was calculated to be 202m/s. Then, the erosion experiment was carried out at 200m/s
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impact speed. No erosion damage was detected after one million impacts per 1mm? (280,000
specific impacts), shown in Figure 2-11. Therefore, 200m/s was assigned as threshold speed of
TiAl when eroded by 603 um water droplets. The experiment proved that Equation 2-4 is applicable
to find the threshold speed for TiAl alloy when subjected to water droplet erosion.

In contrast to TiAl, the critical-velocity-constant could not be calculated for Ti6Al4V from
the curve presented in Figure 2-10. Indeed, the critical-velocity-constant is a function of target
material and its mechanical properties. Since Ti6Al4V shows lower erosion resistance compared
to TiAl and presents much shorter incubation periods, additional experiments corresponding to the
lower impact speeds are essential to determine threshold speed. Therefore, it will be the subject of

a future study.

360 1450
t s Tic4 = TiAl
~ 330 1300
S <
g e
=300 . 1150 >,
2z by
2270 . 1000 2
4 250m/s, Vo forT8A1 — §
5 240 850 £
< b
= 2
E210 00 &
=
180 RN TN WS N NN T N NN TN AN TR TN SN N N1 L [ N T T 550
0.0E+0 5.0E+4 1.0E+5 15E+5 2.0E+5 2.5E+5 3.0E+5

H, (specific impact)

Figure 2-10: The dependency of Ti6AI4V and TiAl incubation period on the impact speeds when they are eroded by
464um water droplets. The arrow indicates the test performed at 250m/s caused no measurable erosion after 10°
impacts
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The maximum erosion rate versus impact speed for Ti6Al4V and TiAl are presented in

Figures 2-12 and 2-13. The experimental data are plotted in log-log graphs and fitted using a power

law relationship. The slope of the fitting line is reported as the speed-dependency-exponent. In the

case of the 464um droplets, it was found that the ER .4y 1s related to the impact speed with 8.9 and

12.5 exponents for Ti6Al4V and TiAl, respectively. However, for 603um droplets, it was found to

be 7.7 and 11.5, respectively. Ti6Al4V and TiAl are considered as erosion resistant alloys, but

their material loss rates were increased notably with increasing the impact speed. TiAl erosion

resistance drops significantly by increasing impact speed.
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Figure 2-12: Dependency of maximum erosion rate on the impact speed for Ti6AI4V and TiAl alloys eroded by

464um water droplets
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Figure 2-13: Dependency of maximum erosion rate on the impact speed for Ti6Al4V and TiAl alloys eroded by
603um water droplets

2.3.3.3. Comparison between TiAl and Ti6Al4V WDE performances

In order to compare the response of TiAl with that of Ti6Al4V during the erosion test, the
percentage of superiority at each interval versus volume of impinging water was plotted at different

impact speeds. Figures 2-14 and 2-15 exhibit these graphs for 464pum and 603pum droplets.

Volume loss of Ti6Al4V — Volume loss of TiAl

0 Equation 2-11
Volume loss of Ti6Al4V * 100 (%) 7

Material loss superiority of TiAl =

TiAl shows superior erosion resistance in all WDE test conditions used in this study. In the
case of low impact speeds or small droplets, higher superiority can be seen. However, difference
in erosion performance becomes less significant at high impact speeds or large water droplets.
Indeed, TiAl shows very high erosion resistance as the severity of the erosion conditions decreases.
In order to understand these material loss superiority graphs, the curve corresponding to 325m/s
impact speed and 464pum droplet size, shown by triangle markers in Figure 2-14, is explained here.
At the beginning of the experiment and during the incubation of Ti6Al4V and TiAl, superiority is
meaningless, zero divided by zero in the Equation 2-11, and it is not reported in the graph. Thereby,
the curves do not start from zero, shown in the magnified parts of Figure 2-14. The beginning of
the curve is once the material loss of Ti6Al4V initiates (point a). This point represent 100%
superiority of TiAl since it did not lose any material yet, but Ti6Al4V did. The graph continues
with 100% superiority until TiAl material loss initiates (point b). Further impacts lead to TiAl

material loss and decrease in superiority from point b to point c¢. The reduction of erosion
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superiority is attributed to the different erosion stages experienced by the specimens. For instance,
when Ti6Al4V is undergoing a reduction in the erosion rate in the last stages of erosion
(deceleration or terminal erosion rate), TiAl might still be in the second or third stages of erosion
(acceleration or maximum erosion rate). The superiority curve keeps decreasing until it reaches a
plateau (point d), when 30,000mm? of water impacted 1mm? of target surface. This plateau is

detected because both specimens reach their terminal erosion stages.

It is expected to see such plateau of superiority for all conditions when both specimens
reach their terminal erosion rate stage. This plateau was observed for some of the experiments
performed mainly at severe conditions such as 48% for 464pum and 325m/s or 12% for 603um and
350m/s. However, it was not revealed for the experiments performed at low impact speeds because
the terminal stage of erosion for TiAl was not reached in these conditions. This type of
representation is very helpful for the erosion comparison of two bulk materials especially their
behavior at the later stages. The value of plateau can be reported as the superiority of TiAl at later

stages of service compared to Ti6Al4V.
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Figure 2-14: Material loss superiority of TiAl compared to Ti6Al4V during the WDE test performed using 464um
drops
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Figure 2-15: Material loss superiority of TiAl compared to Ti6Al4V during the WDE test performed using 603 um
drops

2.3.3.4. Microscopic observation of erosion damage

As mentioned, the WDE tests were interrupted at different time intervals to weigh the
coupons and record the material loss. Moreover, the areas exposed to the impacts were observed
under an optical microscope to document the erosion features during the test. As a result, the pitting
at different positions, the growth of eroded regions, their merging, formation of craters and grooves
were recorded for the whole WDE test. For instance, the eroded Ti6Al4V and TiAl tested at impact
speed of 325m/s and droplet size of 603um are illustrated in Figure 2-16. Pitting and erosion
damages can be seen on Ti6Al4V earlier than TiAl, which corresponds to the observed longer
incubation for TiAl. The material loss rate for both alloys increased after the formation of initial
pits. However, there is a considerable difference between Ti6Al4V and TiAl erosion progression.
Ti6Al4V lost material from all area exposed to the erosion. The pits merged with one another and
formed complete erosion crater after three minutes erosion. Nevertheless, in the case of TiAl
instead of fast pits coalescence and having a complete erosion line, the initially damaged areas
mostly got deeper and deeper by water droplet impacts. Then, as the formed pits enlarged by
further impacts, they started to merge. The formation of deeper pits for TiAl compared to Ti6Al4V
at early stages of erosion is shown in Figures 2-17-a and 2-17-c. They demonstrate the cross
sections of typical pits formed during the erosion. Moreover, the cracking behaviours with respect

to the local microstructures are presented in Figure 17-b and 17-d. In the case of Ti6Al4V,
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relatively small intergranular and transgranular cracks can be seen. However, the trasngranular

cracking (combination of interlamellar and translamellar cracks) are dominant in the case of TiAl

Figure 2-16: Micrographs of erosion craters at different time intervals (mentioned between two images) for the
erosion experiments performed at 325m/s impact speeds and 603um droplet size: (a) Ti6Al4V, (b) TiAl

Figure 2-17: Cross sectional SEM micrographs of eroded (a and b) Ti6Al4V and (c and d) TiAl: (a and c) erosion
pits at early stages, (b and d) edges of erosion crater showing the influence of local microstructure on cracking
behavior
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2.4. Discussion

The water droplet erosion performance strongly depends on the erosion conditions, and the
tests need to be done in representative conditions. In order to understand the erosion behaviour of
any material or in the case of comparing the performances of two different alloys, different erosion
parameters need to be evaluated. In this study, the maximum erosion rate and incubation period of
Ti6Al4V and TiAl alloys tested at different impact velocities and droplet sizes are compared.
Furthermore, the erosion dependency of Ti6Al4V and TiAl alloys on the impact speed is

compared. The obtained results are discussed below.

The erosion performance of TiAl is superior compared to Ti6Al4V. Figures 2-8 and 2-9
illustrating the maximum erosion rates and incubation periods confirm the lower ER . and longer
Hy for TiAl. Higher erosion resistance can be explained by two parameters, mechanical properties
and microstructure. The hardness, yield and ultimate strength, modulus of resilience and toughness
are considered important mechanical properties that affect the erosion resistance. The hardness
and strength of TiAl are higher than those of Ti6Al4V (up to 20%). Thus, they are in accordance
with the WDE theories suggesting that these are key mechanical properties to study water droplet
erosion. In terms of energy absorption, it was claimed that the higher the ability to absorb energy,
the higher the resistance to erosion [24, 47]. Because the amount of energy transferred to the target
from impacting water droplet was considered as an important cause of the erosion damage.
Ti6Al4V can absorb more energy than TiAl during elastic deformation, since its modulus of
resilience is higher than that of TiAl (shown in Table 2-2). But, Ti6Al4V showed worse erosion
resistance compared to TiAl and it means high resilience does not indicate high erosion resistance.
Since the energy exerted on the target material upon water droplet impact might exceed the elastic
energy, it may appear more appropriate to consider total absorbed energy before fracture, which is
the toughness [66]. Toughness is roughly approximated by the area under ¢-€ curve of each
material. It is 450,000kJ/m?> for Ti6A14V [88] and 420,000kJ/m?> for TiAl[92] in the case of static
compression condition. Although Ti6A14V possess higher toughness than TiAl, its water erosion
resistance is worse. Thereby, neither static resilience nor toughness can be assumed as a key
mechanical property to address erosion behavior of Ti6Al4V and TiAl. Since there are high speed
impacts and as a result high strain rates, the dynamic mechanical properties of TiAl and Ti6Al4V
should also be considered. The higher the strain rate, the higher the strength and the energy

required to fracture both alloys [91, 93]. However, in the case of TiAl with lamellar microstructure,
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the influence of strain rate on the mechanical properties is significant [93]. Applying the load at a
high strain rate results in much slower crack initiation and propagation rates [93, 94]. Accordingly,
the lamellar TiAl alloy shows much higher strength under dynamic loading conditions than
Ti6Al4V [91, 93]. They can be approximated around 1400MPa for Ti6Al4V and 2000MPa for
TiAl This justifies that TiAl outperformed Ti6Al4V.

Furthermore, the superior cavitation erosion resistance of TiAl was attributed to high strain
hardenability of this alloy by Howard et al. [68]. Here, hardenability means that a higher value of
stress would be required to cause deformation or failure after each collision. Similar condition
might be experienced during water droplet erosion. To study the strain hardening of these alloys,
their hardness were measured in 0.5min intervals during the incubation of water droplet erosion
(i.e. 1.5min for Ti6Al4V and 2.5min for TiAl). Figure 2-18 shows that TiAl hardness increases by
11 and 17% after being subjected to repetitive water droplet impacts for 1.5 and 2.5min,
respectively. However, Ti6Al4V hardness increases by 6% only after 1.5min. Such strain
hardening observed for TiAl can be assumed as an important reason for its superior WDE

resistance especially for its long incubation period and lower maximum erosion rate.
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Figure 2-18: Surface hardness of TiAl and Ti6Al4V presented in 0.5min intervals during the incubation of erosion
experiment performed at 350m/s using 464um droplets

It was proposed by Heymann [66] that an empirical combination of strength and modulus

of elasticity, ¢,°E, is the most corresponding mechanical property to the erosion performance. Thus

Erosion resistance < oZE Equation 2-12
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In order to address the influence of strain hardening coefficient in Equation 2-12, we
assume that there is a linear behaviour for the stress-strain relationship of materials up to yield
point (Hooke’s law). Also, it is supposed that their plastic deformation (from the onset of the plastic
deformation to the tensile strength point) are governed by a power equation (Hollomon’s law). By

equating the stress-strain relationship for elastic and plastic regions at the yield point,

oy = Egy = Kg;l Equation 2-13

the modulus of elasticity can be written as:

E = Kg}(}n—l) Equation 2-14

where K is material’s constant, &) 1is the strain at the yield point and 7 is strain hardening coefficient.

Therefore, Equation 2-12 can be written as

. . n—1 .
Erosion resistance < g2 83(, ) Equation 2-15

TiAl possess higher values for g, and n than Ti6Al4V and it is in accordance with the water
droplet erosion results, where TiAl outperformed Ti6A14V. Hence, hardness, ultimate strength and
strain hardening coefficient are confirmed to be the key mechanical properties influencing erosion

performance.

According to the reported fatigue like mechanism of water droplet erosion [2, 57], the
cracks’ propagation rate and their preferred direction for the studied materials would be important
parameters. Effect of the microstructure is a considerable factor, especially in the case of TiAl [69,
87, 95]. The near fully lamellar TiAl, used in this study, shows superior crack growth resistance
compared to the other TiAl alloys with equiaxed or bimodal microstructure [69]. This was
attributed to the beneficial shielding effects of crack blunting or deflection because of different
colony orientations, shown by black arrow in Figure 2-17-d. Moreover, ligament bridging
toughening is another reason for the high resistance of lamellar TiAl against crack growth [95].
This leads to crack growth deceleration and is shown by white arrow in Figure 2-17-d. Micro-
cracking ahead of the tip of the main crack was also reported to delay the crack propagation
especially in cyclic loading conditions [69]. Such micro-cracking ahead of one long crack can be
seen in Figure 2-17-a. Although cracks deflection, bifurcation, and ligament bridging decelerate
the cracks propagation within the lamellar microstructure, in few cases relatively large cracks are

observed along the craters edges, Figure 2-17-d. Such cracking may cause slow and infrequent
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detachment of relatively large portions of TiAl sample during the erosion. This is not the case for
Ti6Al4V. Indeed, the local microstructure of Ti6Al4V with small and equiaxed a grains leads to
faster cracks coalescence and subsequent material loss. Therefore, fast and frequent detachment of
small fragments would be a dominant damage mechanism for Ti6Al4V. This corresponds to the

lower erosion resistance of Ti6Al4V compared to TiAl.

Unlike Ti6Al4V alloy, the difference in RERqax of TiAl alloy between tests done at the
impact speeds of 300m/s and 325m/s is considerably high, if compared to the RER .. differences
for other speed intervals. It was more evident, when 603um droplets were used in the test. In fact,
RER4x increased more than 6 times when the impact speed increased from 300m/s to 325m/s. It
can be attributed to a certain level of imposed stress causing significantly high crack propagation
rates. Showing this type of critical stresses under dynamic loading is a known behaviour for
intermetallics [69]. Furthermore, in most of WDE studies the water properties were assumed to be
constant, neglecting its viscoelasticity. In light of the results in this paper and considering the high
strain rate during the impact, a hypothesis can be made to explain the sudden increase in erosion
rates for materials at some specific speeds, in terms of the viscoelastic properties of water and their
dependency on impact speed. It is known that for viscoelastic liquids, the speed of impact can
determine their response [22]. Thus, it can affect the amount of energy transferred to the material,
and the amount causing the deformation of the water droplet itself. It was not proved

experimentally; however, this point can be tackled in a future work.

In spite of different available Equations for erosion-impact speed relationship, the
experimental data was fitted using Equation 2-1 as discussed in the results section. The speed
exponent was mainly reported between 5 to 7 for metals [8, 46]; however, it was found to be more
than 7 for Ti6Al4V in this study. In previous works similar inconsistency was observed,
highlighted in Table 2-1. The main reasons for such a difference in values of the speed exponent,
can be attributed to the different WDE rigs, different erosion test conditions and different erosion
indicators on which the influence of impact velocity has been investigated. For instance, the
influence of the impinging water characteristics (shape and size) on the speed dependency
exponent were neglected in most of previous works since they generalized the speed dependency
exponent [46, 48, 58]. The erosion severity including impact pressure and duration of each impact

pulse is a function of both the speed and the water droplet size, Table 2-3. Hence, the speed
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exponents acquired from the tests performed using different conditions for the impinging water
droplets, are expected to have different values. Since there is no clear physical explanation for the
observed trends and the determined speed exponents, the influence of the water droplet conditions
on the erosion rate-impact speed relationship needs to be studied experimentally, while keeping
other parameters constant. In the current study, the experiments were carried out using two
different droplet sizes. The speed exponents were found to be 8.9 and 7.7 for Ti6Al4V in the case
of 464 and 603um droplets, respectively. This observed difference confirms that the speed
exponent is function of droplet size, or generally speaking the “impact conditions”. It verifies
Heymann’s conclusion that the presented erosion-speed relationship with certain exponent,

Equation 2-1, would be valid over limited speed ranges [47].

Furthermore, the properties of target material affect these parameters. Higher speed
exponent was reported for the erosion of ceramics compared to metals [47, 58]. Larger exponent
would imply a higher tendency for brittle failure, and a higher transfer of impact energy through
the interface between the droplet and the target material [96]. There is a notable difference between
Ti6Al4V as a metal and TiAl as an intermetallic in terms of their erosion dependency on the impact
speed. The erosion rate is linked to the crack propagation, and it is the main reason for material
loss in terminal stages of the water droplet erosion damage. For intermetallics, especially TiAl, the
crack propagation rate is extremely sensitive to the stress intensity. It was proved by having a large
exponent in the Paris law [69], which is 5 to 10 times larger than typical values of metallic systems.
Since TiAl tends to act in a more brittle manner due to its high sensitivity to speed increase, it has

higher speed exponent than that of Ti6Al4V which is in accord with the current results.

As mentioned earlier, critical or threshold speeds for the erosion damage were estimated
for TiAl. This approach was used by researchers in the field of cavitation erosion or water jet
erosion [7, 45, 46]. The attempt was to relate the erosion endurance to the fatigue limit.
Thirwvengadam [46] compared the water erosion endurance with the fatigue strength (obtained
from magnetostriction oscillator setup for fatigue test) for stainless steel and Ti6Al4V. The erosion
endurance was found to be half and one third of the fatigue strength. This considerable difference
was correlated to the local fatigue failure caused by water erosion which could not be represented
by the used fatigue setup. In fact, the considerable difference in endurance levels for materials

subjected to conventional fatigue and WDE would confirm the divergence in material’s strength
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for both loading conditions, despite their similarity in terms of cyclic loading. The drawback of
Thirwvengadam’s work was neglecting the variation of the critical speed. This speed was found
to be a function of droplet size based on Equation 2-4. The product of the droplet diameter and V¢?
being critical-velocity-constant, was proposed and confirmed mainly for metals [47]. This work
affirms the validity of this equation in representing erosion for TiAl alloy, seen in Figures 2-10
and 2-11. It is noteworthy that the droplet size distributions presented in section 3.2 confirm the
accuracy of Equation 2-4 in the case of water droplet erosion damage. Here, the volume fraction
distributions show that for both nozzles large volume of water (more than 75%) impinging the

target are droplets that their diameter standard deviation from the mean value is less than 5%.

2.5. Conclusions

The present study makes several noteworthy contributions to our knowledge about the
water droplet erosion behaviour of TiAl and Ti6Al4V alloys. The superior erosion resistance of
nearly fully lamellar TiAl compared to Ti6Al4V is shown at all tested conditions. However, its
superiority was found to be function of the impact speed and droplet size. The less the severity of
erosion test, the higher the superiority of TiAl erosion resistance compared to Ti6Al4V. Such
superiority could be attributed to the higher hardness, strength, modulus of elasticity, hardenability
and lamellar microstructure. Indeed, the randomly oriented TiAl colonies with fine lamellar
microstructure result in relatively low crack growth rate improving erosion resistance.
Furthermore, the maximum erosion rate and impact speed relationship for both tested materials, a
metallic and an intermetallic alloy, showed a linear trend on the logarithmic scale. For Ti6Al4V,
the speed exponent was found to be 8.9 and 7.7 for 464 and 603pum droplets, respectively. In the
case of TiAl alloy, it was found to be 12.5 and 11.5 for 464 and 603um droplets, respectively. The
observed exponents for Ti6Al4V are higher than the reported values in the literature, 5 to 7. This
difference is attributed to the erosion test conditions and different approaches used to derive
erosion rate. Finally, the threshold speed was found to be function of the impinging droplet
diameter so that the product of the droplet diameter and V¢ is constant. Using such Equation, the
threshold speeds for the TiAl alloy eroded by 464 and 603pum water droplets were determined as
250m/s and 200m/s, respectively.
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Relating to the theme of thesis

In chapter 2, the erosion performance of TiAl was studied in relation to Ti6Al4V. Their
behaviour differences within wide ranges of impact speeds and droplet sizes were quantified.
Superior erosion performance of TiAl at all impingement conditions has been observed. This
fulfils the first objective of this thesis which is proposing a water droplet erosion resistant alloy for
turbine blades. Superior erosion performance of TiAl was attributed to its mechanical properties
and microstructure. The influence of mechanical properties (i.e. hardness and hardenability) was
explained. The chapter 3 presents the influence of TiAl microstructure on its erosion behaviour.
In-depth analysis of TiAl response to water droplet impacts reveals the main reasons for its

superior erosion behaviour.
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ABSTRACT
Water droplet erosion (WDE), is a known mechanical degradation and progressive damage

for turbine blades in the power generation and aerospace industries. Hence, water droplet erosion
study of TiAl as an important structural material in such industries would be very attractive. The
current work is to investigate the erosion damage mechanism of nearly fully lamellar
Ti45A12Nb2Mn0.8TiB; (45-2-2XD) alloy. This alloy was subjected to water droplet erosion using
464pm droplets and 350m/s impact speed. In order to track the erosion damage, WDE test was
interrupted at different stages; incubation, maximum erosion rate and final steady state stages. The
eroded specimens were characterized using optical microscope (OM), scanning electron
microscope (SEM) and atomic force microscope (AFM). The qualitative and quantitative study
reveals that the erosion damage of TiAl initiates by inhomogeneous and localized material flow
followed by crack network generation on the surface. Such cracks mainly nucleate on the
interlamellar slip bands and cause delamination of lamellae. Further droplet impacts result in the
cracks coalescence and subsequent micro-pitting within the colonies. In the advanced stages, the
erosion damage was governed by periodic water roughening and water polishing, which were

observed on the bottom and the sidewalls of deep erosion craters.

2 In this article, Dr. Kevorkov, as the Research Associate at TMG, and Dr. Jedrzejowski, as the industrial partner,
helped in the interpretation of the results.
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3.1. Introduction and literature review

Liquid impingement erosion is the result of repetitive high-speed impacts of a liquid streak
(jet or droplet) on a solid surface. It leads to a progressive material loss and the subsequent failure
[2]. Water droplet erosion (WDE) is a practical problem in the power generation and aerospace
industries where the droplets interact with the high-speed moving components. It has been known
as a cause of blades degradation in the last stages of the low-pressure steam turbines [2, 57]. This
type of erosion is also an issue for the compressor blades of gas turbine when fog cooling system
is used [2, 11]. Furthermore, water droplet erosion is the main concept of plain water jet cutting
process [40, 97]. It has been attractive mainly for cutting of the materials that have poor

machinability such as TiAl alloys [40, 69].

Water droplet erosion has been studied over the past few decades and its damage
mechanism, that is different from other types of erosion such as solid particle and cavitation
erosions, was addressed [2, 39, 40, 57, 98, 99]. Water hammering, stress wave generation, radial
jetting and hydraulic penetration are usually described as the most destructive phenomena during
the water droplet erosion [39, 52]. Micro-cracking is one of the initial responses of the target and
it has been argued to be a result of stress concentration around the slip steps, microstructural
irregularities, and pre-existing flaws. In the case of homogenous bulk materials, localized plastic
deformation and surface roughening, caused by water impacts, act as a trigger for the initiation of
micro-cracks [31]. Interaction of stress waves with the microstructural irregularities and flaws,
which causes stress concentration and may generate tensile stress, also contributes to micro-
cracking [18]. Substantial influence of microstructural flaws on the cracking behavior and erosion
performance was observed in the case of surface treated coupons such as laser nitrided Ti6A14V

[100, 101] or sprayed cermet coating [102].

Water droplet erosion of the current turbine blade alloys, martensitic stainless steels and
Ti6Al4V, have been studied over the years [28, 30, 39, 41, 47, 103]. Luiset et al. [30] described
the local plastic deformation, cracking and fatigue spalling as the WDE mechanism of stainless
steels. After intergranular cracking on the surface, they observed that the cracks propagate
thorough the grains and result in their pulling-out and ruptures. Similar behavior was observed for
erosion damage initiation of Ti6Al4V by Huang et al. [28]. They elaborated the damage initiation

mechanism and highlighted the shallow depression and grains tilting as the main erosion features
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during the incubation of erosion. Afterwards, propagation and coalescence of these superficial
cracks were reported to be the main cause for fatigue spalling and localized material loss [30, 103].
Recently Kamkar et al. [41] studied the WDE damage mechanism of Ti6Al4V at advanced stages
and highlighted a periodic surface roughening and smoothing which were caused by water droplet
impacts inside the erosion crater. However, such periodic roughening and smoothing were not
elaborated. It is worth noting that the surface roughening by droplet impacts and formation of a
jagged surface, observed for different target materials [8, 31, 104], was not clearly justified. In the
case of TiAl alloys, the water droplet erosion damage has been rarely investigated. Kong et al.
[40] studied the damage mechanism of y-TiAl using plain water jet milling. They considered vy-
TiAl as a semi-brittle material and presumed that the micro-plasticity governs its initial stage
erosion. However, the micro-plastic deformation was not documented because they could not
capture the early stage of erosion using water jet milling setup. Unlike the ductile metals which
their damage initiation mechanism has been established [28, 30, 103], the erosion mechanism of
TiAl intermetallic particularly two phase alloys (o2+y) is unknown. Additionally, there is no
information about the cracking behavior of these alloys during the water droplet erosion as the key
contributor to the damage. It is noteworthy that the erosion damage has some similarities to the
low cycle fatigue, especially, when it comes to the cracking behavior [39, 57, 105]. The fatigue
behavior of TiAl alloys has been well studied and micro-cracking on the slip bands was highlighted
as the main contributor to the damage [106-108].

Two-phase titanium aluminide alloys particularly the ones with lamellar microstructure
show much better mechanical performances comparing to the alloys having monolithic
microstructure of y and o constituents [69, 109]. Their mechanical characteristics significantly
depend on the microstructure, colony size and lamellar spacing [107, 109, 110]. Polycrystalline
lamellar TiAl alloys comprising randomly oriented colonies deform and fracture inhomogeneously
[107, 111]. The deformation is mostly confined to the y phase and not that much in o>. In these
alloys, the lamellae interfaces and colony boundaries act as obstacles for crack propagation and
may blunt the cracks [108, 112-114]. Furthermore, the mechanical twining and the intersection of
dislocations mainly at the interfaces and boundaries result in the anomalous high hardenability for
these alloys [69, 107]. y/y domain boundaries were highlighted as the key contributor to the cyclic
hardening because they are the main obstacles for the motion of dislocations in the y lamellae [107,

115]. High cyclic hardening of TiAl alloys was reported as an important reason for their superior
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cavitation erosion performance [68] and its contribution to water droplet erosion was documented
in our previous work [64]. Therein, the water erosion behavior of TiAl was compared with that of
Ti6Al4V at different impact speeds. TiAl outperformed Ti6Al4V, which was attributed to its
higher strength and hardenability. Water erosion performance of these two materials was reported
and compared in terms of, complete erosion curves, incubation period and erosion rate. Due to

space limitation, the erosion damage mechanism was not discussed in our previous paper [64].

The present paper focuses on the water droplet erosion damage mechanism of
Ti45A12Nb2Mn0.8TiB; (45-2-2XD), referred to as TiAl, with nearly fully lamellar microstructure.
The damage initiation of TiAl alloy is investigated in depth with respect to the local microstructure.

The erosion evolution in the advanced stages is also discussed.

3.2. Material and experimental procedure

3.2.1. Material and preparation

A Ti45A12Nb2Mn0.8TiB; (45-2-2XD) plate received from Rolls-Royce Canada Ltd has
been investigated in this paper. The as-cast plate, was hot isostatically pressed (HIPped) at a
pressure of 140MPa and then annealed. The applied post treatments resulted in nearly fully
lamellar microstructure of y/a> laths (TiAl and TizAl phases) presented at Figure 3-1. Equi-axed y
grains among the randomly oriented lamellar colonies, which are the predominant constituents,
can be seen in Figure 3-1-b. The mean size of colony and the mean lamellar spacing are 120pum

and 4.1um, respectively.

Figure 3-1: SEM micrographs of TiAl alloy: (a) low magnification showing the random oriented colonies, (b) high
magnification showing the lamellar microstructure
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TiAl plate was cut based on the required dimensions for the water droplet erosion test
coupons. The specimen surface was grinded using SiC papers and polished by diamond vibromet
polisher for 24 hours (surface roughness, Ra=0.038um). Then, the polished surface was subjected

to the water droplet erosion.

3.2.2. Water droplet erosion experiments

A testing rig with rotating disk, specifically designed for water droplet erosion according
to the ASTM G73 standard [36], was used in this study. It works under pressure between 30 to 40
mbar. The erosion coupons of 23mm length, 8mm width and 3mm thickness were mounted on the
disk and in each rotation they were subjected to the water droplet impacts. The impact angle is 90°
relative to the target surface. The size distribution of generated droplets was measured using high
speed camera for each nozzle. In addition, the number of droplet impacts was accurately monitored
and measured in our group [26]. However, in the previous works mainly time of erosion [61] and
number of impacts (rotation number) were used [41, 62]. More details on the erosion rig could be
found in our previous works [26, 64]. In this study, the impact speed was set to 350m/s. The erosion
experiments are interrupted at different time intervals to weigh the coupons and record cumulative
mass loss. Knowing the mass loss and density of tested coupon its volume loss is calculated.
Hence, the relation of cumulative material loss versus erosion exposure could be established.
Typical WDE performance of TiAl at impact speed of 350m/s and droplet size of 464pum reported
by Mahdipoor et al. [64] 1s shown in Figure 3-2-a along with a schematic of the water droplet
erosion process in Figure 3-2-b. The current paper focuses on elucidating the water erosion damage
mechanism of this material. Herein, incubation, maximum erosion rate and terminal steady state
stage of erosion, shown by number 1, 2 and 3 in Figure 3-2-a, are studied. To explore the changes
happening to the sample during the incubation stage, Figure 3-2-a (1), the samples were examined
after 100,000 droplet impacts. To study the onset of material loss and the maximum erosion rate
stage, Figure 3-2-a (2), the coupons eroded by 400,000 droplets were examined. The terminal
stages of erosion, Figure 3-2-a (3), was investigated after 1,800,000 water droplet impacts.
Although the mentioned stages were studied separately and sporadically for the erosion of other
materials such as Ti6Al4V, stainless steel and WC-Co coating [8, 28, 30, 41, 79, 103, 116], a
comprehensive study of water droplet erosion damage mechanism would be necessary for each
material. Hence, the evolution of cracks and fractography of eroded TiAl specimens have been

examined for both the impacted surface and cross sections in the proximity of erosion lines.
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Figure 3-2: (a) WDE result (cumulative material loss) of TiAl and the appearance of erosion line at different stages
[111]: (1) incubation stage, (2) maximum erosion rate stage, (3) terminal steady state stage, (b) Schematic of water
droplet erosion investigation

3.2.3. Damage analysis

In order to document the erosion features, the area subjected to water droplet impacts was
investigated on the surface and the cross sections (Figure 3-2-b). Scanning electron microscope
(SEM) Hitachi S-3400N was used to study the fracture surfaces in the damaged region and monitor
the cracks development. In addition, multimode atomic force microscope (AFM) was used to

monitor the surface topography before and after droplet impacts (incubation stage) to document

the local topography of the surface.

In order to capture sub-surface features, the cross section of eroded specimens was studied
using SEM. The eroded coupons were cut using slow cutting machine with a diamond coated
blade, then grinded and polished with diamond vibromet polisher. Then qualitative observation of
erosion features as well as statistical analysis of cracking behavior through the cross sections of

eroded coupons were performed.

3.3. Results and discussion

3.3.1. Systematic analysis of erosion damage at different stages
Water droplet erosion is a progressive and time dependent damage. Its mechanism varies
at different stages of erosion. The target material response to the high speed droplet impacts and

the damage mechanism at different stages are studied as following.
3.3.1.1. Incubation stage: microscopic observation
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After 100,000 droplet impacts, the erosion experiment was stopped and the eroded coupon
was explored using SEM. In the incubation period (stage 1), no clear damage or erosion features
could be found macroscopically except for the change from a mirror-like to a non-reflective surface
over the impacted area, as can be seen in Figure 3-2-a. In this stage, the erosion features were
observed at high magnifications. Localized material flow can be clearly seen on the attacked
surface, shown in Figure 3-3-a. It implies that the transition of high amounts of energy, caused by
initial droplet impacts, is sufficient to activate slip systems in certain locations. It is clear that
plastic deformation or material flow is notably influenced by the localized microstructure
predominantly the orientation of lamella. The response of colony to mechanical loadings is known
to be a strong function of its orientation with respect to the loading direction [108]. This
dependency leads to anisotropic micro-plasticity, which contributes to damage initiation. Figures
3-3-b and 3-3-c, which show the plan-view of the impinged surface, demonstrate the material flow
at higher magnification. Inhomogeneous micro-plasticity within the colonies is obvious in these
micrographs. Here, water droplets perpendicularly impact the target surface. The colonies, based
on their orientation with respect to the droplet impact direction, demonstrate distinct responses to
the impingements. They are classified in three categories; A, B, and C, which are highlighted in
Figure 3-3-b and schematically presented in Figure 3-4. Colony A shows soft mode response [108,
111] where the angle between loading direction and lamellar planes is 45° ($=45) or nearly so. It
is the most favorable orientation for slip activation and plastic deformation. Here, the slip and
twinning occur on {111} planes of y layers leading to material flow parallel to the lamella
interfaces, interlamellar slips [108, 117]. In this orientation, the colonies do not show cyclic
hardening because the y/y domain boundaries are not effective barriers for the motion of
dislocations [69, 107]. Colony B which is oriented parallel to the loading direction ($=0) exhibits
hard mode response [108, 111]. In these colonies, the micro-slips and twins are mostly inclined to
the lamella interfaces and the slips are called translamellar. Such colonies show strong cyclic
hardening because both o2/y lamellar boundaries and y/y domain boundaries effectively prevent
the motion of dislocations [69, 107, 108]. The third mode can be seen in colony C presenting hard
and brittle behavior. There is no notable plastic deformation in this colony, as shown in Figure 3-
3-b. Such colonies, whose lamella interfaces are almost perpendicular to the loading axis, exhibit
very high yield strength [69, 112]. In this case, direct cracking before fracture is expected. These

three modes will be referred to in the following explanations. Here, the observed slip bands are
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not easily transmitted to the contiguous colonies and it is the main reason of heterogeneous
plasticity. Indeed, the slip and plastic deformation are impeded by reaching the boundaries because
the next colony is oriented differently, as shown in Figure 3-3-c. Other slip systems and potentially
twins are activated in the next colonies. The features’ contrast manifests that there are some
extrusions mainly parallel to the lamella interfaces for the specific colonies. The extrusions are
mostly the raised slip bands due to the shear deformations. It is noteworthy that the development
of a severely deformed colony beside a non-deformed colony leads to local depressions and height

variation near their boundaries, as shown in Figures 3-3-b and 3-3-c.
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Figure 3-3: SEM micrographs of slightly eroded TiAl at incubation period showing: (a) localized material flow, (b)
different responses of colonies to droplet impacts, (c) slip bands impeded by colony boundaries, (d) micro-twinning
within the y layers
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Figure 3-4: Schematic of different orientation of the colonies subjected to water droplet impacts

Micro-twinning is also observed on the surface of slightly eroded TiAl alloy, as shown in
Figure 3-3-d. In fact, high level of exerted stresses (water hammering) leads to localized crystal
reorientation and formation of twinning bands within the y layers. This reduces the level of stress
concentration and partially dissipates the transmitted impact energy to the material. Further
impacts thicken and raise the level of generated twinning bands. Hence, they become the potential
sites for crack initiation. The contribution of twinning bands to crack initiation during the
cavitation erosion of TiAl was elaborated by Howard et al. [68]. However, their formation
decelerate the crack propagation because of releasing some strain energy and stress intensity in the

cracks wake.

Figure 3-5 depicts AFM images of original polished and slightly eroded surfaces
(incubation stage). Although there is no detectable material loss in this stage, the surface
topography 1is affected significantly by successive droplet impacts. The polished surface is
relatively flat and no height variation, could be seen in the image. However, the water impinged
surface exhibits perceptible contrast and height variation caused by local plastic deformations.
Different levels of height variation for two adjacent colonies (A and B), shown in Figure 3-5-b,
verifies the inhomogeneous micro-plasticity among the colonies. Moreover, the notable contrast
on the boundary of colonies indicates the local depression at the interface between these two
colonies. The droplet impacts during incubation stage increased the surface roughness
(Ra=0.117pm) relative to the original polished surface (Ra=0.038um). This surface roughening is

responsible for the erosion damage initiation.
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Figure 3-5: AFM images of: (a) original polished surface of TiAl (b) eroded surface of TiAl after 100,000 droplet
impacts

AFM data was processed using Bruker Nano Scope Analysis 1.40 [118] to capture the
magnitude of height variations. The height profiles across a deformed colony, in two different
directions, has been extracted and plotted in Figure 3-6. Line 1 crosses the lamella interfaces and
line 2 lies on a y lamella and runs parallel to the interface. Thereby, the first line represents the
height variation generated by interlamellar slips and the second line represents the height variation
generated by translamellar slips. To elaborate the meaning of height variation along lines 1 and 2,
lines 1" and 2" running through similar areas are demonstrated on the SEM micrograph shown in
Figure 3-6-b. The significant height variation along line 1 indicates very high potential for cracks
nucleation at the sharp notches. These stress raiser positions are mainly the ax/y interfaces, shown
as points by and d; in Figure 3-6-(1). The cracks nucleated at these notches are interlamellar cracks
and are shown over line 1" in Figure 3-6-b. Such cracks were often observed in type A colonies. It
is worth noting that the colony boundaries indicated by points fi and e in Figure 3-6, show
relatively deep depressions. Such depressions are also shown by intense contrast of colony
boundaries in Figures 3-5-b and 3-6-a. The formation of these deep intrusions is function of the
adjacent colonies’ micro-plasticity. For instance point f1, which looks as a deep and sharp notch,
is a boundary located between two A type colonies with high level of localized material flow and
interlamellar slip. Such boundary may act as a stress raiser and by further droplet impacts cause

intergranular cracking.

The surface roughening in the incubation of Ti6Al4V was attributed to the tilting of grains
caused by high speed droplet impacts [28]. It cannot be the case for TiAl because of its large
colonies (120um) compared to the Ti6Al4V grains (30um). Also, in the case of TiAl the
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boundaries are often depressed all around the colonies, whilst grain tilting causes the formation of
depression in one side and bump in the other side of grains [28]. Indeed, the local depression at
the colony boundaries of TiAl could be attributed to the different levels of micro-plasticity for

adjacent colonies.
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Figure 3-6: (a) AFM height image of a deformed colony and extracted average height profiles along two lines, (b)
SEM micrograph of another deformed colony showing two lines with similar conditions

The presented height profiles correspond to the extrusion/intrusion pattern, which is a result
of shear deformation in the y lamellae across their interfaces (referring to the points between a;
and e in Figure 3-6) and parallel to their interface (raised steps between points a; and dz in Figure
3-6). Here, further droplet impacts lead to high stress concentration at the sharp positions and
nucleation of micro-cracks along the slip bands (interlamellar). Delamination of two adjacent
lamellae accelerates the interlamellar cracking, points b; and di. An interlamellar micro-crack just
nucleated at the y/az interface is shown in Figure 3-7-a. The hindered plastic flow by the lamellae
interfaces and y domain boundaries expedites such crack initiation. Figure 3-7-b exhibits the
interlamellar cracks near colony boundaries where high local micro-plasticity and depression are
observed, corresponding to point f in Figure 3-6-a. It is interesting to note that the points between

a2 and d indicate the raised steps either by translamellar slips or micro-twinning. These features
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are not as sharp as the interlamellar slip steps, which are shown by the points between a; and ei. It

indicates that this structure resists translamellar cracking more than interlamellar cracking.

In addition to surface cracking, a few sub-surface micro-cracks caused by stress wave
propagation were observed over the weak sites of the microstructure. Figure 3-7-c shows an
infrequent mixed translamellar/interlamellar sub-surface crack. During incubation stage, such

cracks were seen mainly within the type C colonies, showing hard and brittle behavior.

Figure 3-7: (a) SEM micrograph of eroded surface showing interlamlellar cracks nucleation, (b) SEM micrograph
of eroded surface showing interlamellar cracking near colony boundaries, (c) cross sectional SEM micrograph of
slightly eroded surface showing a sub-surface crack

3.3.1.2. Maximum erosion rate stage

3.3.1.2.1. Microscopic observation of eroded TiAl once material loss starts

After localized plastic deformation and cracks initiation, further droplet impacts result in
cracks propagation, their merging and micro-voids formation. The mechanism of material loss
initiation is a function of material response to the initial droplet impacts (incubation) and the
erosion features generated on the surface. Upon the droplet impact, the hydrodynamic pressures
(water hammering) cause local stress concentration and lead to the propagation of cracks. Further
propagation results in cracks coalescence, detachment of small fragments and formation of micro-
voids. This is demonstrated in Figure 3-8-a where two cracks running along both sides of a y
lamella at the interfaces. After reaching a certain length, they deviate into the y lamella and meet
each other leading to a local fracture and the formation of a micro-void. The micro-voids might
also be generated by high speed collision of lateral outflow jets with the raised slip bands. The
speed of these jets is up to 10 times of the original droplet impact speed and they are detrimental
specially when flowing on the roughened surface [3]. This type of micro-pitting mainly occurred
on the lamella interfaces near the boundary of colonies as demonstrated in Figure 3-8-b. It is due

to the high level of micro-plasticity and local depressions in these regions, as can be seen in Figure
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3-5-b. The high stress concentration on the rim of generated micro-voids results in delamination
of the lamellae. These lamellae fracture easily by the following impacts. Furthermore, water
hammering and hydraulic penetration lead to crack propagation inside these micro-voids, digging
their bottoms and enlarging them. In some cases, the formation of micro-voids occurred at the
colony boundaries, as shown in Figure 3-8-c. To give a quantitative insight, twenty micro-voids in
the impacted regions were considered. Out of twenty, thirteen were created within the colony and
7 were formed at the boundaries. Even the generated micro-voids at the boundaries expand towards
colony interiors because of the preferential crack propagation, as shown in Figures 3-8-c and 3-8-
d. Several micro-pits are demonstrated close to each other in Figure 3-8-d. The micro-pit at the
boundary of colonies is shown by white arrow and the ones near the colony boundaries are shown
by black arrows. The successive droplet impacts result in the growth of these micro-pits and their

coalescence forming relatively large and isolated crater, as presented in Figure 3-9.

Figure 3-8: SEM micrograph from eroded surface of TiAl after 400,000 droplet impacts, demonstrating severe local
plastic deformation, micro-cracking and micro-pitting
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3.3.1.2.2. Microscopic observation of eroded TiAl at maximum erosion rate stage

Due to the severe plastic deformation as well as notable micro-pitting at the areas near to
the colony boundaries, they become high potential sites for further damage and the formation of
isolated erosion craters. Figure 3-9 exhibits one of these isolated craters, which is a common
feature in the maximum erosion rate stage. The irregular edges of eroded regions indicate the
preferential cracks propagation which is in accordance with the brittle nature of TiAl fracture.
Successive droplet impacts cause the propagation of cracks, predominantly interlamellar, both at
the rim and bottom of the pits. Initially, the small fragments are removed by delamination of
lamellae and their fractures within one colony, highlighted in Figure 3-9. Then, water hammering
and subsequent stresses cause development of opened micro-cracks. They run along the lamella
interfaces in depth of the target, deviate into the lamella and continue propagating along the next
interface. This track is found to be the typical cracking path and subsequent fracture among type
A colonies. Another type of fracture, shown in the micrograph, is translamellar fracture. Higher
level of stress intensity is required for crack propagation in this manner because the lamella
interfaces blunt the propagating cracks. This type of cracking cannot only be attributed to water
hammering stresses and the hydraulic penetration seems to be its main cause. Figure 3-10
demonstrates the hydraulic penetration phenomenon through the cross sections of erosion craters.
After merging of the generated micro-voids, a relatively wide and shallow cavity was created,
shown in Figure 3-10-a. Initially, small fragments of material were removed within one colony.
They were associated mostly with interlamellar fractures, highlighted in Figures 3-9 and 3-10-a.
Once further droplets impact directly on the cavity, water strikes its bottom in the form of spear-
like central jet. This central jet forms because of shock waves coming from the sidewalls of cavity
which compress the entering water and generate spear-like jet. It is the main reason of well-known
phenomenon during WDE called hydraulic penetration [3], shown by arrow in Figure 3-10-a. The
impinging droplets bore the crater and form a narrow pit at the bottom or an undercutting pit at the
sidewalls of crater. An evolved tunnel is shown in Figure 3-10-b where the direction of water
penetration is indicated by white arrows. Development of such tunnels results in the formation of
undercutting pits which are significantly detrimental. The water penetration through these
undercuts results in significant stress intensity, which is sufficient for translamellar fractures,
highlighted in the micrograph. In this condition, the penetrated water can pull out a big chunk of

material. Indeed, it results in high level of tensile stresses in the main crack wake, the direction of
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which is shown by the black arrows in Figure 3-10-b. As a result, this crack may propagate upward
along the shown dashed line to reach the surface. In the lamellar TiAl alloy, the multiple micro-
cracking ahead of the main crack tip, seen in Figure 3-10-b, may decelerate the crack growth.
However, the high level of exerted stresses overcome this toughening mechanism and cause
fracture. Here, the detachment of large fragments leads to the enlargement of erosion craters. This

is the main reason for the observation of maximum material loss rate (erosion rate) in this stage.

‘Colony boundary

Figure 3-9: SEM micrograph of an isolated erosion crater forming during the maximum erosion rate stage

Figure 3-10: Cross sectional SEM micrographs of isolated erosion craters showing hydraulic penetration at: (a)
Early stage, (b) evolved stage, leading to formation of an undercutting pit

3.3.1.3. Terminal stage

3.3.1.3.1. Characterization of erosion craters and damage progress
Successive water droplet impacts cause enlarging and merging of isolated erosion craters

and lead to evolution of complete erosion line. Figure 3-11-a presents a typical erosion damage
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along the impingement line during the terminal stage. The width of erosion crater is 1.08 £ 0.4mm.
Unlike ductile metals which show mainly circular craters or voids [30, 41], erosion craters with
irregular shapes and sharp edges were observed for TiAl. Figures 3-11-b to 3-11-e present four
different cross sections of erosion line. It is clear that the depth of damage varies notably along the
erosion line and it may reach 800pm. It is due to the significant inhomogeneous cracking behavior
of TiAl alloy which is function of local stress state and localized microstructure including texture
and morphology. The surface pattern of erosion crater is another parameter which varies in these
micrographs. A wide and relatively shallow crater with smooth surface can be seen in Figure 3-
11-b. Such smooth surface could be roughened by droplet impacts, and form a jagged surface such
as that shown in Figure 3-11-c. Indeed, hydraulic penetration results in the formation of small and
narrow pits on the floor of cavities, and roughens the surface of erosion crater. These features play
critical role in controlling material loss. The formation of jagged surface means the creation of
vulnerable sites for fracture and it expedites the material loss. In addition, it influences the impact
energy transmitted to the target, which is responsible for erosion damage. Herein, the evolution of
generated tunnels (narrow pits) causes the formation of some deep voids (sub-surface or
undercutting voids) and their adjacent weak sites, shown in Figure 3-11-d. The fractures of these
vulnerable sites, which are usually the peaks between two adjacent tunnels or narrow voids, result
in smoothing the surface. Similar behavior was reported for the erosion of Ti6Al4V [41]. In
general, the evolved erosion damage inside the crater can proceed from the bottom (deepening)

and the sidewalls (widening). Their progress and mechanism are reviewed below.

3.3.1.3.1.1. Damage progress on the bottom of erosion crater

In the evolved stages, the water droplets can reach and impinge the bottom of the crater. In
this condition, water hammering, water penetration and stress waves are the main damage causes.
The exerted stresses by water hammering open the micro-cracks, developed in the previous stages,
and cause small detachment of material. These areas are shown by BWH (Bottom Water
Hammering) in Figures 3-11 and 3-12-c. Moreover, the hydraulic penetration, explained in section
3.3.1.2.2, damages the bottom of the crater. The induced stresses create a cracks network and
subsequently generate tunnels, which result in water roughening. These areas are shown by BWP
(Bottom Water Penetrating) in Figure 3-11. Another cause of erosion damage is the stress waves
propagating into the depth of target material. It may cause sub-surface crack formation which is

depicted in Figure 3-12-a.
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3.3.1.3.1.2. Damage progress on the sidewalls of erosion crater

Damage may proceed also on the sidewalls of the erosion craters. Upon droplet impacts,
the side jetting results in water penetration and stress wave propagation laterally into the target.
They are the main reasons of erosion damage on the sidewalls. The water penetration caused by
side jetting occurs mostly at the corners of the erosion crater and leads to the generation of
undercutting narrow pits or sub-tunnels. Such features are indicated in Figure 3-11 by SWP
(Sidewall Water Penetrating). Development of these pits will be followed by the removal of large
fragments, shown in Figure 3-11-e. In addition, the successive jetting leads to stress wave
propagation into the sidewalls. It results in high level of stress intensity and subsequent lateral sub-
surface cracking. Despite the high level of required stress intensity for translamellar cracking, their

formation near sidewalls can be observed in Figure 3-12-b.

Weak positions

Weak position

positions \————_
\\

N

Figure 3-11: (a) SEM micrograph of complete erosion damage line, (b) cross section of eroded TiAl showing wide
and shallow pit with relatively smooth surface, (c) cross section of eroded TiAl showing a jagged surface, (d) cross
section of eroded TiAl showing formation of an undercutting void at the bottom of crater, (e) cross section of eroded
TiAl showing sever damage

3.3.2. Micro-analysis and fractographic interpretation of eroded TiAl at terminal stage
Cracks development is the main contributor to water droplet erosion damage. A systematic
study was performed on the cracking behavior using the cross sectional view of eroded specimens.

Intergranular cracks, transgranular cracks including, interlamellar and translamellar cracks, and
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mixed intergranular/transgranular cracks were documented and analyzed as shown in Figure 3-12.
Surface and sub-surface cracks as well as crack networks can be seen over the cross sections. The
interlamellar cracks were often observed and they nucleated predominantly through y/a» interfaces,
as shown in Figures 3-12-a and 3-12-b. After reaching a certain length these cracks deviated into
the adjacent lamella, which is called ligament bridging. The interlamellar cracks and their bridging
are shown, respectively, by white and black arrows in Figure 3-12-a. The sub-surface cracks are
formed due to the stress waves propagation, either in bottom or sidewalls of erosion craters, as
shown in Figure 3-12-b. Figure 3-12-c presents the micro-cracking and fracture caused by water
hammering at the bottom of a crater. It results in the removal of small fragments and it is a typical
damage in type A and type B colonies. The hydraulic penetration leading to formation of a crack
network and subsequent tunnel (BWP) is presented in Figure 3-12-d. The interlamellar cracks are
the main contributor in this network; however, the hydraulic penetration on the sidewalls (SWP)
is usually associated with translamellar cracking. Figure 3-12-e shows a crack network caused by
SWP and the subsequent undercutting pit (sub-tunnel) formation. In addition, the observed
intergranular crack indicates the high level of stress intensity in that region. Moreover, very long
mixed cracks (interlamellar/translamellar ~crack shown by black arrow and
intergranular/transgranular crack shown by white arrow) were observed at the bottom of another
erosion crater, as shown in Figure 3-12-f. Formation of these long cracks are not typical cracking
behavior of lamellar TiAl alloys subjected to the cyclic loading [107, 108]. Besides, they were

rarely seen in the case of water droplet erosion.

Cracks propagation is a function of local stress state, microstructure, and material
properties [107, 119, 120]. For instance, the preferential cracking along the rolling direction was
observed over the edges of erosion craters in case of Ti6Al4V, damaged by water droplets [41]. In
the case of TiAl, no general trend can be seen for cracking direction. However, the lamellar
microstructure and its orientation, which is locally different, control the cracking behavior. As
mentioned earlier, the colony’s orientation with respect to induced loading direction is critical
parameter for the localized cracking. In the advanced erosion stages and inside the erosion crater,
determining the loading direction with respect to the colony’s orientation is not possible. Because
when the droplets impact inside the erosion crater, the hydrodynamic stresses caused by water
hammering, water penetration and stress waves propagation are quite inhomogeneous. Hence, the

cracking behavior could not be easily analyzed based on this parameter. High speed droplet

71



impacts cause nucleation of different types of micro-cracks. Not all of them necessarily propagate
and cause fracture, since the local stress intensity in the crack wake should be sufficient to cause
propagation. For the lamellar TiAl alloys, crack propagation rate significantly depends on the local
stress, shown by large exponent for the Paris law [69]. The cracks need to reach a critical stress
intensity for propagation. The y domain boundaries, lamellae interfaces, and colony boundaries
are the potential obstacles for crack propagation. The interaction of cracks and these barriers
changes in different local microstructures and morphologies. In order to provide quantitative
insight on dependency of erosion damage on local microstructure, more than 300 cracks were
systematically studied through the cross sectional micrographs. The number of counts for different
types of observed cracks, interlamellar, translamellar, mixed interlamellar/translamellar,
intergranular, mixed intergranular/transgranular, is shown in Figure 3-13. It is worth noting that
all of the interlamellar, translamellar, and mixed interlamellar/translamellar could be assumed as

the transgranular cracks.

BWH

Figure 3-12: SEM micrographs from cross sections of eroded TiAl at terminal stage of erosion, illustrating
initiation of different types of cracks as well as their propagation and coalescence
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Figure 3-13: Distribution of different types of cracks observed on the edges of erosion craters

The large number of transgranular cracks (interlamellar, translamellar and their
combination) indicates that they significantly contribute to the erosion damage. Here, the largest
number of cracks is for the mixed interlamellar and translamellar which mainly cause fracture and
material chipping off. The number of intergranular cracks is also notable and they need to be taken
into account. In some cases, the cracks running along the colony boundaries (intergranular),
deviated into the adjacent colony and generated mixed intergranular/transgranuar cracks. This
combination was mainly detected at the bottom of erosion crater, as shown in Figure 3-12-f, where
there would be the highest stress intensity. The mixed intergranular/transgranuar cracks may result

in detachment of large fragments and contribute significantly to erosion damage.

Additionally, the length distribution of these cracks is presented in Figure 3-14. Using cross
sectional micrographs, the length of fifty interlamellar, fifty translamellar, fifty mixed
interlamellar/translamellar, thirty intergranular and thirty mixed intergranular/transgranular cracks
were measured and their length distribution are presented. Almost 80% of interlamellar cracks are
shorter than 10um and the rest are shorter than 20pm. The wider range was observed for the

translamellar cracks in which around 70% are longer than 10um. The length distribution of mixed
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cracks is the widest, from 10 to 70um, and they are mainly (70%) between 10 and 30um. These
results suggest that the cracks predominantly nucleate at the lamella interfaces. Then, a crack
running along the lamella interfaces deviates and bridges mainly into y phase (translamellar) and
forms a mixed crack. This bridging is known as one of the toughening mechanism of lamellar TiAl
alloys [106, 107]. This is clearly observed here for the eroded TiAl, shown in Figure 3-12-a. The
bridging may occur once the interlamellar cracks reach a critical length. This critical length might
be different depending on the local stress state and colonies orientation. However, the critical
length would be mostly less than 10um, since almost 80% of interlamellar cracks are smaller than
10um, as shown in Figure 3-14. This confirms that the larger cracks showed strong tendency to
deviate into the adjacent lamellae, which generates interlamellar/translamellar cracks. On the other
hand, the translamellar cracks nucleated across lamellae are normally longer than interlamellar
cracks. It seems that they overcame several obstacles such as lamella interfaces to reach this length.
The high level of local stress intensity is the reason for nucleation and propagation of such
relatively long cracks. These cracks could either cause direct translamellar fracture or deviate into
the lamella interface, form mixed and longer cracks and then fracture. Kong et al. [40] did
fractography of the water jet eroded y-TiAl alloy. They referred to the complex and heterogeneous
conditions inside the erosion crater and claimed possibility of different types of fractures.
However, they did not provide enough evidence to support their theories. Here, the transgranular
(interlamellar and translamellar) cracks are found to be the main contributor to the fracture. Based
on the number of counts for intergranular cracks and their length distribution, their contribution to
the fracture and erosion damage should be notably lower. The mixed interlamellar/translamellar
cracks also participate in fractures and subsequent material loss. These long mixed cracks show
several ligaments in the region ahead of their tips. As a result, unstable crack growth and fracture

would occur by breaking these ligaments, and lead to detachment of large fragments.
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Figure 3-14: Length distribution of different types of cracks observed on the edges of erosion craters

Cracks propagation and their coalescence due to the successive impacts result in localized
fracture. Fractography of eroded TiAl alloy in the advanced stages of erosion was performed on
the eroded surface and on the cross section. Figure 3-15 illustrates cracks running along the colony
boundaries which lead to intergranular fracture. Figure 3-15-a shows an eroded surface inside the
erosion crater where the intergranular fracture surface is highlighted. Figure 3-15-b displays a
crack propagating along the grain boundaries on a cross section micrograph. The observed cracks
in this micrograph may merge and generate an intergranular fracture surface, shown by dashed

line.

'

Figure 3-15: SEM micrographs of eroded TiAl at terminal stage of erosion: (a) fracture surface evolved by
intergranullar cracks, (b) cross sectional view showing intergranullar cracks

Figure 3-16 presents two common fracture surfaces of eroded TiAl, the translamellar and
interlamellar fractures. Translamellar fracture, which occurs across lamellae, was reported to occur
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during the fatigue of the same alloy [121]. Rough surface of the observed translamellar fracture is
attributed to the high levels of stress intensity. This causes the formation of secondary interlamellar
cracks, shown by black arrows, and small steps along each lamellae, shown by a white arrow.
There is very high possibility for material loss in the regions having the secondary cracks. The
interlamellar fractures are shown in Figure 3-16-b with the revealed lamella surfaces. This kind of
fracture was not as frequent as translamellar fracture on the eroded regions. In Figure 3-16-b the
fracture surface shows several steps and they are attributed to the bridging of the cracks. It seems
that the short interlamellar cracks rarely caused fracture. They often deviate into the lamellae and
then continue propagating along the next lamella interface, resulting in mixed cracks. These
micrographs suggest that predominantly the combination of interlamellar and translamellar cracks
within a colony form the fracture surfaces. The large number of mixed interlamellar/translamellar
cracks presented in Figure 3-13 is in accordance with the observed fracture surfaces. It is
noteworthy that the striation marks observed on the eroded surface show the cyclic nature of water

droplet erosion damage and reveal its fatigue like mechanism.

Figure 3-16: SEM micrographs from the surface of eroded TiAl at terminal stage (inside the erosion craters): (a)
translamellar fracture surface, (b) interlamellar fracture surface and mixed fracture surface

3.4. Proposed water droplet erosion mechanism for nearly fully lamellar TiAl alloy

In the present study, WDE mechanism of TiAl was investigated at both initial and advanced
erosion levels. Accordingly, the damage mechanism is described for different stages including
incubation, onset of material loss, maximum erosion rate and terminal stages. Since most of the
micro-scale erosion features are localized along the eroded line, the influence of local

microstructure on damage mechanism is also addressed.
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Microscopic observation of slightly eroded TiAl revealed the initial erosion damage
features. Despite the brittle nature of intermetallics, heterogeneous micro-plasticity (slip and
twinning) was observed during the incubation stage. Different responses of randomly oriented
colonies (with respect to the loading direction) to the initial water droplets cause inhomogeneous
plasticity, cracking, and fracture. Inhomogeneous micro-plastic deformation is a known behavior
during the fatigue of binary TiAl alloys [107]. In this alloy, slip mainly occurs on {111} planes
parallel to the interface of y and ax phases [106]. Their activation by droplet impacts in either y
matrix or y/a interfaces caused the generation of interlamellar slip steps. Translamellar slips
require higher critical resolved stress since they need to overcome more obstacles including closely
spaced oy plates. Nevertheless, they were detected over the impinged areas. This indicates that the
energy of droplet impact is larger than the energy required to create translamellar slips. These fine
translamellar slip bands were observed in the high strain rate fracture of TiAl alloys [106, 108].
Indeed, the local transition of high amounts of energy to the target results in the activation of
various slip systems in the preferential orientations. This energy could be released partially by the

observed crystal reorientation and micro-twinning.

Development of micro-slip bands and micro-twins lead to creation of extrusion/intrusion
patterns, shown in Figure 3-17-a, and followed by crack nucleation. This type of crack nucleation
is called deformation-induced cracking [122] and was reported as the main contributor to crack
development in lamellar TiAl alloys damaged by low cycle fatigue [107]. Herein, the generated
intrusions become sharp and act as stress raisers. They result in the crack nucleation with further
impacts. During the incubation of TiAl erosion, the cracks nucleated predominantly along the slip
bands (intrusions), particularly interlamellar slip bands. This type of cracking was often observed
in type A colonies representing soft mode. To provide a quantified insight 20 damaged colonies
(within the incubation stage), which underwent slip band cracking and micro-void formation, were
observed under microscope. Seventy percent of these colonies were type A showing soft mode. It
proves that these colonies are more vulnerable compared to the other types and they notably
contribute to the damage initiation. This vulnerability is due to their high level of experienced
micro-plasticity. In type A colonies, the long and relatively easy motion of dislocations cause
development of heavy extrusions and intrusions, shown in Figure 3-6. The micro-cracks observed
along the lamella boundaries and interfaces in such colonies, as shown in Figure 3-6, support this

theory. Crack propagation along the interfaces can cause delamination of two adjacent lamellae,
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in cases of high local stress intensity. Such cracks may run at both sides of one lamella along the
interfaces. After reaching a critical length, which was found around 10um, they deviate into the
lamella and meet each other. This leads to a localized fracture and micro-pitting. This type of
pitting is often documented near the colony boundaries and is depicted in Figure 3-8. Unlike the
large number of surface micro-cracks which significantly contribute to the damage initiation, sub-
surface cracks were rarely observed. Only a few were documented within type C colonies, whose
lamellae interfaces were almost perpendicular to the loading direction, demonstrated in Figure 3-
b. They normally show high yield strength and very brittle behavior. In addition, the extrusions or
raised slip steps, shown in Figure 3-6, also contribute to the damage initiation mechanism. Upon
droplet impingement the lateral outflow jets strike the raised slips and twinning bands, causing
cracks initiation, local fracture, and micro-void formation. The contribution of extrusions to
damage initiation is also inhomogeneous due to different levels of height variation among the
impinged colonies. A schematic of extrusion/intrusion pattern and potential sites for cracks
nucleation (intrusions), redrawn from Polak’s work [123], as well as the strike of lateral outflow

jets to the extrusions, redrawn from Heymann’s work [3], are presented in Figure 3-17.
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Figure 3-17: Schematic of: (a) extrusion/intrusion pattern and potential sites for cracks nucleation [120], (b) high
speed strike of lateral jets to the exaggerated extrusion and subsequent cracks initiation [3]
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It is noteworthy that the response of lamellar TiAl alloy to the initial droplet impacts is
different from that observed for ductile metals mainly stainless steel and Ti6Al4V [28, 30, 31]. In
the cases of ductile metals, droplet impacts predominantly cause local depressions and surface

dimples. For Ti6Al4V, grain tilting, intergranular cracking and grain boundaries failure were

78



proposed as the dominant mechanism [28]. They were not the cases for water droplet erosion of
TiAl alloy. No dimple-like deformation was seen on the impacted surface of TiAl. However,
localized severe deformation of y phase results in micro-cracking and initial pitting along the

interlamellar slip bands within the colonies.

Further droplet impacts cause more cracking and pitting in the areas, which experienced
severe plastic deformation, shown in Figure 3-8-d. Once erosion proceeds the generated micro-
voids enlarge and coalesce causing the detachment of larger fragments and the formation of
isolated craters scattered along the impingement area. The craters enlargement and their merging
to each other correspond to the stage showing maximum erosion rate. These craters become deeper
and wider with next droplet impacts. Deepening is due to water hammering and water penetration
at the bottom of crater, Figure 3-10-a. Widening is due to the hydraulic penetration at the sidewalls
and formation of sub-tunnels and undercutting pits, Figure 3-10-b. Once the relatively deep and
complete erosion lines formed, the material loss rate decreases corresponding to the terminal stage
of erosion. Herein, the inhomogeneous stress distribution inside the erosion crater results in
preferential material loss, water roughening, and formation of jagged surfaces, shown in Figure 3-
11-c. Water roughening is associated with the generation of narrow and small pits resulting from
hydraulic penetration, which bore the bottom of formed voids and craters. The exerted hydraulic
stresses cause the formation of crack networks (interlamellar and tarnslamellar) and their
coalescence leads to tunnel formation, shown in Figure 3-12-d. In some cases, the tunnels enlarge
and form an undercutting void in the range of colony’s size, shown in Figure 3-11-d. Formation
of these tunnels and voids cause the generation of a jagged surface and numerous vulnerable sites.
Further droplet impacts lead to the fracture of vulnerable regions and smoothing of the surface,
which is referred to as water polishing. The cycle of water roughening and water polishing may
occur again, if there is sufficient local stress intensity for crack development on the freshly
fractured surfaces. It is noteworthy that the attenuation of impact energy inside the deep craters
and the subsequent lower local stress intensity, result in a notable decrease of crack development
and material loss in the advanced stages of erosion. In addition, the trapped water inside the deep
crater act as cushion and dissipate the impact energy. Also, the atomization of water droplet by
hitting the sharp edges on the sidewalls of the crater may decrease the local concentration of impact
energy and diminish the resulting damage or material loss. These points explain the reduction of

material loss rate at the terminal stage of erosion.
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3.5. Conclusions

Water droplet erosion damage mechanism of the nearly fully lamellar
Ti45A12Nb2Mn0.8TiB; (45-2-2XD) alloy was studied. The damage features at different stages of
water droplet erosion were documented. Analysis of these features revealed the following

conclusions.

1. Severe and localized micro-plasticity mainly in y phase is the initial response of the two
phase (y/a2) TiAl alloy to water droplet impacts. This localized material flow results in the
deformation-induced cracking along the lamellae interfaces. Interlamellar cracking is the
dominant mechanism of damage initiation.

2. The response of lamellar colonies to droplet impingements is significantly influenced by
their orientation with respect to the droplet impact direction. The colonies, oriented with
45°, show the highest level of material flow. They are the most vulnerable colonies to
droplet impacts, so that 70% of cracked colonies were oriented with 45° or nearly so.

3. Inhomogeneous plastic deformation of lamellar colonies results in local depressions in the
areas near to their boundaries. Numerous local and brittle fractures in such areas lead to
micro-pitting and commence material loss.

4. Water hammering, water penetration and stress waves propagation are the main reasons
for erosion damage in the advanced stages. They cause a periodic water roughening and
water polishing on the surface of erosion craters, which governs damage progress.

5. Fractography of the eroded surface reveals that transgranular fracture consisting of the

interlamellar and translamellar cracks is the main contributor to the erosion damage.
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Relating to the theme of thesis

In chapter 3, erosion damage mechanism of TiAl was investigated. Irregular erosion
damage initiation of TiAl was observed and attributed to the anisotropic response of
microstructural colonies to the droplet impingements. The lamellar microstructure of TiAl was
found beneficial to suppress crack propagation. The influence of colonies orientation, with respect
to the droplet impact direction, on their response to droplet impingements was determined. Based
on these findings, the microstructure of TiAl alloys can be manipulated to enhance water droplet
erosion resistance. It is aligned with the main objective of this thesis, which is proposing an erosion
resistant material for turbine blade. In the next chapters, surface of Ti6Al4V is engineered by gas
nitriding and thermal spraying of cermet coating. Influence of these surface treatments on water
droplet erosion behavior is explored. At the end, the erosion resistance of surface treated Ti6Al4V

and that of TiAl are compared.
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ABSTRACT
Water droplet erosion (WDE) is a known cause of failure in the power generation and

aerospace industries. It is due to the high speed impingements between water droplets and the
target material, which is often seen on the blades of the steam turbines and gas turbines’
compressor. Ti6Al4V is one of the most common materials for turbine blades and improving its
water erosion resistance is of great interest. In this work gas nitriding was applied on Ti6Al4V and
its influence on water droplet erosion performance was investigated. Nitriding was carried out at
900 and 1050°C temperatures using two different nitriding atmospheres, N2 and N2-4%Ho> for 5
and 10 hours. The microstructure of specimens was investigated using optical microscope (OM)
and scanning electron microscope (SEM). The phases formed after nitriding treatments were
analysed using X-ray Diffraction (XRD). Vickers indenter was used to carry out the surface and
profile microhardness measurements. The erosion tests were performed using 464um droplets
impacting the samples at 300 and 350m/s speeds. The nitrided specimens at 900°C, which is below
B-transus temperature of Ti6Al4V, displayed the best erosion resistance measured by their
corresponding cumulative material loss, about two times higher than non-treated Ti6Al4V. The
long exposure to nitriding was not beneficial for the erosion performance. The specimen nitrided
in the N»-4%H> atmosphere showed slightly higher resistance to erosion than those nitrided in N>
atmosphere. The latter is due to the formation of a hard and dense compound layer that was

deposited due, in part, to the presence of the reducing environment.

3 In this article, Dr. Kevorkov, as the Research Associate at TMG, and Dr. Jedrzejowski, as the industrial partner,
helped in the interpretation of the results.
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4.1. Introduction and literature review

Titanium alloys and mostly Ti6A14V, which has high specific in particular strength and
toughness, display superior mechanical properties and corrosion resistance. They are extensively
being used in aerospace, aviation, and marine industries [88, 124]. However, they suffer from some
mechanical degradations in service conditions such as water droplet erosion, observed on the
leading edges of turbine blades [2]. When inlet air cooling system for the gas turbine is in use, the
compressors’ blades are slowly eroded by the water droplet impingements [2, 11]. Few studies
have been performed to explore the WDE mechanisms of Ti6Al4V, and surface and sub-surface
cracking were highlighted as the main contributors for the erosion damage [28, 36, 125]. WDE
initiation is mostly associated with the grain boundaries damage [28], whilst in the later stages the

erosion damage is predominantly governed by transgranular cracking [36, 125].

Water droplet erosion is a progressive mechanical damage and a combination of several
phenomena. It is caused by successive high speed impacts of small water droplets on a solid surface
[2, 57]. The water hammering, stress wave generation, radial outflow jetting and hydraulic (water)
penetration were usually described as the most destructive phenomena during the water droplet
erosion [2, 39]. Increasing the hardness, while keeping the homogeneous microstructure on the
surface, was found to be a promising approach to combat these destructive phenomena and
improve erosion performances [2, 57, 70, 100, 126]. High tendency of titanium for chemical
reactions at high temperatures provides large possibility of diffusion-based treatments to increase
surface hardness [70, 127]. Nitriding treatments (gas, plasma, and laser based) have been applied
to increase the surface hardness and their influence was studied on wear, fatigue and cavitation
erosion behaviors of titanium alloys [74, 75, 100, 128-130]. However, it has rarely been

investigated for water droplet erosion [100].

Gas nitriding is a practical and applicable technique to strengthen the surface of titanium
alloys. The high solubility of nitrogen in a-titanium and its diffusion into this metal (activated by
high temperature) results in hardening of the surface [72, 131, 132]. It is a cost-effective technique
that is not sensitive to the specimen’s geometry [70, 131]. However, the high temperature required
for gas nitriding (more than 750°C) can be a major drawback, since it may influence the
microstructure and properties of the core material [72, 127, 133]. Nevertheless, if this process is

applied using heating techniques that generate localized heating at the surface, the impact on bulk
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microstructures can be minimized. Cross sectional microstructure of nitrided Ti6Al4V shows
surface compound and diffusion layers. The compound layer comprising of TiN, Ti2N, TizAl, and
TiAlN phases is hard and brittle. The mechanical stability of this surface layer which is influenced
by its porosity, cracks, and adhesion strength plays a key role in its performance [72, 127, 132].
Despite using nitrogen with high purity for gas nitriding, the formation of oxide and oxynitride
phases was found to be inevitable in high temperature nitriding [75, 126, 131]. Beneath the
compound layer there is a homogeneous and relatively hard diffusion layer, which is caused by
solid solution hardening. This layer is composed of mainly nitrogen enriched a grains, a-Ti(N),
which play a key role in postponing the mechanical degradations such as wear and cavitation
erosion [72, 75, 127, 134]. However, Mitchell and Brotherton [135] reported that the fatigue limit
of Ti6Al4V was reduced by gas nitriding. Bell ez al. [132] attributed this reduction to variation of
the core metal microstructure and formation of brittle a case on the surface. Very high
concentration of interstitial elements such as oxygen and nitrogen in o case led to detrimental
brittleness of this layer for the low cycle fatigue performance. This high concentration was

considered as a defect in some cases and called High Interstitial Defect (HID) [124].

Ti6Al4V subjected to the solution-based and overaged treatments with bimodal
microstructure is typically used for engine blade and disk applications [124, 136]. The bimodal
morphology i1s a combination of equiaxed and lamellar morphologies, two possible phase
arrangements for o/f titanium alloys [88, 124]. B-annealing followed by slow cooling results in a
lamellar or basket-wave microstructure; whereas, equiaxial microstructure is formed by
recrystallization [88]. Strength and ductility of a-p titanium alloys considerably depend on the
ratio of a to B phases and their morphology. However, lamellar microstructure is generally known
for its higher fracture toughness [88, 124]. There is an ongoing debate about the fatigue behavior
of these titanium alloys [88, 124, 136]; indeed, the lamellar microstructure is more resistant to
crack propagation, yet the equiaxial microstructure is more resistant to crack initiation. Typical
duplex microstructure, which benefits from the advantages of both morphologies, is more common
in aerospace industries. Although there is a debate in the literature regarding considering water
droplet erosion as a fatigue problem [46, 57], both involve cyclic loading conditions and are
associated with surface cracking. Indeed, WDE was reported as having fatigue-like mechanism [2,
57]. Hence, nitriding at temperatures above B-transus may be beneficial for the erosion application

since it results in a lamellar microstructure of the substrate, which may decelerate crack growth.
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In this work, the influence of surface-nitrided layers and the variation of core material
microstructure are considered to understand the resulting WDE performance. In addition, the
effects of nitriding conditions including temperature, atmosphere and time are investigated on the

erosion behavior of nitrided samples.

4.2. Material and experimental procedures

4.2.1. Material

Ti6Al4V sheet with a thickness of 3mm was received from Titanium industries Inc. It is
an annealed Ti6Al4V (Grade 5) and its microstructure is composed of equiaxed o grains, retained
B and small portion of the transformed P to co-orientated a plates. The o grains are significantly
dominant constituent in this equiaxed microstructure, as shown in Figure 4-1, and their mean size

is 11pm, which would be affected during the nitiding process.

Figure 4-1: BSE-SEM micrographs of as-received Ti6AI4V

These sheets were cut in the dimensions required for the water droplet erosion experiment
which is 23mmx8mmx>3mm. Then, they were grinded using SiC papers to achieve a relatively
smooth surface (R,=0.06pum). All specimens were cleaned using acetone and then rinsed in

distilled water before the nitriding treatment.

4.2.2. Gas nitriding treatment
Gas nitriding was performed using a furnace with controlled atmosphere. The prepared
specimens were mounted inside the reaction chamber and it was pumped down to 2x10~Pa.

Nitriding was performed under static atmospheres of N> and N>—4%H: at temperatures of 900 and
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1050°C. The dwell times were set 5 and 10h and then the specimens were cooled down in the

furnace. The different steps of the nitriding process are demonstrated in Figure 4-2.

Temperature (K)

2x107 Pa

1x10° Pa, N,
1x10° Pa, N,-4%,

3

1050 °C

900 °C

T

Sand 10 h

1x10° Pa, N,
Ix 10i Pﬂ., N:‘4%H:

Figure 4-2: Different steps of nitriding process

Time (h)

The coupons nitrided with the above mentioned conditions are listed in Table 4-1. Further

in the text, they will be referred to by their names that give clear indications of the different

experimental conditions.

Table 4-1: Nitriding conditions of Ti6Al4V

Coupon Nitriding Nitriding Nitriding
) Coupon name
number  temperature (°C) atmosphere time (h)
1 900 100%N; 5 900C-5h
2 900 100%N; 10 900C-10h
3 1050 100%N; 5 1050C-5h
4 1050 100%N, 10 1050C-10h
5 900 96%N; + 4%H, 5 H-900C-5h

4.2.3. Characterization of nitrided specimens

After the surface treatments, the phase constituents were investigated using X-ray

diffraction (XRD) analysis. It was carried out using Cu-Ka radiation in a PANAnalytical X-ray

86



diffractometer. The surface and cross section of nitrided specimens, prepared by standard
metallographic techniques, were explored using optical microscope (OM), and scanning electron
microscope (SEM, Hitachi S-3400N). In order to reveal the microstructural features, cross section
of nitrded coupons were etched using Kroll’s Reagent etchant. Surface microhardness and
microhardness profile of the specimens were measured using Vickers indenter at a load of 0.05kgf
(0.5N) and 15s dwell. The measurements were carried out on cross sections taken from the surface
to the middle of the specimens. At each depth, at least five measurements were performed and

their average was recorded.

4.2.4. Water droplet erosion test

Water droplet erosion experiments were carried out using a rotating disk rig which was
designed according to the ASTM G73 standard [54]. Figure 4-3 represents a schematic of the
utilized erosion rig. Erosion test specimens are mounted on the disk and they are subjected to water
droplet impacts during their high speed rotations. This rig enables accurate measurements of
impingement speed and number of droplet impacts. More details on this rig can be found in our
previous publications [26, 64]. In this study, droplet size of 464um (average) and impact speeds
of 300 and 350m/s were used for the erosion experiments. They were performed in pre-set time
intervals to construct erosion graphs. After each interval, the eroded samples were studied
including microscopic examinations and weight loss measurements. This routine allows to detect
the damage level of various layers by examining the erosion features over the damaged area using
an optical microscope. By measuring the weight loss after each interval and knowing the density
of target, the cumulative volume loss curves are plotted versus the cumulative erosion exposure.
The incubation period (Hyp) and maximum erosion rate (ERqax), the typical erosion indicators, could
be obtained from these graphs according to ASTM G73 standard [54]. The vertical axis of the
erosion graphs is the volume loss and the horizontal axis is the volume of impacting water and
both are normalized by the area exposed to water droplets. Hence, a dimensionless maximum
erosion rate could be reported. The area exposed to water droplets was measured from the optical

micrographs of the eroded specimen recorded at the beginning of the maximum erosion rate stage.

The instantaneous erosion rate graphs, which were derived from the slope between two
consecutive points on the volume loss curves, are also presented. Since the mechanical properties

and microstructure of several layers in depth of Ti6Al4V were influenced by nitriding, the
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instantaneous erosion rate graphs are beneficial to track and associate the erosion behaviour and

the damage mechanisms to the different layers.

In order to detect small changes in water erosion behaviour, it is important to always use
an untreated Ti6Al4V sample as a reference coupon. This sample will counter balance the nitrided
sample and will be used to gauge any improvement in water erosion performance. Thereby, the
superiority graphs are presented minimize experimental errors, as detailed in our previous work
[64]. During the erosion experiment the superiority of the nitrided coupon at each interval is
defined according to Equation 4-1. Then they are used for the superiority graphs. In these graphs
positive value for the superiority means that the nitrided Ti6Al4V lost less material than the as-
received one and vice versa. It is notable that the aforementioned superiority equation is invalid

within the incubation of reference Ti6Al4V when its volume loss is zero.

Volume loss of Ti64 — Volume loss of nitrided Ti64
Volume loss of Ti64

Superiority of nitrided Ti6Al4V (%) = Equation 4-1

To consider the total erosion performance of specimens, their cumulative erosion resistance
as the reciprocal of cumulative material loss rate [8] will also be reported according to the

following equation:

1 Cumulative volume of impacted water

CER = Equation 4-2

ERp Cumulative volume loss
where ERr i1s the cumulative material loss (erosion) rate at the end of erosion tests, which is slope
of the line connecting the origin to the last point of erosion graph. The experiments were stopped
when the last stage of erosion, terminal steady state stage, was reached. In cases of 350 and 300m/s
impact speeds, the erosion tests were stopped after 15 and 60 minutes erosion, respectively. These

time intervals correspond to 65 and 220ml of water which impinged the specimens.
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Figure 4-3: Schematic of the water droplet erosion rig
4.3. Results and discussion

4.3.1. Microstructural investigation

After nitriding, different colours were observed on the nitrided specimens. The coupons nitrided
at 900°C were mainly golden or purple/golden which indicates the formation of titanium nitride
phases, as shown in Figure 4-4. However, the samples nitrided at 1050°C for 5 and 10 hours
became dark grey/black and light grey, respectively. It indicates the formation of other phases in
addition to titanium nitrides, which were explored using the X-ray diffraction technique. The XRD
patterns of as-received Ti6Al4V and nitrided specimens are presented in Figure 4-5. Strong a-Ti
and weak B-Ti diffraction peaks were detected for the as-received Ti6Al4V. In the cases of nitrided
specimens, a-Ti, TiN, TiNO, Ti;N, Ti3AlOo.15 and TiO; peaks were revealed and there was no -
Ti peak. Ti6Al4V has considerable amount of aluminium and formation of relatively Al-rich
phases such as Ti2AIN and TizAl was reported [72]. However, they were not detected in this work.
Comparing the XRD spectrums of 900C-5h and H-900C-5h reveal that adding 4% hydrogen to the
nitriding environment led to formation of more TiN compound on the surface, which have golden
colour. In addition, a-Ti phase peaks display greater intensities for the coupons nitrided at higher
temperatures. It is due to the higher diffusion of nitrogen in such specimens, stabilizing the a-Ti
phase in the layers close to the surface. Despite the high purity of the nitrogen gas used for nitriding
treatments, the oxide phases were observed for 900C-10h, 1050C-5h, and 1050C-10h coupons. In
case of the sample nitrided at 900°C for 10h, the main peaks belong to titanium nitride phases.
However, the rutile and titanium oxynitride phases are also detected. Relatively higher level of

oxide phases can be seen in the specimens nitrided at 1050°C. It seems that there was a higher
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chance for oxidation when nitriding was carried out at higher temperature, especially for longer
time. This was also reported by others [75, 126, 131]. Titanium is very sensitive to oxygen
particularly at temperature above 800°C [137]; however, oxides formation is usually suppressed
by low partial pressure of oxygen in nitriding treatment. Using higher temperature for nitriding
results in the partial displacement of nitrogen by oxygen and the formation of titanium oxides
within the surface layers. Rutile is an undesired phase for the applied treatment and would be
detrimental for the mechanical properties and erosion performance. This may not be the case for
titanium oxynitride phase, since Pohrelyuk et al. [138] highlighted its superior microhardness
compared to that of titanium nitride. Generation of rutile and titanium oxynitride phases for the

coupons nitrided at 1050°C influences their surface microhardness, as will be discussed in section
3.2.

Figure 4-4: Appearance of as-received Ti6Al4V and nitrided Ti6Al4V coupons

Figure 4-6 demonstrates the surface morphology of Ti6Al4V nitrided at 900 and 1050°C
temperatures for 5 hours. These morphologies are affected by nitriding temperature, formed
phases, and the growth type of outermost layer. At 900°C, TiN compound with relatively fine and
dense microstructure, composed of rounded agglomerates, were generated. However, TiO>
compound with faceted structure predominantly form the outermost layer of nitrided Ti6Al4V at

1050°C. Titanium oxide is porous and relatively rough which is detrimental for erosion application.
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Figure 4-5: XRD patterns of as-received Ti6Al4V and nitrided coupons

Figure 4-6: SE-SEM micrographs of the surface of nitrided Ti6AI4V: (a) 900C-5h, (b) 1050C-5h

Influence of nitriding temperature on the morphology and microstructure of nitrided layers

are studied through the cross sectional micrographs using OM at low magnification and SEM at

high magnification. Figure 4-7 shows these micrographs for the coupon nitrided at 900°C for 5

hour. Four different areas, A, B, C, and D can be observed in the OM micrograph. Area A depicts

the compounds layers, TiN and Ti2N, and their microstructure at higher magnification can be seen

in SEM micrograph, shown in Figure 4-7-b. Relatively dense and thin TiN layer, 4um thickness,
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with crack-free interface is the outermost layer of the 900C-5h coupon. Within 5 to 15um from
the surface an intermediate layer composed of two phases, Ti2N and a-Ti(N), can be seen. Beneath
the compound layers, nitrogen diffusion areas are shown. Detecting nitrogen with EDS detector
was not possible because it is a very light element and its peaks overlap with titanium. Therefore,
diffusion areas were determined by considering the microstructure variation. Nitrogen is an o
stabilizer element and its diffusion pushes down B phase. Hence, diffusion layers are roughly
identified based on the amount of a phase, which was measured using ImageJ software [139].
Region B has more than 90% o phase. Here, there are nitrogen enriched o grains and some retained
B phase in their boundaries. Below this area, region C can be seen which is composed of more than
70% primary globular a grains and less than 30% lamellar colonies. Going further in depth, region
D having less than 70% globular o grains can be seen. The amount of globular a grains in the core
material, which was not influenced by diffusion of nitrogen, were found 65+5%. Hence, region D
is assumed as the part of coupon which was not influenced by nitrogen diffusion. However, the
applied high temperature treatment changed the microstructure of this region where the average
size of globular a grains slightly increased. During the dwell time some a grains transformed to 3
phase and they became small colonies with basket-weave microstructure during the cooling. These
colonies have lamellar configuration which is composed of co-oriented a lamellae separated by
ribs of retained B, shown in Figure 4-7-c. These lamellar colonies in the observed duplex
microstructure may affect the cracking behaviour of nitrided coupons and subsequently their

erosion performance.

Figure 4-8 demonstrates the cross sectional micrographs of Ti6Al4V nitrided at 1050°C
for 5 hours. In this micrograph also four distinct regions, A, B, C, and D are distinguished. Region
A indicates the compounds layers, which are also displayed in the magnified SEM micrograph.
Unlike nitriding at 900°C, a relatively thick and porous TiO: layer formed at 1050°C at the top
surface having large number of pores and cracks at its interface. This porous layer is not
mechanically stable and is significantly vulnerable. Beneath this layer, a thin and dense film can
be seen which might be a mixture of TiNO and Ti2N phases. The last part of A region is a mixture
of Ti3Al00.15 compound and saturated o phase. In the case of sample 1050C-5h, there is a notable
difference for the morphology of areas affected by nitrogen diffusion. A B-free layer consisting of
large a grains is highlighted as B region. The formation of this relatively thick and highly saturated

layer with nitrogen and oxygen is explained by the fact that 1050°C is above -transus temperature.
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Heating up to this temperature leads to the transformation of a to 3 phase. Nitrogen diffuses faster
in bee B phase due to its lower packing density compared to hcp a phase [70, 88]. Its diffusion
caused phase transformation from [ to a in the dwelling stage of nitriding treatment [132]. In the
cooling stage, the remained saturated B phase completely transforms to o phase at the area close
to the surface and generates pB-free region B. Below region B, a duplex microstructure including
large and irregular o needles and large lamellar colonies can be seen as region C. Last region in
this micrograph, D, is the part which was not affected by nitrogen diffusion. However, its
microstructure was completely affected by the high temperature of applied treatment. Generation
of such coarse and lamellar microstructure is due to the temperature of nitriding (above B-transus)
followed by furnace cooling. At this temperature, the initial equiaxed a grains were dissolved and
transformed to [ phase. Then subsequent slow cooling from this temperature caused
recrystallization and the generation of very large lamellar colonies consisting of co-oriented o
plates separated by retained B. It is noteworthy that the large and irregular o needles observed in
the closer areas to the surface, region C, are basically a plates which are enlarged in their preferred

orientation due to the nitrogen diffusion.

The mechanism and kinetic of nitrogen diffusion at these two temperatures are different
which lead to different phases, morphology and thickness of the surface layers. In the case of
compounds layers, competition between the formation of nitrirde and oxide phases needs to be
highlighted. Nitriding at high temperature caused the formation of porous titanium oxide layer
which plays a key role in erosion damage initiation, as will be explained in section 3.3.2. In the
case of nitrogen diffusion areas not only their morphology, but also their mechanical properties
(microhardness) were influenced by nitriding temperature. The nitrogen diffusion increases the
hardness and plotting the microhardness profile over the cross section of nitrided coupons was
conventionally used to reveal the thickness of diffusion layers. However, determining the depth of
diffusion layers through the microstructure only is tricky because some of the observed differences
can be results of particles segregation or phase transformations during the cooling. Hence, the

microhardness profile measurements are explained in the following section.
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Figure 4-8: (a) OM and (b) BSE-SEM cross sectional micrographs of Ti6Al4V nitrided at 1050 T for 5 hours

4.3.2. Microhardness of nitrided specimens
Microhardness profiles in depth of the coupons nitrided at 900°C are presented in Figure
4-9. The first point in these graphs was measured on the surface and corresponds to hardness of

layer A (compound layer). The second to fifth points in the hardness profile of sample 900C-5h
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correspond to layer B (diffusion layer). In this layer notable increase in hardness compared to
region D can be seen. Also, it is up to 675HV.0s which is two times the hardness of as-received
Ti6Al4V. In the deeper parts which correspond to layer C no increase in hardness is observed. The
higher amount of o phase in layer C compared to layer D was attributed to the nitrogen diffusion
as described in section 3.1. Indeed, there is a slight diffusion which varies microstructure, but does
not increase the hardness. Here, the highest surface hardness is observed for the sample nitrided at
low temperature in the presences of hydrogen, H-900C-5h. It is due to formation of a dense
compound layer consisting of titanium nitride compounds in this condition. Lower surface
hardness for the sample nitrided for the longer time can be seen in this figure. It is attributed to the
formation of some oxide phases within the compound layer of 900C-10h coupon. Nitriding time
and the presence of H> do not affect the hardness of diffusion layer in the areas close to the surface
(second point on the graphs); however, going deeper some variation can be seen. Thicker diffusion
layer is detected for the sample nitrided for longer time, 900C-10h. While hardness profile of
900C-5h coupon reaches the hardness of core material at 90um distance from the surface, it
reaches base hardness at 200pm for 900C-10h coupon. Furthermore, the presence of hydrogen in
the nitriding environment does not influence the hardness of diffusion layer considerably. In spite
of some fluctuations, similar trend can be seen for the hardness profile of 900C-5h and H-900C-

5h coupons.

Figure 4-10 shows the microhardness profiles over cross section of the coupons nitrided at
1050°C for 5 and 10 hours. The different layers (A, B, C, and D) observed in the micrographs of
the sample nitrided at 1050C for 5h and discussed in section 3.1 are shown on this figure. Hardness
of layer A or the compound layer is 988H V.05 which was measured on the surface. The hardness
within layer B was measured over the B-free layer, shown in Figure 4-8. Its gradient indicates the
change in the concentration of nitrogen in diffusion layer. Unlike 900C-5h coupon, layers C and
D of sample nitrided at 1050°C is harder than as-received Ti6Al4V. In layer C, it is due to the
formation of large a needles which was attributed to the slight diffusion of nitrogen at this
temperature. It is noteworthy that the hardness of these layers is similar to the hardness of annealed
Ti6Al4V at 1050°C for 5h. Hence, the higher hardness cannot be easily correlated to nitrogen
diffusion. Indeed, the lamellar-based morphology of these layers also contributes to the hardness
increase. Furthermore, surface hardness of sample nitrided for 5 hours is slightly higher than that

of sample nitrided for 10 hours. Similar hardness can be seen in depth of 1050C-5h and 1050C-
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10h samples (their diffusion layers). It seems that nitriding time does not notably affect the
concentration of diffused nitrogen in layers B and C. This can be explained by the formation of
thick compounds layers in high temperature nitriding which may impede further nitrogen diffusion

at long nitriding treatments.

Comparing the hardness profiles in Figures 4-9 and 4-10 show the significant influence of
nitriding temperature on the hardness of nitrided coupons. Surface hardness of sample nitrided at
900°C for 5h is 1134HVo.0s which is higher than that of sample nitrided at 1050°C for 5h,
988HVy 05. It is attributed to the nitrided compounds in the surface layer of 900C-5h coupon which
are harder than porous oxide compounds layer of 1050C-5h coupon. Nitridng temperature also
affects the hardness of diffusion layers. Diffusion layer of sample nitrided at 1050°C (layer B) is
approximately 100HV harder than that of sample nitrided at 900°C. It is explained by higher
concentration of nitrogen and oxygen in the interstitial sites of titanium as a result of higher
diffusion coefficient at this temperature. It is noteworthy that higher diffusion of nitrogen at
1050°C is mitigated notably by the formation of thick compound layer in the later stages of long
nitriding treatments. Another difference between samples nitrided above and below B-transus
temperature is the hardness of their core material. The hardness of 900C-5h sample at 300um
distance from the surface is 305HVo.0s, which is slightly higher (is considered within the error
bars) than that of as-received Ti6Al4V (292HV.05). However, it is 364 for the 1050C-5h coupon,
which is 74HV higher than that of as-received Ti6Al4V.
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Figure 4-10: Microhardness profiles of nitrided Ti6Al4V at 1050 C

4.3.3. Water droplet erosion

4.3.3.1. Water droplet erosion performance

Erosion behaviour of as-received, annealed and nitrided Ti6Al4V is presented in Figures

4-11 to 4-14. Multi-layered nature of nitrided Ti6Al4V results in a non-uniform response to droplet
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impacts, unlike the non-treated Ti6Al4V. In our previous works erosion behaviour was found to
be a function of the surface history, mechanical properties and local microstructure [26, 36, 42,
64, 102]. Figures 4-7 and 4-8 display that local microstructures vary with depth for the nitrided
specimens. Thereby, erosion damage at different layers is investigated using the instantaneous
erosion rate graphs. All nitrided samples showed either negligible or a shorter incubation period
compared to the as-received Ti6Al4V. The first two points in the erosion graphs correspond mainly
to the compounds layer performance and the next four mainly to the diffusion layers performance.
Notable differences between the samples’ erosion resistance are detected. These differences
gradually decrease and eventually disappear and similar behaviour can be seen for all samples in

the advanced stages of erosion, as shown in erosion rate graphs of Figures 4-11 to 4-14.

4.3.3.1.1. Water droplet erosion performance at impact speed of 350m/s

Figure 4-11 demonstrates the material loss and erosion rate graphs of the samples treated
at 900°C using impact speed of 350m/s. Nitrided samples at this temperature for 5 and 10h show
more resistance compared to as-received Ti6Al4V. They demonstrate superior performance within
the first six intervals. Their lower erosion rates in initial stages are attributed to the hard and dense
nitrided layers which combat erosion damage. However, the compounds layer is relatively
vulnerable and was partially damaged even in the first interval. The influence of nitrided layers
particularly the diffusion layers to combat erosion damage can be verified by the lower erosion
rates of the sample nitrided at 900°C for Sh compared to those of the Ti6Al4V annealed at the
same condition. Although longer nitriding slightly increases the depth of diffusion layer, sample
900C-10h shows more material loss compared to the sample nitrided for 5 hours. It is attributed to
its oxide compound layer which is mechanically unstable. Such layer is removed from larger area
on the surface and leaves a cracked surface subjected to the next droplet impacts. This is
detrimental for the performance of diffusion layers and is discussed further in section 3.3.2. After
six intervals all nitrided layers were removed and water droplets impacted the samples at depths
that were not influenced by nitrogen diffusion, region D shown in Figure 4-7. Therein, the
difference of erosion behaviour is attributed to the different local microstructure. It seems that
duplex microstructure, displayed in region D, is more resistant to erosion compared to the equiaxial
microstructure of the as-received Ti6Al4V. This can be verified by lower erosion rates of annealed

Ti6Al4V, which has duplex microstructure.
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Figure 4-11: WDE results of the samples treated at 900°C using impact speed of 350m/s: (a) normalized material
loss versus volume of impinging water, (b) the instantaneous erosion rate at different intervals

Figure 4-12 demonstrates the material loss and erosion rate graphs of the samples treated
at 1050°C using impact speed of 350m/s. There is no improvement in erosion resistance of
Ti6Al4V nitrided at 1050°C. They show no incubation period, which is associated with complete
detachment of the compounds layers in the first two intervals. These layers were removed from
large area on the surface, which are demonstrated in section 3.3.2. Despite the higher hardness of
diffusion layer of nitrided samples at 1050°C, they do not show notable resistance to water droplet
impacts. This can be realized from the high erosion rates of nitrided samples at initial intervals.
Poor resistance of nitrided coupons at 1050°C can be explained by the early detachment of their
porous compounds layers. Their detachment leaves a relatively rough surface, which is full of
initiated cracks. These cracks can easily propagate with the induced stresses by further impacts
and cause more material loss. This mechanism was documented and is explained in section 3.3.2.
Nitriding samples for longer time was not beneficial for erosion performance which can be
attributed to the formation of thicker vulnerable compounds layers. In addition to the compound
layer issues, very high concentration of interstitial elements (oxygen and nitrogen) in diffusion
layer may lead to detrimental brittleness (HID defect) and contribute to the poor erosion resistance.
Such defect in a case was highlighted as a potential reason for the lower fatigue limit of gas nitrided
Ti6Al4V [132]. Superior erosion resistance of the annealed Ti6Al4V at 1050°C for 5h compared
to the nitrided sample at the same conditions indicates the detrimental role of porous and brittle

nitrided layers to combat erosion damage. It is noteworthy that the sample annealed at 1050°C for
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Sh, shows superior erosion resistance compared to the as-received Ti6Al4V. In water droplet
erosion, the damage and material removal are governed by cracking. Hence, the crack growth rate
which is function of local microstructure plays a key role to control material loss. The higher
erosion resistance of -annealed Ti6Al4V is attributed to the lower crack growth rate of its lamellar

microstructure [88, 136].
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Figure 4-12: WDE results of the samples treated at 1050°C using impact speed of 350m/s: (a) normalized material
loss versus volume of impinging water, (b) the instantaneous erosion rate at different intervals

4.3.3.1.2. Water droplet erosion performance at impact speed of 300m/s

Figure 4-13 presents the material loss and erosion rate graphs for the samples treated at
900°C using impact speed of 300m/s. The coupons nitrided at 900°C for 5 and 10h show
considerably less erosion damage compared to the as-received and annealed Ti6Al4V. Nitrided
layers in the initial stages, within the first six intervals, combat erosion damage and decelerate the
material loss. In addition, the duplex microstructure of base material in nitrided coupons is slightly
more erosion resistant compared to the equixial microstructure of the as-received Ti6Al4V. It can
be verified by the lower erosion rates of annealed Ti6A14V at 900°C for Sh, which is attributed to
the cracking behaviour influenced by local microstructure. The longer nitriding treatment at this
temperature is not beneficial for the erosion resistance and results in a slight increase in the erosion
rate during the advanced stages. This could be attributed to the larger globular a grains observed
in the sample nitrided for 10h; these larger grains may facilitate the detachment of large fragments

and increase the erosion rate.
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Figure 4-13: WDE results of the samples treated at 900°C using impact speed of 300m/s: (a) normalized material
loss versus volume of impinging water, (b) the instantaneous erosion rate at different intervals

Figure 4-14 presents the material loss and erosion rate graphs for the samples treated at
1050°C using impact speed of 300m/s. At this speed, nitrided Ti6Al4V show more erosion
resistance compared to the as-received Ti6Al4V than the high speed experiments. The influence
of impact speed on the erosion performance of sample nitrided at high temperature can be
attributed to the different levels of stresses induced to the target, 1392 and 1148MPa, by one
droplet impact at 350 and 300m/s speeds [64]. It seems that at higher speed there is sufficiently
high exerted stresses to damage the micro-cracked surface left after the detachment of the
compound layer. However, the imposed stresses and stress intensities at impact speed of 300m/s
would not be sufficient to propagate the cracks remained after the detachment of compounds layer.
Hence, diffusion layer of the samples nitrided at 1050°C could combat droplet impacts and
demonstrate lower erosion rates than as-received Ti6Al4V, as shown in Figure 4-14-b. Nitrided
and annealed Ti6A14V at 1050°C show similar behaviour in the advanced stages; however, there
are some differences in the initial stages which indicate the role of nitrided layers. Nitrided coupons
lost their compounds layer and showed high erosion rates in the first interval; however, annealed
Ti6Al4V showed no material loss. In the next three intervals their diffusion layer decelerated the

material loss; however, the annealed Ti6Al4V lost more material.
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Figure 4-14: WDE results of the samples treated at 1050°C using impact speed of 300m/s: (a) normalized material
loss versus volume of impinging water, (b) the instantaneous erosion rate at different intervals

4.3.3.1.3. Influence of nitriding atmosphere on the erosion performance

The influence of adding 4% H> to the nitriding environment on the erosion behaviour of
the samples nitrided at 900°C for 5h was studied. Figures 4-15-a and 4-16-a show the erosion
results of 900C-5h coupon, nitrided with N>, and H-900C-5h coupon, nitrided with N>-4%Ho>.
There are small differences between the erosion graphs of these coupons, but the appearance of
their eroded surface (within the first three intervals) showed notable difference. Hence, the
superiority graphs are presented to study the performances of nitrided coupons with respect to their
reference Ti6Al4V pair and detect small differences. In case of the experiments performed at
350m/s, coupon H-900C-5h displays more superiority than coupon 900C-5h in the first three
points, as shown in Figure 4-15-b, where the compound layer plays the most important role. The
results of erosion experiments performed at 300m/s depict similar trend, which are presented in
Figure 4-16-b. In the first two points, higher superiority can be observed for coupon H-900C-5h.
This is due to the dense and crack free-compound layer consisting of titanium nitride compounds.
These erosion results are consistent with the highest observed surface hardness for coupon H-
900C-5h, shown in Figure 4-9. The erosion superiority of these samples at later stages of erosion
for both impact speeds, 300 and 350m/s, are similar. This is expected because of the similar

microhardness and microstructures beneath the nitrided layers for both coupons.
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4.3.3.1.4. Cumulative erosion resistance

Cumulative erosion resistances of the samples, derived using Equation 4-2, are presented

in Table 4-2. These numbers represent the influence of both nitrided layers and the local

microstructure of core material on the erosion behaviour. In addition, the microhardness values of

surface and diffusion layers (50pum from the surface) are listed in Table 4-2. It is clear that nitriding

at 900°C for 5 hours provides the best erosion performances. Coupons 900C-5h and H-900C-5h

show the highest erosion resistance at 350 and 300m/s impact speeds, respectively. For these

coupons, the mechanical support of hard diffusion layer from the hard and dense compound layers
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results in their highest overall erosion resistance. Such mechanical support influences the failure
mechanism of thin and hard compound layer. Lee ef al. [140] highlighted that during the water
droplet erosion of 12Cr steel coated by TiN films, the local depressions of ductile substrate is the
main cause of hard film failure which leads to the circumferential cracking and fractures. In this
case, a relatively hard diffusion layer beneath such hard and thin films diminish substrate
deformations. Indeed, the diffusion layer may act as an intermediate layer and remove the large
hardness mismatch within the interface between the hard film and ductile substrate. The beneficial
role of diffusion layer to support top hard film, which leads to higher scratch or wear resistances,
was reported in the literature [134, 141, 142]. In case of specimens 1050C-5h and 1050C-10h the
impact speed considerably influences their erosion performances. For the aggressive erosion,
carried out at higher impact speed, specimen 1050C-5h demonstrates similar erosion resistance to
the as-received Ti6Al4V; however, it showes 44% higher erosion resistance at impact speed of
300m/s. The influence of impact speed is more obvious in the case of specimen 1050C-10h. It
showed 9% less erosion resistance than Ti6Al4V at impact speed of 350m/s. However, reducing

the impact speed to 300m/s leads to a 31% higher resistance.

It is worthy to note that the annealed Ti6Al4V samples at both 900 and 1050°C
temperatures show higher cumulative erosion resistance compared to as-received Ti6Al4V. It is
due to the different local microstructure of these samples. The slower crack propagation of lamellar
colonies [136] is the main reason of such differences. It seems that lamellar microstructure is more
resistant to erosion than duplex microstructure, and duplex microstructure is more resistant than
equiaxial microstructure. This characteristic played a role mainly at the intermediate stages of
erosion and ceased to have an influence at the advanced stages. Since the influence of nitrided or
annealed Ti6Al4V microstructure on water droplet erosion performance is not the focus of this

study, a future comprehensive study in this regard is recommended.

Table 4-2: Microhardness and erosion performance of as-received, annealed and nitrided Ti6AI4V

Microhardness of Erosion Erosion
Surface diffusion layer resistance at resistance at
Coupons
Microhardness (50pum from the 350m/s, 300my/s,
Surface) CER/CER Ti6A14V CER/CER Ti6Al4V
900C-5h 1134 510 1.83 2.24
900C-10h 1060 570 1.69 1.87
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1050C-5h 1035 641 1.07 1.44

1050C-10h 939 653 0.91 1.31
H900C-5h 1243 551 1.74 2.34
As-received Ti6AI4V 292 292 1 1
Annealed Ti6AI4V at 900°C 308 308 1.3 1.24
Annealed Ti6Al4V at 1050°C 348 348 1.59 1.49

*Calculated based on equation 4-2

4.3.3.2. Characterization of erosion damage

Figure 4-17 shows the plan-view of progressive damage during the erosion experiments. It
is clear that the damage initiation is different for the samples nitrided for 5 hours and as-received
Ti6Al4V. These images indicate the high mechanical stability of compound layers and their
resistance to droplet impacts for 900C-5h and H-900C-5h coupons, which were nitrided at low
temperature. After 8 minutes, which corresponds to the second interval in Figures 4-13 and 4-14,
relatively large and scattered pits appeared on the surface of Ti6Al4V and led to detectable material
loss. In this stage, 900C-5h coupon lost its compound layer over the area impacted by water
droplets. Also, a few small pits can be seen which indicate the local damage of diffusion layer.
Further droplets caused the enlargement of these pits and their coalescence which led to the
removal of diffusion layer. The erosion surfaces of 900C-5h coupon and the as-received Ti6Al4V,
Figures 4-17-a and 4-17-d, indicate that the damage level observed after 12 min for as-received

Ti6Al4V is similar to the one observed after 50 min for 900C-5h coupon.

The sample nitrided at 1050°C for 5Sh was seen very vulnerable to the initial droplet impacts
and its compounds layer was removed from a larger area on the surface, shown in Figure 4-17-b.
This detachment results in a notable peak at the beginning of the erosion rate graph, shown in
Figure 4-14-b. The erosion damage surfaces in the later intervals indicate the beneficial role of
diffusion layer of 1050C-5h coupon to combat water droplet erosion. This layer decelerated pitting
and formation of deep craters for this sample compared to as-received Ti6Al4V, shown in Figures

4-17-b and 4-17-d.

Losing the compound layer was also seen for the coupon nitrided at 900°C and in the
presence of hydrogen. However, it is from smaller surface area compared to the other nitrided

samples, shown in Figure 4-17. It indicates the higher mechanical stability of the compounds layer
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formed in the reducing environment and confirms the superior performance of H-900C-5h coupon

compared to 900C-5h coupon in the initial intervals, which was presented in Figure 4-16-b.

As ’ 20 26 50
received Erosion time (min) received Erosion time (min)

Figure 4-17: Optical micrographs of erosion craters at different time intervals of the erosion experiments carried
out at 300m/s impact speed: (a) 900C-5h, (b) 1050C-5h, (c) H-900C-5h, (d) as-received Ti6AI4V

Figure 4-18 indicates the surface SEM micrographs of the sample nitrided at 900°C for Sh
after it was eroded at the impact speed of 350m/s. Deep erosion craters at the advanced stage can
be seen in Figure 4-18-a. It is clear that the erosion crater depth and width are not uniform along
the area exposed to the droplet impacts. Severe damage and scattered deep pits can be seen over
this area; however, some regions are not damaged significantly. The erosion damage initiation and
its microstructural evolution can be seen in Figures 4-18-b to 4-18-¢. The initial impacts cause the
formation of crack networks and localized brittle fractures on the compound layer, shown in Figure
4-18-b. The detachment of compounds layers results in the formation of relatively rough surface
with a large number of nucleated cracks. These faceted cracks with a cleavage appearance are
highlighted by arrows in Figures 4-18-b, 4-18-c, and 4-18-d. Such cracked surface, which is
basically the diffusion layer beneath the compounds layer, is prone to erosion upon further droplet
impacts. According to the erosion results, diffusion layer plays an important role to combat water
droplet erosion. This layer is supposed to impede cracking; however, numerous cracks which
nucleated upon the compounds layer detachment, shown in Figure 4-18-d, influence its
performance. Indeed, the resistance of this layer to crack propagation controls its failure. Further
impacts damage the diffusion layer by imposing local stresses leading to crack development,

shown in Figure 4-18-d. Water hammering and stress waves propagation caused by repetitive
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droplet impacts are the main reasons for further cracking. The formation of striation marks on the
eroded surface mainly over the facet of several grains, shown by white arrows in Figure 4-18-d,
indicates the cyclic growth of the cracks during erosion. It is worthy to note that the lateral jetting
upon droplet impacts damages the surface asperities and initiates more cracks. More droplet
impacts remove the nitrogen enriched a grains and the core material would be subjected to the
droplet impacts. Once the nitrided layers are gone, the large and deep pits can be formed along the
erosion crater. The scattering of these deep pits along the erosion line, shown in Figure 4-18-a,
could be attributed to the notable role of diffusion layer to combat erosion. When the diffusion
layer was removed from a certain area, erosion damage quickly progressed in that area and deep
pits were formed. Inhomogeneous loading inside the deep craters results in local damage and
different types of cracking and fractures. The intergranular and transgranular cracks are
highlighted by white and black arrows, respectively, in Figure 4-18-e. Such cracks and fractures

can be seen in the cross sectional micrographs discussed later in the text.

The mechanical stability of compounds layer has been considered as an influencing
parameter on the erosion performance of diffusion layer. Surface intergranular crack, shown by
black arrows in Figure 4-18-c, indicates how the response of the compound layer affects the
cracking behaviour of the diffusion layer. Here, a micro-crack initiated on the surface of brittle
compound layer and the further droplet impacts made it to propagate into the diffusion layer.
Hence, the hard diffusion layer cannot endure droplet impacts and would fracture faster leading to
more material loss. In the case of sample nitriding at 1050°C, propagation of surface cracks into
the diffusion layer and deteriorating the erosion resistance of this relatively brittle layer is the main
reason for the poor erosion performance. The coupons eroded at 350m/s suffered more from this
type of cracking, since higher local stresses were induced at this speed. Figure 4-19-a shows the
slightly eroded surface of coupon 1050C-5h at this impact speed. Detachment of compound layer
left numerous cracks on the surface of diffusion layer. Diffusion layer is hard and relatively brittle
and nucleated cracks make it vulnerable upon further impacts. These cracks can be seen mainly
along the boundaries of the large and enriched a grains, as shown by arrows in Figure 4-19-a.
These grains with similar sizes are demonstrated within a case of 1050C-5h coupon, as shown in

Figure 4-19-b. Such intergranular cracking into diffusion layer leads to its fast removal.
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Figure 4-18: Surface BSE-SEM micrographs of nitrided Ti6Al4V (900C-5h) after erosion test: (a) erosion crater
and deep pitting, (b) damage initiation on the compound layer, (c) top layers detachment at the edge of erosion
crater, (d) erosion damage on diffusion layer, (e) eroded surface inside the erosion crater

Figure 4-19: (a) Surface BSE-SEM micrograph of slightly eroded 1050C-5h sample, (b) cross section of 1050C-5h
sample (non-eroded) showing diffusion layer
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Figures 4-20 and 4-21 demonstrate the cross sections of eroded samples nitrided for 5h at
900 and 1050°C. Figure 20-a shows the cross section of coupon 900C-5h at the initial erosion
stage. Several surface cracks, which are mainly developed due to water hammering, are
highlighted by arrows. These cracks nucleate from either the compounds layer or the remaining
surface after the detachment of the compound layer. Then, they propagate into the diffusion layer.
No sub-surface crack, which is a known erosion damage feature in the early stages [42], could be
detected over the cross section of eroded coupon 900C-5h. It is due to the homogeneous
microstructure of diffusion layer. A similar behaviour is observed for the sample nitrided at
1050°C, shown in Figure 4-20-a, although it eroded faster than the sample nitrided at 900°C. Here,
the localized intergranular and transgranular cracks are indicated by black and white arrows in

Figures 4-20-a and 4-21-a, which are consistent with the observed cracks on the surface.

Cross section of eroded coupons in the advanced stages are also presented. The depth of
erosion crater is around 310pm for coupon 900C-5h, shown in Figure 4-20-b, and 390um for
coupon 1050C-5h, shown in Figure 4-21-b. It is noteworthy that this depth varies along the erosion
line, which was initially shown in Figure 4-18-a. For both specimens, the material affected by
nitrogen diffusion was removed completely. Here, the local microstructure of core material
controls the progress of the damage. Coupon 900C-5h, which was nitrided at 900°C below [3-
transus temperature, shows the duplex microstructure of equiaxed a grains and small lamellar
colonies. However, the Ti6Al4V nitrided at high temperature was treated above p-transus
temperature, and during the cooling large colonies with co-oriented o lamellae within prior 3 grains
were formed. This fully lamellar microstructure shows higher crack growth resistance compared
to the equiaxal microstructure. It is due to the larger degree of cracks deflection, bifurcation and
secondary cracks formation, which were reported as the toughening mechanism in lamellar
microstructures [69, 88, 136]. The slower crack growth of lamellar microstructures leads to the

superior erosion performance of annealed Ti6Al4V compared to the as-received one.

In addition to the water hammering and travelling stress wave into the target, hydraulic
penetration is an important reason for crack propagation and fracture. Water hammering and initial
fractures firstly cause the formations of relatively small cavities. Further droplets and subsequent
hydraulic penetration dig the bottom of the small cavities and generate either deep and elliptical

or narrow and undercutting pits. Figures 4-20-c shows the formation of deep and elliptical pits at
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the bottom of erosion crater within duplex microstructure. Figure 4-21-c demonstrates the narrow
and undercutting pits within the lamellar microstructure. The observed erosion features along with
the instantaneous erosion rate graphs reveal two different erosion mechanisms for these
microstructures. Indeed, the small grain size of duplex microstructure results in the acceleration of
cracks coalescence and subsequent material loss. Hence, fast and frequent detachment of small
fragments is the dominant mechanism for the erosion of bimodal microstructure. In contrast, the
cracks deflection and bifurcation decelerate the cracks propagation within the lamellar

microstructure. Thereby, slow and infrequent detachment of relatively large portions could be

mentioned as the dominant material loss mechanism for this microstructure.

Figure 4-20: Cross sectional BSE-SEM micrographs of nitrided Ti6AI4V at 900°C after erosion test showing: (a)
erosion damage of nitrided layers, (b) main erosion crater at low magnifications, (c) cracks propagation and
hydraulic penetration

Figure 4-21: Cross sectional BSE-SEM micrographs of nitrided Ti6AI4V at 1050°C after erosion test showing: (a)
erosion damage of nitrided layers, (b) main erosion crater at low magnifications, (c) cracks propagation and
hydraulic penetration

4.4. Conclusions

Water droplet erosion performance of nitrided Ti6Al4V at different conditions were
studied. Different erosion indicators were considered to track the erosion damage during the whole
test. In addition, the microstructural investigation on the surface and cross section of eroded

coupons revealed the erosion mechanisms. The following conclusions can be drawn:
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1.

Gas nitriding generated a very hard and brittle compounds layer and a relatively hard
and homogeneous diffusion layer in Ti6Al4V. Nitriding conditions particularly the
temperature altered the resulting layers as well as the core material microstructure

which influenced the cracking behavior and subsequently the erosion performance.

The Ti6Al4V nitrided at 900°C showed the best erosion resistance, which is measured
by their corresponding cumulative material loss and is 70% to 125% higher than the
as-received Ti6Al4V. Hard and dense compounds layer which is mechanically
supported by the homogeneous diffusion layer led to the superior erosion performance

of these nitrided coupons. Longer nitriding was not beneficial for the erosion resistance.

Erosion performance of Ti6Al4V nitrided at 1050°C was notably sensitive to the
impact velocity. At 350m/s, the nitrided coupon showed either a worse or similar
performance to the as-received Ti6Al4V. However, they displayed up to 44% higher
resistance than the as-received Ti6Al4V when the impact speed was decreased to
300m/s. This superior performance was attributed to the relatively hard diffusion layer

and the lamellar microstructure of core material.

Nitriding in the presence of hydrogen enhanced the hardness of compounds layer and
led to its higher mechanical stability. Ti6Al4V nitrided in the presence of hydrogen

displayed slightly higher resistance during the initial stages of water droplet erosion.
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Relating to the theme of thesis

The gas nitrided Ti6Al4V showed up to 2.2 times higher cumulative erosion resistance
(CER) compared with Ti6Al4V. Nitrided layers showed lower instantaneous erosion rates mainly
in the intermediate stages, which correspond to the acceleration and maximum erosion rate stages
of bulk Ti6Al4V erosion. Theses layers did not remain on the surface for long time and as a result
could not provide overall significant protection. Indeed, high speed droplet impingements and their
destructive consequences (i.e. stress waves propagation) influence the relatively large volume of
surface. Therefore, large depth of treatments on the target (i.e. not thin layers) would be required
for more protection. In the next chapter, erosion behaviour of the thick WC-Co layer (more than

400pm thickness) sprayed with HVOF torch on Ti6Al4V is evaluated.
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ABSTRACT
Water droplet erosion damage is due to the high speed impingement of several hundred

micron-sized water droplets on solid surface. Thermal sprayed tungsten carbide based coatings
show potential to combat such erosion problems. However, there are a considerable discrepancies
about their erosion performances in the literature. In the present work, the composition and
mechanical properties (microhardness and fracture toughness) of WC-Co coatings are studied in
relation to their water droplet erosion performance. Coatings were deposited by high velocity
oxygen fuel (HVOF) process and they were tested as-sprayed in WDE erosion system. The nano-
agglomerated WC-Co powders are in either sintered or non-sintered conditions. The WDE tests
were performed using 464um water droplets at 250, 300 and 350m/s impact velocities. The coating
with homogeneous microstructure shows up to 7 times less erosion rate than Ti6Al4V, while the

coating with heterogeneous microstructure shows worse erosion rate compared to Ti6Al4V.

*1In this article, Dr. Tarasi helped with spraying the coating and their characterization. In addition, Dr. Moreau and
Dr. Dolatabadi from Thermal Spray Group helped in the interpretation of final properties for the sprayed coatings.
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5.1. Introduction and literature review

Liquid erosion, often reported as a source of part failure in the power generation plants is
a material damage caused by repeated impacts of a water droplets at high relative velocities [2, 11,
79]. In the case of water as the impinging fluid, the solid surface encounters hydrodynamic forces
resulting from the impingement of water droplets of several hundred-micron sized at hundreds of

meters per second relative velocities [2].

Different approaches have been studied to combat water droplet erosion (WDE) such as
laser surface treatments or thermal spray coatings [8, 79, 80]. Cermet coatings consisting of a
ductile metallic binder and a hard phase (e.g. carbide, boride, nitride) are among the promising
solutions to this problem [48, 80]. Tungsten carbide cobalt (WC-Co) cermet spray coatings are
widely used for different applications which require abrasion, sliding, fretting and erosion
resistance [48, 62, 80, 143]. In this composite structure, the hard carbide particles cause high
hardness, while the metallic binder provides the coating toughness. The mechanical properties of

these coatings are greatly affected by the processing parameters and final microstructure [143].

WC-Co coatings are mainly fabricated by thermal spraying techniques where the feed
powder particles are injected into a hot flame generated by a heat source. They are next propelled
at high velocities toward the substrate to form splats that stack on each other and generate the
coatings. Thermal spray processes involve high-turbulence flow of material (gases, molten, semi-
molten and/or solid particles) and high cooling rates [ 144]. Therefore, they often suffer from some
common flaws in the resulting microstructures such as porosity, crack, low inter-splat adhesion
and unstable interface between the matrix and hard reinforcement [144, 145]. Numerous studies
have been done to improve coatings’ properties by the choice of process, optimization of the

process parameters and modifying the feedstock [143-145].

In addition to microstructural flaws, undesirable chemical and metallurgical reactions
leading to the phase transformations are other major issues in thermal spray coating of these
cermets. During spraying WC-Co powder, the agglomerated particles are heated at high
temperature by the flame, the Co melts and dissolves a part of WC. The rapid cooling of the molten
particles upon deposition causes the formation of regions of amorphous phases due to the short
time for crystallization of the multicomponent phase (Co-C-W-0) [146-148]. The W>C phase can

precipitate around the original WC grains and, in case of severe oxidation and decarburization, W
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precipitates close to the interface of splats [147]. The impact of these particles on the substrate
makes them to be flattened and cements them in the cobalt binder splats. WC surrounded by molten
cobalt can be well bonded in the middle of the splats due to appropriate wetting by the binder. It
is noteworthy that oxidized carbide grains have lower wettability for Co binder and can result in
weak bonding between the two components [147, 148]. Moreover, oxidized particle prevents the
strong inter-splat bonding [148]. These chemical and metallurgical reactions strongly depend on
the velocity and temperature of the spray particles [144, 149]. They can impair the mechanical
properties specially the fracture toughness which is an important parameter for wear and erosion

resistance [150].

High Velocity Oxygen Fuel (HVOF) spray process has been widely used to deposit WC-
Co coatings. In this process, the fuel (in the form of gas or liquid) and oxygen are injected into a
combustion chamber where they ignite and generate the heat for melting and the momentum to
propel the particles toward the substrate. Moderate process temperature (up to 2800°C) and high
particle velocity (up to 800m/s) in HVOF result in desired properties for these coatings [73, 144,
145]. High density, strong adhesion between coatings and substrates, high inter-splat adhesion,
limited chemical reactions during the coating process, and compressive residual stresses are the
main advantages supplied by HVOF [73, 145]. It is noteworthy that the compressive residual
stresses would be beneficial for the applications which experience dynamic loading such as water

droplet erosion [80].

Four primary damage modes have been proposed for WDE including plastic deformation
and asperities formation, stress wave propagation, lateral outflow jetting and hydraulic penetration
[2, 3, 79]. The impact pressure and subsequent imposed stresses result in shock waves which travel
through the material. This sudden shock waves can cause initiation of micro-cracks, or further
development of the pre-existing internal flaws such as cracks and porosities [2, 79]. The cracks
merge together and result in material removal. Plastic deformation and stress wave propagation
mainly cause surface and sub-surface cracking; and lateral outflow jetting and hydraulic
penetration mainly cause development of the existing cracks [2, 57]. Hardness, ductility, fracture
toughness and fatigue limit have been mentioned as the main material properties influencing WDE
performance. However, there is no complete agreement on their influence [2, 46, 57]. Among

these properties, hardness of target material plays relatively more significant role by delaying the
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deformation. Ductility is another criterion leading to accommodation of localized stress
concentration [57, 62]. A suitable combination of hardness and ductility can manifest itself in the
fracture toughness which is the most relevant mechanical property to erosion resistance of spray

coatings [48, 143].

Lima et al. [143] reported that the fracture toughness is the most relevant material property
corresponding to the erosion resistance of WC-Co spray coatings; and the hardness would be a
less important parameter. Lathabai et al. [151] mentioned that solid particle erosion of cermet
coatings is not a function of their hardness. They found that coatings with low porosity, fine grain
or splat size, absence of cracks and good inter-splat bonding show high erosion resistance. Oka et
al. [48] investigated the water droplet erosion behaviour of different ceramics, cermet spray
coating and martensitic stainless steel. They reported much less erosion rate and much longer
incubation period for WC-20Cr3C2-7Ni coating compared to stainless steel. Mann et al. [80]
studied the water droplet erosion of HVOF sprayed WC-Co coatings in comparison with Ti6Al4V
and stainless steel at low impact speeds. They observed excellent erosion resistance for the WC-
Co when they used a modified coating process. It was mainly attributed to the compressive residual
stress introduced into the coating as well as its high hardness and toughness. It is noteworthy that
their erosion tests were carried out at 150m/s impact speed which is not severe condition. Shipway
et al. [79] also studied the water droplet erosion of WC-Co coatings sprayed by HVOF in
comparison with Ti6A14V. They used water jet cutting equipment to perform erosion experiments.
The erosion test condition was very aggressive and the impact speed could reach 830m/s. In this
case, the WC-Co coating did not show superior erosion resistance. They did not show any
incubation period and they lost material faster than Ti6Al4V. The poor erosion resistance was
attributed to the very aggressive erosion conditions and high impact speed. Water droplet erosion
of WC-Co coatings was studied at either low impact speeds (150m/s) or very high impact speeds
(830m/s). To the knowledge of the authors, there is no information related to their erosion

performances for impact speeds within this range.

In the current study, water droplet erosion resistance of WC-12wt% Co coatings is
investigated. The utilised feedstock results in two different microstructure with same chemical
composition for the final coatings. The impact speeds studied in the current work (250, 300,

350m/s) are closer to the condition of water droplet erosion encountered in the compressor of gas
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turbine. The erosion behaviour of coatings is discussed related to their microstructure and
mechanical properties in order to understand the considerable difference for the erosion
performance of WC-Co coating observed in the literature [48, 79, 80]. The erosion experiments
were performed at three different droplet impingement speeds to explore the influence of this
parameter on the erosion performance. The coatings’ erosion behaviour are compared with that of
Ti6Al4V which is currently used as a compressor blade material and known to exhibit high

resistance to water droplet erosion.

5.2.  Materials and experimental procedure

5.2.1. Materials

Commercially available WC—Co powders Sulzer 5810 and Woka 3110, both from (Sulzer
Metco Canada Inc. Fort Saskatchewan, AB) were used as the feedstock. Both feedstock are
agglomerated powders and the major difference between the two is that only Woka 3110 powder
is sintered following agglomeration. The chemical composition and particle size of the powders
are summarized in Table 5-1. To avoid confusion, WC grains are referred to as “grains” and the
agglomerates are referred to as “particles”, in the rest of the paper. Coatings were sprayed on

Ti6Al4V substrates that were pre-cleaned in acetone and then blasted with 60 mesh alumina grits.

Table 5-1: Chemical composition of the feedstock used in the experiments

. Particle size (diameter) Chemical
Materials Shape o o
distribution (pm) composition
Sulzer 5810  Spherical (Agglomerated) -63 +11 WC, 12 wt% Co
Spheroidal
Woka 3110 -25+5 WC, 11-13 wt% Co

(Agglomerated, sintered)

5.2.2. HVOF coating process

The feedstock of Sulzer 5810 and Woka 3110, were deposited using DJ 2600 HVOF gun
(Sulzer-Metco). The Sulzer 5810 powder was sprayed at five different conditions and the best one
in term of coating hardness and density was selected and presented in this article. The in-flight
particle temperature and velocity were measured as 1860°C temperature and 660m/s at 200, 350
and 560 SLM oxygen, air and hydrogen flow rates, respectively. In the case of Woka 3110, it was
sprayed using the flow rates of 230, 370 and 680 SLM for oxygen, air and hydrogen, respectively.
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Woka 3110 spraying conditions (i.e. in-flight powder temperature and velocity) were optimised in
order to obtain dense and homogeneous coatings [18]. The temperature and velocity of in-flight
particles were 1986°C and 730m/s. Since, linking the erosion behaviour of coating to its
microstructure is among the objectives of this study, Woka 3110 and Sulzer 5810 coatings will be
compared further. In this paper Woka 3110 coating is called SD and Sulzer 5810 coating is called
SP.

5.2.3. Coating characterization

To evaluate the coating porosity, SEM images of coating cross section taken at low
magnification, were analysed using Scion Image software (Version 4.0.3.2). The cross section of
cermet coatings were observed under scanning electron microscope (SEM Hitachi S-3400N) to
confirm their thickness and study their morphology and microstructure. The mean surface
roughness (Ra) values of as-sprayed coatings was measured using surface roughness tester
(Mitutoyo SJ-210). The phase constituents of the coatings were analysed using an X-ray diffraction
(XRD). The microhardness was measured on coating cross sections using a Vickers microhardness
tester with a diamond Vickers indenter under 500 g load. The reported microhardness values are
the mean value of 5 measurements. Moreover, fracture toughness measurements were performed
using Vickers hardness tester at 10 kg load. In order to find the fracture toughness from the indents

dimension, Equation 5-1 was utilized [152].

E .
Kic = 0.0193HVD(W)0'4a_0-5 Equation 5-1

where HV is the Vickers hardness, E the Young’s modulus, D the half-diagonal of the Vickers

indentation, and a the indentation crack length.

5.2.4. Water droplet erosion test

An erosion rig specially designed for WDE testing, which provides simulated impingement
conditions of high speed rotating blades was used in this study. Figure 5-1 illustrates a simplified
schematic of this erosion rig. The erosion test coupons are mounted on the rotating disk and pass
in front of the flow of water droplets emerging from a nozzle of specified size. The rotating
coupons are impinged normally by the falling water droplets and experience water droplet erosion.
The rotating disk can reach a maximum speed of 20,000 rpm, which corresponds to a linear impact

speed of 500m/s for the impingement of the water droplet on the specimen. The erosion tests are
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performed in vacuum pressure between 30 and 50 mbar for all experiments in order to balance
friction and water droplet evaporation issues. To provide the desired impacting droplet sizes
different nozzle sizes can be mounted on the system; and rotation speed is set based on the desired

impact velocity.

To present the erosion results, the cumulative material loss curves were plotted versus
cumulative erosion exposure. Also, the maximum erosion rate (ERqx) of coatings and Ti6Al4V
were determined according to the ASTM G73 standard [54]. A straight line is drawn using the
maximum slope points from which the maximum erosion rate (ERax) is calculated. In this article,
the vertical access of erosion graphs is the volume loss normalized by the area exposed to water
droplets which roughly corresponds to the mean depth of erosion. The horizontal access or erosion
exposure was presented using the normalized volume of impacting water by the area exposed to
water droplets. Such area was measured from the optical micrographs of eroded specimen recorded
at the beginning of the maximum erosion rate stage. Here, the maximum erosion rate or mean

depth of erosion rate is dimensionless.

The erosion tests were performed on the as-sprayed coatings without prior surface
polishing or grinding. The incubation stage in erosion curve is a function of surface roughness and
since the surface roughness is different for the coatings and Ti6A14V bulk material, the incubation
stage characteristics are not compared in this study. Here, the maximum erosion rate is reported as

the main criterion for the erosion resistance.
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Figure 5-1: Schematic of the water droplet erosion rig

Water source

Pump, Filter,
Cooling system

The cross section of eroded coatings were prepared for metallography along the erosion

craters. From each cross section, more than thirty SEM images were taken at different
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magnifications along the edge of the erosion lines. Hence, erosion features could be studied

systematically.

5.3. Results

5.3.1. As-sprayed coatings characterization

Figure 5-2 shows the XRD spectra of the cermet feedstock and coatings deposited by
HVOF. The as-received Sulzer 5810 and Woka 3110 powders are composed of WC and Co phases.
The XRD patterns of the coatings show the presence of other phases which were formed in the
spraying process. The SP coating contains W>C and small amount of W, however the Co peaks
are no more visible. Formation of W>C and W confirms that the WC phase is decomposed and
decarburized during HVOF process of Sulzer 5810 feedstock. The initial free Co could not be
detected in the coating probably because it has reacted with carbon and tungsten during the coating
process and formed nano-crystalline CoxWyC; phases as well as amorphous Co (W,C). This was
also reported by others [147, 153]. CoxWyC, phases were not detected by XRD because of their
relatively small quantities. In the case of SD coating, it is also composed of WC, W2>C, W and
some amorphous phases. However, there is a higher level of decomposition and decarburization.
This is shown by the higher peak intensity ratio of W2C/WC in the pattern as well as larger
amorphous hump observed between 35 and 45 degrees representing greater amorphous content.
Formation of W phase in the coating also confirms the higher degree of decarburization. These
indicate higher melting proportion of the agglomerated and sintered Woka 3110 particles than that
of Sulzer 5810 (which is only agglomerated) during deposition. It is in accordance with the higher
measured temperature for in-flight Woka powders during the spraying process. High temperature
would enhance the coating density; however, it would be detrimental for final mechanical
properties, especially for its toughness. Marple and Lima [153] introduced an optimized in-flight
powder temperature range, 1750 to 1950°C, for different WC-Co feedstock sprayed by HVOF.

The temperatures of in-flight powder sprayed in the current work are in this optimized range.
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Figure 5-2: XRD patterns of (a) Sulzer 5810 powder and SP coating, (b) Woka 3110 powder and SD coating

Figure 5-3 presents SEM micrographs of polished cross sections of spray coatings. The
porosity percentage, thickness and surface roughness of the coatings are presented in Table 5-2.
The porosity and some microstructural-flaws mentioned as important parameters for mechanical
properties can be seen in Figure 5-3. It is evident that there is much less porosity in SD coating,
which can be assumed as the first structural indicator for good erosion behaviour. The surface
roughness of the target material is another important parameter in erosion studies as it influences
the initial stages of erosion significantly. The different roughness of the coatings and the bulk
Ti6Al14V sample are mentioned in Table 5-2. Rougher surface of SP coating would be detrimental

for its erosion behaviour.

200 pm
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Figure 5-3: SEM micrographs showing cross sections of as-sprayed: (a) SP coating at low magnification, (b) SP
coating at high magnification, (c) SD coating at low magnification, (d) SD coating at high magnification

Mechanical properties of the coatings as well as Ti6Al4V are listed in Table 5-2. The SP
coating shows much lower hardness compared to the SD coating. It is attributed to the larger
variations in its microstructure and lower inter-splat adhesion which will be discussed further.
Fracture toughness could not be measured for SP coating since the cracks run along the edge of
indents instead of radial cracking. This indicates the low tensile strength of this coating [148]
which is in accordance with its heterogeneous microstructure (Figure 5-2-b) and low
microhardness. This was not the case for SD coating and its fracture toughness was measured. The
relatively high observed fracture toughness (8.2MPa.m'?) is in accordance with the dense and
homogeneous microstructure of SD coating. However, high decarburization degree and formation

of brittle and amorphous phases in this coating would cause reduction of fracture toughness.

Table 5-2: The characteristics of as-sprayed coatings

) ] Surface ~ Microhard  Fracture
) Porosity Thickness
Specimens roughness, ness toughness

ercentage (% m
p g (0) (“’ ) Ra(um) (HVOS) (MPa.ml/z)

SP Coating 2.9 360 3.62 874 £+ 30 -
SD Coating 1.4 330 2.03 1232 + 14 8.2
Ti6Al4V - - 0.08 298 + 26 60-100

5.3.2. Water droplet erosion results
The erosion behaviour of the coatings and Ti6Al4V using 250, 300 and 350m/s droplet
impact speeds are presented in Figures 5-4 to 5-6, respectively. Based on the ASTM standard, the
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maximum erosion rates were calculated from the erosion curves and they are listed in Table 5-3 at
different erosion conditions. In addition, cumulative erosion resistance (CER) of coatings

normalized to those of Ti6Al4V are presented.

Figure 5-4 shows the erosion test results at 250m/s impingement speed. It exhibits
significant differences between the erosion behaviour of the coatings and Ti6Al4V. The SP coating
shows the highest erosion rate which is 3.7 times higher than that of Ti6Al4V. The SD coating
demonstrated the best erosion performance in this condition since its erosion rate is 6.7 times lower

than that of Ti6Al4V.

The erosion results for the impact speed of 300m/s are shown in Figure 5-5. There is a
remarkable difference between the erosion behaviour of the coatings at this speed and that at
250m/s impact speed. No incubation period was observed for the coatings at 300m/s. This can be
attributed to the higher impact pressure and subsequent stresses generated at 300m/s that are
sufficiently high to commence material loss with initial droplet impacts. In term of erosion rate,
the ERyax of SP coating is close to Ti6Al4V, i.e. 7107 and 5.2x 107 respectively. However, SD
coating shows significantly lower erosion rate, which is 1.9x10* (Table 5-3). It is 2.6 and 3.5

times less than the erosion rates of Ti6Al4V and SP coating, respectively.

Figure 5-6 shows the results for the most aggressive erosion conditions that is 350m/s
impact speed. The erosion curves are closer to each other at this speed. The maximum erosion
rates ERmax are 1.9%10%,2.51x10, and 1.17x10™* for Ti6Al4V, SP and SD coatings, respectively.
The erosion rate for the SP coating is higher than that of Ti6Al4V; however, SD coating again

exhibits a lower erosion rate.

It is evident that SD coating shows the least ERmax in all erosion conditions. Although the
coatings were deposited from feedstock with identical chemical compositions, the erosion
resistance of SP coating is much less than that of SD coating. Explaining this significant difference
in coating erosion behaviour which is also reported in the literature [79, 80] is one of the objectives
in this study. To this end, microstructural characteristics and erosion mechanism investigation are

presented.
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impingement speed of 350m/s
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Table 5-3: Maximum erosion rate (ERu.) and cumulative erosion resistance (CER) of the coatings and Ti6Al4V

Erosion resistance Erosion resistance Erosion resistance
ER max, ER max, ER max,
at 250m/s, at 300m/s, at 350m/s,
V=250m/s V=300m/s V=350m/s

CER/CER Tisa4v CER / CER Tisalv CER / CER Tisauv
SP Coating 5.2 X 107 0.42 7 %107 0.79 2.51 x 10* 0.73
SD Coating 2.1 X 10° 3.8 1.9 x 107 1.64 1.17 x 10 1.07

Ti6Al4V 1.4 x 107 1 52 %107 1 1.9x 10* 1

5.3.3. Microstructural characteristics of eroded coatings

To reveal the influence of the coating’s morphology and microstructure on the processes
leading to material removal scanning electron microscope was utilized. Figure 5-7 shows the cross
sectional view of the complete erosion crater. The width of the erosion line was roughly measured
and the approximate width average was found to be 1.18mm for SP coating and 0.94mm for SD
coating. These widths are more than two times the droplet diameter of 464um. The smooth surface
of the coating erosion craters is a notable feature which could not be seen on the edges of Ti6Al4V
erosion crater. The topography of the eroded surface can play a vital role in the progress of the
erosion damage and the processes causing erosion saturation [8]. During the erosion test a thin
film of water would cover the eroded areas and acts as a cushion, leading to a decrease of the
imposed impact pressure [2, 8]. The erosion crater texture influences the water film formation and
its cushion role. In addition, it influences the deformation of water droplets upon impact and

subsequently changes the stress distribution. Therefore, surface texture should be considered.

500 pm

Figure 5-7: Cross sectional SEM images showing the depth and texture of the erosion craters at impact speed of
250m/s: (a) SP coating, (b) SD coating

Figure 5-8 presents the SEM images of erosion crater along its edges for SP coating. The

splat microstructure and high density internal flaws close to the erosion line can be identified in
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Figures 5-8-a and 5-8-b. The surface and sub-surface cracks, which are known mechanisms for
WDE damage [79, 154], were observed (indicated by arrows). There are several cracks, as shown
in Figure 5-8-d, which are very small relative to the other surrounding microstructural features.
They are considered as nucleated cracks formed mainly at interface between the hard
reinforcement WC grains and the Co binder (black arrows, 5-8-d) or at the interface between
different splats (black arrow, 5-8-c). Figure 5-8-b shows a network of sub-surface cracks on the
edge of the erosion crater. These cracks may nucleate due to the fracture of WC particles and their
coalescence leads to detachment of large fragments of the coating. The cracks mainly initiated
between the splats and some un-molten particles. As mentioned, SP coating does not show a
homogenous microstructure; and low adhesion at the splat interfaces has left numerous internal
flaws. These flaws, such as pre-existing cracks, grow significantly when receiving stress waves
upon water droplet impingement. In addition, the detachment of WC grains from the cobalt binder

and also their cracking are observed along the erosion line edge as shown in Figure 5-8-d.

Figure 5-8: Cross sectional SEM images of eroded SP coating along the edges of erosion crater, WDE conditions:
464um droplet size and 300m/s impact speed
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Figure 5-9 shows cross sectional images of SD coating following WDE. The coating splat
structure beside the damaged areas can hardly be identified because the microstructure is much
more homogenous. Because of intense pressure of each water droplet impingement and subsequent
stress wave propagation, the surface (white arrows) and sub-surface (black arrows) micro-cracks
are formed as illustrated in Figures 5-9-a and 5-9-b. They propagate and merge together and form
large sub-surface cracks which result in detachment of large lumps of the coating as shown in
Figure 5-9-b. The sub-surface lateral cracking was observed during the solid particle erosion of
brittle materials and highlighted as one of the dominant fracture mechanisms leading to material
loss [154]. Moreover, a network of cracks can be seen in Figure 5-9-c. There is a very high chance
for detachment of materials from this kind of crack networks by the repeated impingements. Figure
5-9-d shows cracking from pre-existing pores due to the high stress concentration around these
defects in the coating microstructure. One can discern the WC—Co structure in the middle of the
splats and note the excellent cohesion between the WC grains and binder. Here, the amorphous
binder at the periphery of the splats is detrimental for their adhesion. The micrograph shows

presence of cracks mainly between splats.

Clearly, density of internal flaws in SP coating is larger than that of SD coating. Also, the
amount of nano-pores and micro-pores in the former coating is much higher. Low coating hardness
is usually attributed to high porosity. However, the porosity reported in Table 5-2, corresponds
only to micro-porosity and is too low to account for the low hardness of SP coating. In this coating,
the low cohesion of WC/Co bonds causes the formation of high density zones of nano-pores around
the WC grains. They were not considered in the porosity values listed in Table 5-2, but they

contribute to the low observed hardness and result in worse erosion performance.
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Figure 5-9: Cross sectional SEM images of eroded SD coating along the edges of erosion crater, erosion
conditions: 464um droplet size, 300m/s impact speed

5.4. Discussion

5.4.1. Water droplet erosion damage at different impact speeds

The water droplet impacts with high relative velocity cause damage to all materials.
Different mechanisms for WDE have been found and described. They depend on the target
material properties and water droplet impact conditions [2, 57, 79]. The magnitude of impact
pressure and subsequent stress waves propagating through the material is a function of impact

speed which is summarized in the following well-known Equation [6]:

P = p,CoV Equation 5-2
where po is the liquid density, Cy is the speed of sound in the liquid and ¥V is the impact speed. The
accuracy of Equation 5-2 is limited due to the applied simplifications. Heymann [24] did some

modifications and proposed Equation 5-3 which is used in the current study.

%4
P =poCoV[2+ (2K — 1) C_o] Equation 5-3

where k is liquid constant. In the case of water erosion, k=2, po=1000kg/m> and Cy=1463m/s.
Therefore, the impact speeds of 250, 300, and 350m/s correspond to impact pressures of 919, 1147,
and 1391MPa, respectively.

The remarkable influence of impact pressure on the erosion behaviour of coatings
manifests in the erosion curves, Figures 5-4 to 5-6. Figure 5-4 illustrates the erosion behaviour of
the coatings and the Ti6Al4V bulk material at 250m/s. It can be seen that impact pressure of

919MPa could not impose sufficient stresses on SD coating to cause notable material removal.
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Cracking in this condition was very slow and required a large number of impingements to
propagate. In contrast, shorter incubation period in erosion of SP coating confirms that the shock

pressure caused faster cracking and material loss in the microstructure of this coating.

At higher droplet impact speed, i.e. 300m/s that translates to impact pressure of 1147MPa,
the stress was enough to cause material removal from early stages for both coatings. However,
they did not show the same material removal rate. SD coating exhibits lower erosion rate due to
its denser and more homogenous microstructure as shown in Figure 5-9. In this coating, crack
development among the well bonded splat boundaries required higher stress and was slow.
However, the cracking at the weak interfaces of SP coating microstructure was faster and require

lower energy.

When erosion experiments were performed at 350m/s impact speed, the impact pressure
and subsequent stresses induced brittle and catastrophic damage on both coatings. It seems that
1391MPa impact pressure was quite high enough for cracking in either the interface of WC/Co or
splat boundaries leading to large fragments material loss. Also, it could enlarge the pre-existing
cracks easily in both coatings. In the case of spray coatings, the adhesion strength among the
interfaces would determine the required stresses for crack propagation. Indeed, the interaction
between these required stresses and the stress waves resulted from droplet impacts causes the
observed material loss. Hence, the different erosion testing conditions have a large influence on

the variability of the reported erosion behaviours of WC-Co coatings in the literature [48, 79, 80].

It is known that the erosion resistance when plotted as material removal versus the impact
speed, resembles an S-N curve for fatigue from which the fatigue limit is defined. Such a concept
in erosion behaviour of materials could be called as erosion limit [46]. It means that there is a
threshold velocity below which the induced pressures cannot cause material loss within a certain
time limit. In the current work, it seems that 919MPa is close to the erosion limit of SD coating
because of its relatively low material loss after more than 3 million droplet impacts. However,
testing at lower impact speeds needs to be carried out to find the potential erosion limit of SP
coating. Since both coatings have same chemical composition and grain size, it can be inferred
that the coating microstructure determines its tolerable stress and erosion limit. Indeed, the
microstructure is a function of utilised feedstock as well as coating process parameters and they

should be optimized to achieve WDE resistant coating.
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5.4.2. Erosion mechanism of spray coatings

In general, the WDE resistance of a target material has been related to its mechanical
properties including resilience, hardness, toughness, elastic modulus, or ultimate tensile strength
[2]. Erosion behaviour of bulk alloys can be classified into two main groups: materials which fail
in a brittle manner and those which deform plastically. The erosion resistance of bulk materials
such as titanium alloys was mainly related to their respective hardness [82]. Unlike titanium alloys,
the erosion resistance of spray coatings was roughly related to their fracture toughness [48, 143].
However, both hardness and fracture toughness apart from the chemistry of the material,
significantly depend on the coating morphology and microstructure. Hence, the coating
microstructure has to be assessed in detail to identify the erosion mechanism, especially because
the coating mechanical properties are normally reported from specific locations in the material;
while the erosion phenomenon involves the entire coating and can find the regions of weakness in

the microstructure to initiate material removal.

Figures 5-3-a and 5-3-b show the microstructures of the as-sprayed SP coating having a
heterogeneous microstructure with high density of pores. The carbide grains distribution is not
uniform and their large accumulation can be seen in the coating. The XRD results show the low
degree of decarburization for SP coating. This is confirmed also by the angular shape of WC grains
which indicates regions stayed solid throughout the coating process. The partial melting of
particles can be attributed to the low density of 5810 powders and their low thermal conductivity.
Indeed, the temperature of in-flight particles at the center is lower than at the surface and as a result
some parts may not be molten. This has led to the heterogeneous microstructure of SP coating.
Low level of carbon and tungsten dissolution in the cobalt decreases the amount of inter-diffusion
of cobalt into WC grains and vice versa resulting in reduced wetting between the WC grains and
the binder. The low adhesion of WC grains and cobalt binder forms a large number of micro and
nano-pores (Figure 5-8-d). The high level of internal defects are consistent with the measured
microhardness for SP coating. As mentioned, fracture toughness of this coating could not be
measured since the cracking happened along the edges and not at the corners of the indent. This
type of cracking contributed to the low tensile strength and accelerated crack growth [148]. The
higher crack growth rate explains the poor erosion behaviour. Upon water droplet impacts, the
stress waves propagate through the coating and they interact with microstructural flaws such as

pre-existing cracks. These interactions lead to crack growth acceleration and increase the material
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loss rate. The incubation period and the accelerated erosion rate depend strongly on the presence
of internal defects. According to SP coating microstructure, the micro-pores, micro-cracks, low
adhesion of WC grains and cobalt, and the weak splat boundaries are flaws present in this coating.
Once the stress waves propagate through the coating, the present cracks in the splat boundaries
grow and cause material detachment (Figure 5-8-a). The poor bonding of WC and Co and resulting
built-in pores cause the formation of many micro-cracks. The micro-cracks next form a crack
network that results in material removal (Figure 5-8-b). Moreover, the micro-cracking around the
large WC grains would cause their direct detachment from the cobalt binder (Figure 5-8-c). In
addition to individual detachment of carbide grains, because of the large accumulation of WC
particles seen in this microstructure and their poor bonding with the Co binder, cracking occurs
around these agglomerations and cause their group removal. The fracture of large WC particles as

observed in the results expedites the material loss.

In the case of SD coating, there is a compact microstructure of well bonded WC grains into
the binder which contributes to the higher hardness. The WC grains distribution is uniform and
there is much less porosity leading to high fracture toughness. The optimized temperature and high
velocity of in-flight powders result in relatively low porosity of this coating. Unlike SP coating,
the adhesion of WC and Co is not the challenge for the erosion of this coating; but the inter-splat
boundaries are the main issue. The higher in-flight powder temperature and uniform heat
transformation among these sintered particles result in higher decarburization level which is
confirmed by XRD results. Higher temperature also leads to enhanced wetting and adhesion
between WC and Co. However, the higher the degree of decarburization, the lower the adhesion
between the splats. This is due to the extra formation of undesired amorphous and brittle phases at
the interfaces. They are clearly detrimental for fracture toughness and consequently for erosion
resistance [148, 149]. Accordingly, the main weaknesses point in this microstructure are the splat
boundaries. During the WDE test, the pre-existing cracks in the splat interfaces propagate and open
their way toward the other weak point of the structure i.e. inter-splat interfaces. There they develop
much more rapidly and cause detachment of large fragments or the whole of the splats as shown
in Figures 5-9-a and 5-9-b. This phenomenon causes the detachment of complete or part of splats
in the form of splat lifting. Although, recognizing different splats is difficult in the microstructure,
the waviness of the observed cracks is a good way to verify the crack growth along the splat

interfaces.
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As in other thermal spray coatings, the role of the pores in this SD coating should not be
ignored. Micro-pores are another internal flaw which causes cracking under hydrodynamic loading
of erosion. Figure 5-9-d illustrates the crack initiation from the pores, which are already present in
the microstructure. It was found that these cracks behave like a network and merge together with

consecutive impingements.

In advanced stage of erosion, the lateral outflow jetting and hydraulic penetration
participate in the erosion damage more than the initial stages. When a part of the coating is
removed, the texture of the eroded surface becomes very important for the progress of erosion. In
the case of rough surface, the droplet impacts are more detrimental. For the splat microstructure
of spray coatings, the interfaces exposed to water impact are the main damage initiation points.
Figure 5-10 illustrates a simple schematic representation of water droplet impingement on a spray
coating with its splat microstructure. Upon water droplet impact onto the surface, lateral water jet
forms and travels on the surface with very high speed. The water jet strikes any kind of
irregularities on the surface such as raised splats and causes cracking. In Figure 5-10-b, water jet
strikes the splat A and a micro-crack initiates at the interface of splat A and B. In advanced stages,
when part of the coating was removed, a larger number of splat interfaces encounter the impacting
water droplets. In this step, stress wave propagation, outflow jetting and hydraulic penetration
contribute to erosion damage in parallel. There would be a high chance for sub-surface cracking
by stress waves at positions such as number 6 which are beneath the centre of impact and
experience the maximum impact pressure. Number 1 and 5 zones which are close to the
circumference of the impact area would be damaged by the formed lateral outflow jets. The splat
interfaces would be opened up and it causes lifting of splats. In number 2, 3, and 4 areas, the

hydraulic penetration would be dominant process for cracking and subsequent digging.
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Figure 5-10: Schematic of water impact on a cermet coating with its typical splat microstructure: (a) as-sprayed
cermet coating before water impact, (b) upon impact and formation of water jet, (c) Eroded cermet coating exposed
to water droplet impingement in advanced

It was determined that the erosion damage of carbide cermet coatings is dominated by
cracking. The erosion rate is controlled by cracks initiation and growth rate. Crack initiation is
found to depend strongly on internal flaws (i.e. pores and crack in the interfaces). The droplet
impact may cause carbide particle breaking, detachment of WC grains from the binder and lifting
of splats. Indeed, the inter-splat adhesion strength plays a significant role on the crack growth rate

and as a result the erosion rate.

It is noteworthy that WDE behaviour considerably depends on the surface roughness. Also,
top layers of spray coating close to the surface show higher level of porosity compared to the
underneath layers. Therefore, WDE performance of ground and polished SD coating will be

compared with as-sprayed in a future publication.

5.5. Conclusions

In this study, the water droplet erosion behaviour of WC-12Co sprayed coatings having
two different microstructures was evaluated. To gain insight into the importance of erosion test
parameters, WDE experiments were performed at three impact speeds. The erosion mechanism of

the coatings was also investigated. The following conclusions can be drawn:

e Spraying commercial Woka 3110 powder and Sulzer 5810 powder resulted in two different
microstructure for WC-12Co coatings. SD coating showed superior erosion performance

compared to Ti6Al4V; however, SP showed less erosion resistance. Despite their identical
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chemical composition, the results show that the coating microstructure has a strong influence
of WDE resistance and must be controlled carefully during spraying. In an optimum coating,
the density of pores should be reduced, inter-splat adhesion and coating toughness should be
maximised by limiting carbide degradation during spraying. They can be achieved by selecting
appropriate feedstock and proper control of their temperature and velocity during spraying

process.

The spray cermet coating was eroded by different mechanisms depending on their
microstructure and internal flaws. The main damage evolution process was cracking (surface
and sub-surface) which was related to the coating fracture toughness. It involved carbide

particles breaking, detachment of WC grains from the binder and lifting of the splats.

The erosion damage of SD coating was governed mainly by splats lifting. The cracks
propagation in the inter-splat boundaries followed by detachment of splats is the main
phenomenon resulting in material loss. It is due to the stress wave propagation through the
material. However, lateral outflow jetting and hydraulic penetration would accelerate this

process in the later erosion stages.

In the case of SP coating and its heterogeneous microstructure, erosion damage was operated
by carbide particles breaking, detachment of WC grains from the binder and lifting of the splats

in parallel and it was not possible to identify a dominant erosion mechanism.

The water droplet impingement speed was found to have significant influence on the WDE
performance of WC-Co spray coatings. The erosion rate of SP coating increased more than
100 time by increasing impact speed from 250m/s to 350m/s. In the case of SD coating, the
potential erosion endurance limit in terms of impact speed should be located between 200 and

250m/s.

134



Relating to the theme of thesis

In chapter 5, erosion performance of sprayed WC-Co coatings was compared with that of
Ti6Al4V. Significant influence of coating microstructure on its erosion performance was observed.
As-sprayed WC-Co coating with homogeneous microstructure showed up to 3.8 times higher
erosion resistance compared with Ti6Al4V. Its erosion resistance can be enhanced by optimizing
the coating process parameters to reduce oxidation of inflight particles. In addition, removing top
layers of sprayed coating and smoothing its surface lead to considerably high erosion resistance.
This is aligned with the main objective of this research which is enhancing water droplet erosion

performance of Ti64 alloy.
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Chapter 6 : Concluding remarks

Experimental investigations were carried out for finding potential solutions to combat the
water droplet erosion damage observed on the leading edges of turbine blades. Two approaches
were used to reach this goal. First, examining the erosion behaviour of TiAl as a potential alloy
for turbine blades. Second, studying the influence of two surface treatments on water droplet

erosion of Ti6Al4V which is a currently used alloy for compressor blades.

In this thesis, the erosion performance of all specimens were examined at least using two
different impact speeds, 350 and 300m/s which are close to what is experienced by the compressor
blades of gas turbines. Erosion results with different indicators derived from the erosion graphs,
which are incubation period (Hp) and maximum erosion rates (ERuax), were presented in the
previous chapters; however, the cumulative erosion resistance (CER) of all specimens, treated and
non-treated, can be seen in Figures 6-1 and 6-2 for impact speeds of 300m/s and 350m/s,
respectively. CER has been defined as the ratio of total volume of impacting water to total volume
loss of the target. In Figures 6-1 and 6-2 CER of tested coupons is normalized by that of Ti6Al4V

as the reference material.
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Figure 6-1: Normalized cumulative erosion resistance of all tested coupons at 300m/s
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Figure 6-2: Normalized cumulative erosion resistance of all tested coupons at 350m/s

6.1. Conclusions

Nearly fully lamellar TiAl is proposed as a water droplet erosion resistant alloy for turbine
blades. It showed superior erosion performance (i.e. longer incubation and slower material loss)
compared to Ti6Al4V at all tested conditions. Direct comparison of TiAl and Ti6Al4V erosion
performance at different impingement conditions, i.e. impact speeds and droplet sizes, displayed
that TiAl superiority is a function of the erosion conditions. It is supported with the large value of
speed exponent of the ER o V" relation. The value of n was 12.5 and 11.5 when the coupons were
eroded by 464um and 603um droplets, respectively. They showed that TiAl erosion resistance,
which is inversely proportional to the erosion rate, is highly dependent on impact velocity and
reduces significantly at severe erosion conditions. Furthermore, the damage threshold speeds (V¢)
of TiAl were specified. The value of V¢ was determined between 250m/s and 275m/s when 464pum
droplets impacted TiAl and 200m/s and 225m/s when 603 um droplets impacted its surface. These
results indicate that the damage threshold speed is a function of impacting droplet size, and

therefore only one speed cannot be reported for a certain material.

Superior erosion behaviour of TiAl was attributed to its higher hardness, strength, modulus
of elasticity, and particularly hardenability. TiAl showed 11 to 17% hardness increase during the
incubation period compared to only 6% increase for Ti6Al4V. Initial droplet impingements made

TiAl harder which led to its longer incubation period. In addition, nearly fully lamellar
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microstructure of TiAl showed high resistance to crack propagation and contributed to its superior
erosion resistance. In this microstructure, numerous y/y domain boundaries, ao/y lamellae

interfaces and colony boundaries decelerated the crack propagation.

Water droplet erosion of TiAl initiated with severe local micro-plasticity. The localized
material flow was attributed to the formation of slip bands predominantly interlamellar slips. The
large number of slip and twinning bands resulted in localized height variations and acted as stress
raisers. The nucleation of initial cracks along the interlamellar slip bands was systematically
observed. It showed that the transgranular cracking (within the colonies) is the main contributor to
erosion damage during the incubation and acceleration stages. Anisotropic response and plastic
deformation of TiAl lamellar colonies, based on their orientation with respect to the droplet impact
direction, caused local depressions in the areas near to the colony boundaries. Numerous local and
brittle fractures in such areas led to micro-pitting and commenced material loss. The colonies
oriented with 45° or nearly so were vulnerable upon droplet impingements and demonstrated the
largest number of pitting. Water hammering, outflow lateral jetting, and hydraulic penetration were
the main reasons for the erosion damage in the advanced stages. They caused periodic processes
of water roughening then water polishing of the TiAl erosion crater surfaces, which governed the
damage progress. Fractography of the eroded surface in these stages revealed that transgranular
fracture consisting of the interlamellar and translamellar cracks is the main contributor to the

erosion damage.

The microstructure of Ti6 Al4V considerably influenced its erosion performance. Annealed
Ti6Al4V above B-transus temperature (1050°C) with fully lamellar microstructure showed up to
59% higher cumulative erosion resistance compared with as-received Ti6Al4V with equiaxial
microstructure. In addition, annealed Ti6Al4V at 900°C with duplex microstructure (equiaxed o
grains and small lamellar colonies) showed up to 30% higher erosion resistance compared to as-
received Ti6Al4V. They revealed the significant role of lamellar microstructure to decelerate crack
propagation and subsequently WDE damage. This is consistent with the proposed reasons for the
superior erosion resistance of TiAl, which has nearly fully lamellar microstructure. This interesting
finding about the role of lamellar microstructure in erosion behavior of Ti6Al4V was observed
during the WDE investigation of gas nitrided Ti6Al4V. It was found that the nitriding temperature

significantly affects both the quality of surface layers and the local microstructure of core material.
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Gas nitriding of Ti6Al4V hardened the surface with forming a thin and hard compound
layer and a relatively hard and homogeneous diffusion layer on the surface. Nitriding of Ti6A14V
enhanced the cumulative erosion resistance up to 134%. This is attributed to the hard nitrided
layers on the surface and the formation of lamellar colonies in the core of the material. In water
droplet erosion of nitrided Ti6Al4V, mechanical stability of compound layer (outermost layer)
played a key role to combat erosion. Its failure left numerous cracks on the surface and accelerated
material loss over diffusion layer. Ti6Al4V nitrided at 900°C showed the best cumulative erosion
resistance, which is 70 to 134% higher than as-received Ti6Al4V. Hard and dense compound layer
which was mechanically supported by the homogeneous diffusion layer resulted in the superior
erosion performance of the nitrided coupon. Lower instantaneous erosion rates of nitrided coupon
in the advanced stages of erosion was attributed to slower crack propagation in the duplex
microstructure of core material, which was not influenced by nitrogen diffusion. Erosion
performance of Ti6Al4V nitrided at 1050°C was notably sensitive to the impact speed. Nitriding
at 1050°C could not provide erosion protection at impact speed of 350m/s. However, it enhanced
the cumulative erosion resistance of Ti6Al4V up to 44% at impact of 300m/s. This superior
performance was due to the resistance of diffusion layer against crack propagation upon impact at
this speed. Formation of fully lamellar microstructure in the core material of Ti6Al4V nitrdied at

1050°C also contributed to its higher cumulative erosion resistance.

Spraying WC-Co powder using HVOF technique fabricated a thick and hard cermet
coating on Ti6Al4V coupons. Microstructure homogeneity of these coatings influenced their
hardness, fracture toughness and erosion behavior. Wettability of WC particles in cobalt binder,
the strength of inter-splat boundaries, and the porosity of the coatings were specified as the critical
microstructural features that affect erosion behavior. Woka 3110 coating (SD coating) with
relatively dense and homogeneous microstructure showed high fracture toughness and superior
erosion performance compared to Ti6Al4V. This coating demonstrated 7, 65 and 280% higher
cumulative erosion resistance than Ti6Al4V when attacked by water droplets at 350, 300 and
250m/s impact speeds, respectively. However, Sulzer 5810 coating (SP coating) with same
chemical composition but nonhomogeneous microstructure showed worse erosion performance
compared to Ti6Al4V at all impact speeds. Erosion evolution of WC-Co coating was governed by
cracks (surface and sub-surface) development. As-received Ti6Al4V showed no preferred

direction in cracking. Unlike Ti6Al4V, crack propagation through the splat boundaries of sprayed
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coating, almost parallel to the surface, was the main contributor to materials removal. Indeed, splat
lifting was often observed in erosion of these coatings. Detachment of WC grains was also
documented over the eroded surface particularly for the coating with low wettability between WC

grains and Co binder.

Erosion behaviour of surface treated Ti6Al4V were strongly dependent on the performance
of their outermost layers. The presence of a porous oxide layer on the surface of nitrided coupon
was found considerably destructive for its erosion behaviour. In the case of WC-Co coatings, the
applied post treatment increased their cumulative erosion resistance (CER) up to 7 times when
impacted by 460um droplets at 300m/s and 350m/s speeds. Indeed, the post treated coating showed
uniform and slow material loss during erosion, which was not the case for erosion of as-sprayed

coating.

In summary, TiAl alloy displayed longer incubation and lower erosion rates compared with
Ti6Al4V. The surface treated Ti6Al4V (i.e. gas nitrided and WC-Co coating) start to lose material
faster than the non-treated Ti6Al4V. However, their erosion was followed by lower instantaneous
material loss rates compared to those of non-treated Ti6Al4V at the acceleration and maximum
erosion rate stages. Indeed, the considered surface treatments particularly WC-Co coating would
not be the best choice for the applications in which the damage initiation is the main concern.
Furthermore, comparing the cumulative erosion resistance (CER) of all coupons reveals that TiAl
and grinded WC-Co coating showed notably higher CER compared with gas nitrided Ti6Al4V. It
is believed that to combat erosion damage large depth of treatments on the target (i.e. not thin
layers) is required. Although nitrided layers showed lower instantaneous erosion rates in the
intermediate stages of erosion, they did not remain on the surface for long time. Therefore,

fabrication of thicker nitrided layers is more efficient to combat water droplet erosion damage.

6.2. Contributions

This study has enhanced the understanding of water droplet erosion process at different
stages. A key strength of this study is using one of the most advanced water droplet erosion rigs
which enables accurate control of erosion parameters, and produces representative results. The

erosion rig provides a physical simulation of the water droplet erosion process that is experienced
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by turbine blades in service conditions. Specific contributions stemming from this research project

are listed below.

e For the first time, water droplet erosion behaviour of lamellar TiAl, potential alloy for

turbine blades, has been studied experimentally. The study provides a comprehensive

comparison with the erosion behaviour of current blade alloy, Ti6Al4V. Remarkable

water droplet erosion resistance of nearly fully lamellar TiAl was determined in this
research. It highlights this alloy as a very promising material to combat erosion damage
of turbine blades. The notable dependency of TiAl erosion behaviour to impact speed,
found in this research, provides a guideline for designing of turbine blades using this
alloy. Furthermore, the findings about the influence of target hardenability on water
droplet erosion performance contributes to the current knowledge on erosion prediction

models which rely on the mechanical properties of the solid surface.

e The water droplet erosion damage mechanism of TiAl has been investigated both

qualitatively and quantitatively at different phases of erosion including: incubation,

material loss initiation and advanced stages. The response of TiAl alloy to the initial

high speed droplet impacts were described. Its difference from the behaviour of ductile
metals such as Ti6Al4V has been revealed. Fractography of TiAl eroded surfaces and
the investigation of cracking behaviour in relation to the microstructure provide a
framework for further investigation to manipulate the microstructure of this alloys and

obtain a superior water droplet erosion performance.

e For the first time the influence of gas nitriding on water droplet erosion behaviour of

Ti6Al4V has been experimentally studied to provide accurate evaluation of its

effectiveness to combat this degradation. The findings extend the current knowledge

about the erosion behaviour of target with multilayered surface. It is the typical
configuration for the thermochemically treated titanium alloys. In addition, the notable
influence of microstructure variation of nitrided, annealed and as-received Ti6Al4V on
erosion behaviour was highlighted. This could be used to design the microstructure of

Ti6Al4V to enhance its water erosion resistance.
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e Water droplet erosion of WC-Co coatings sprayed by HVOF technique were accurately

examined. Their performance was compared with that of Ti6Al4V using 250, 300,

350m/s impact speeds, for the first time. The findings make several contributions to

understand the remarkable influence of impingement conditions (e.g., impact speed) as
well as the coating microstructure on erosion behaviour. This research can be served as
a base for future studies on using cermet sprayed coating as a water droplet erosion

resistant material.

In addition to the four journal publications used in the body of this thesis, the following

publications have been accomplished during the course of the current work:
Journal publications:

1. M.S. Mahdipoor, M. Medraj “Comparative study of different surface treatments influence

on water droplet erosion behaviour of Ti6Al4V”, (In preparation).

2. F. Tarasi, M.S. Mahdipoor, A. Dolatabadi, M. Medraj, C. Moreau “HVOF and HVAF
Coatings of Nano-Agglomerated Tungsten Carbide-Cobalt Powders for Water Droplet
Erosion Application”, Submitted to Journal of Thermal Spray Technology, (2015).

6.3. Recommendations for future works

Combating the water droplet erosion damage of turbine blades is an urgent issue in
aerospace and power generation industries and this thesis contributes to the ongoing efforts of
finding solutions for this problem. In order to approach a comprehensive framework to address

this issue, some suggestions for future works are summarized as following.

e Water droplet erosion behaviour was highly dependent on the impingement conditions (i.e.
impact speed and droplet size). In this thesis they are similar to what is experienced by the
gas turbine compressor blades in service. Water droplet erosion could be also seen on the
steam turbine blades that undergo different impingement conditions. It is recommended to
extend the studied impingement conditions encountered in other applications such as steam

turbines and aerospace applications.

e In this thesis, water droplet erosion performance of flat coupons was examined. However,

in service it is the leading edge of blades that are the most affected by water droplet erosion.
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Depending on the used blade type, the leading edge would have a specific curvature. Future
work should assess the erosion behaviour of TiAl alloy and the surface treated Ti6Al4V

using coupons with geometries that simulate real blades.

In this study, the erosion experiments were carried out via specific nozzles generating only
one water stream. However, there are complex interactions between large number of
droplets in the compressor, impacting the rotating blades. Further researches using shower
nozzles, which produce several water streams, can contribute to the knowledge of water

droplet erosion damage in turbine industries.

The erosion damage mechanism of gas nitrided Ti6Al4V revealed that the nitrided layers
do not remain on the surface for long time. The compound layer of such coupons needs to
be mechanically stable on the surface and their diffusion layer needs to be thicker and
harder. To achieve these conditions, using plasma nitriding treatment would be a fruitful

area for further work.

Considerable influence of microstructure variation on the erosion performance of Ti6Al4V
was highlighted in the annealed and nitrided Ti6Al4V. It was stated that Ti6Al4V with
lamellar microstructure is more resistant to crack propagation, which results in the higher
erosion resistance. Therefore, comprehensive investigation of crack development during
erosion of Ti6Al4V with equiaxial, lamellar, and duplex microstructure would be a very

interesting subject to pursue.

Thermal sprayed WC-Co coating followed by grinding process was found to be a
promising surface treatment to reduce water droplet erosion damage. Considerably more
experimental work needs to be done to accurately evaluate the efficiency of such coatings
to combat erosion damage at different industrial situations. It is recommended that further
research be undertaken in the following areas: the influence of chemical composition of
spraying feedstock (WC-Co based); the effect of the temperature and velocity of in-flight
powders; and the role of post-treatments such as polishing on water droplet erosion

performance of sprayed cermet coatings.
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Appendices

Appendix A
Appendix A contains additional information about water droplet erosion experiments

A.1.  Water droplet erosion rig

The water droplet erosion experiments were performed using a state of art erosion rig with
a rotating disk, which is available in TMG group. It was designed based on the ASTM G73
standard which can simulate the water droplet erosion damage observed in service conditions of
turbine blades. A schematic of the water droplet erosion rig is presented in Figure A-1-a. There is
a disk in the erosion chamber of this rig, which is able to rotate with very high speed, up to
20,000rpm. Erosion coupons are mounted on this disk. Drawing of the sample holder and the insert
coupons used in this research are presented in Figure A-2. Water droplet generator system, which
is highlighted in Figure A-1-a, inject water stream into the chamber. The water stream are shielded
against the turbulence occurring inside the chamber to ensure the straightness of the stream with
minimum aerodynamic distortion of the droplets till being impacted by rotating samples. The
picture of this shield is presented in Figure A-1-b. After a certain distance from the nozzle, which
is called breaking distance, water jet converts into droplets. Distance between the nozzle and
coupons has been optimized to assure that only water droplets with desired diameters impact the

rotating coupons, not water jet.

Figure A- 1: (a) Schematic of used water droplet erosion rig, (b) the used shield to protect water droplet from the
turbulence
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Figure A- 2: Schematic of the used sample holder and drawing of insert coupon

A.2. Measurement of droplet sizes and plotting their size distribution

Impacting water droplets has been studied in TMG group to provide accurate information
for erosion investigations. An imaging setup was prepared using a transparent box which simulates
the test chamber of erosion rig, Figure A-3. The water droplet generator of erosion rig was
connected to this box. The same nozzle, back pressure and flow rate gauges were utilized. Falling
droplets were monitored using a high speed camera. Using this setup, first the breaking distance
of each nozzle was found and recorded. Then, the pressure and flow of sending water to the
chamber were optimized to obtain the droplets with desired sizes. Typical images of water
droplets, which are generated using 200, 400, 600um nozzles, are shown in Figure A-3. It is
noteworthy that these images were captured from the part of water stream, in which the distance
from the nozzle is more than breaking distance. Obviously, not all of droplets are complete sphere
and some distortion for the droplets can be seen. In these images, two diameters from each droplet
were measured and their average was taken as the diameter of each droplet. Same approach was
used to measure the diameter of 200 droplets for each nozzle and then their size distribution were

plotted. These size distribution were shown in Figures 2-4 and 2-5.
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Figure A- 3: (a) Imaging setup to measure droplet sizes, (b) typical images of water droplets generated using
different nozzles

A.3. Pattern of impacting droplets in each rotation

In order to find the number of droplet impacts, it is necessary to determine how many

droplets hit the coupon in each rotation. Hence, the number of droplets in 8mm of the water stream,
which is the width of the insert coupon, were counted in more than 10 images. To capture water
droplets in larger area, the configuration of camera was changed and the quality of images were
reduced. However, the droplets could be distinguished and counted. Typical images used for this
counting are presented in Figure A-3. These images show that for 400 and 600 nozzles 6 and 4
droplets face and impact the coupon’s surface in each rotation. These numbers would be
questioned because of the air turbulence effect inside the erosion chamber, which is neglected in
the transparent box setup. It is worthy to note that similar images from the falling droplets were
captured inside the erosion rig while the disk was rotating with 12,000rpm. Very high speed
camera (16,0001fps) to catch the impact instants as well as special lighting source were prepared
and several in situ images were captured. Figure A-4 shows that using 400 nozzle six droplets face
the surface, impinge and then subdivide. These images verify that there is same number of droplets
in 8mm of water stream, generated either in the transparent box or the erosion chamber. Indeed,
the influence of air turbulence was notably suppressed using the protective shield. Therefore,
knowing the rotational speed, time interval, average droplet size, and the exact number of
impacting droplet in each rotation, the volume of impacting water was calculated for the erosion
experiments and used to represent the results. These information are tabulated for the 400 and 600

nozzles in Table A-1.
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Figure A- 4: In situ images of water stream taken at 16,000fps for a test done at 300m/s using 464um droplets: (a)
before impingement, (b) after impingement

Table A- 1: Detailed information of used droplet generator nozzles

Breaking Average Number of Volume of Volume of Area exposed
Nozzle distance droplet size droplet in one water impacting water in to water
(cm) (um) each rotation  droplet (mm®)  each rotation (mm®)  droplets (mm?)
400 4 464 6 0.0523 0.3138 4.8
600 35 603 4 0.1148 0.4592 6

A.4. Area exposed to water droplets

As mentioned earlier, it is recommended to use the rationalized and dimensionless values
for the erosion rates and erosion exposures for the quantitative comparison among the experiments
performed in different impingement conditions, Equations 2-5, 2-6, and 2-7. All parameters of the
mentioned equations are known and only the area influenced by one droplet and total surface area
exposed to water droplets must be defined. The area influenced by one droplet was defied in the
standard as the projection of the droplet on the solid surface, which is a circle with droplet
diameter. The total surface area exposed to water droplets in the erosion experiments depends on
the used setup. Using available erosion rig in TMG group, the footprint of impacting droplets is in
the form of a thick line on the coupon’s surface, shown in Figure A-5. The area of this line was
measured from the optical micrographs recorded at the end of the erosion incubation. The length
of this line is known, 8mm as the width of the insert coupon; however, the width varies using

different nozzles, as shown in Figure A-5. It was measured as 600 and 750pum for the 400 and 600
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nozzles. Hence, 4.8 and 6mm? are total area exposed to the impact of water droplets. They are

taken as the surface area exposed to droplet impacts.

Figure A- 5: Surfaces of TiAl at the end of erosion incubation using (1) 464um droplets , (2) 603um droplets

In the case of treated coupons, the nature of top layers on the surface determines the
performance. Despite the same area exposed to the impacting water droplets, different damaged

surface areas were observed for the bulk materials and the surface treated coupons.
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