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Abstract: Gas turbines (GTEs) are often utilised in harsh environments where the GT components,
including compressor vanes and rotor blades, are subject to erosion damage by sand and dust particles.
For instance, in a desert environment, the rate of damage made by solid particles erosion (SPE)
becomes severe, and therefore results in degradation to the GTE parts, lowering the cycle efficiency,
reducing the device lifetime, and increasing the overall cost of the operation. As such, understanding
the erosion mechanism caused by solid particles and the effects associated with it is crucial for
selecting the appropriate countermeasures and maintaining the system performance. This review
paper provides a survey of the available studies on SPE effects on GTEs and surface protective
coatings. Firstly, the ductile and brittle SPE mechanism is presented, as well as the ductile-brittle
transition region. Then, an in-depth focus on the parameters associated with the SPE, such as particles
properties and impingement conditions, is introduced. Furthermore, the existing theoretical models
are shown and discussed. Afterwards, erosion resistant coating materials for surface protection and
their selection criteria are covered in the review. Finally, the gap in knowledge and future research
direction in the field of SPE on GTEs are provided.
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1. Introduction

The demand for energy is rising globally due to economic and population growth. Concerns
regarding energy security will also grow as more energy resources are required. As a result,
the performance criteria of modern machines and cycles must be ever more rigorously defined in terms
of pushing components to the limit of their capabilities [1]. The gas turbine engine (GTEs) industry is a
crucial contributor to the global economy and has seen continuous growth since its early years [2,3].
GTEs are widely employed in propulsion and power generation in ships, aircraft, and industry because
of their ability to operate in a wide range of environmental conditions and with high operating efficiency.
The engine functions by exchanging the combustion heat energy into mechanical work which is achieved
through means of a working fluid (air in most cases). Concerns for GTE life cycle management includes
maintenance and operating costs, reliability, and availability of replacement parts [4-7]. Modern
operating concepts require GTEs to operate with the highest performance factors while also complying
with the environmental regulations and being operational feasible. The availability and performance of
GTEs can be improved through an understanding of the mechanisms that contribute to the degradation
of components. This will help recognise the causes of reduced performance and should significantly
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reduce the cost of operation. Availability of advanced numerical computational techniques improves
design capabilities, enabling identification of loss generating flow patterns and the introduction of
relevant degradation tolerances in the design of future components [8]. Knowledge of the operating
conditions of GTEs is essential for assessing operational efficiency, performing diagnosis of the engine
deterioration, and permitting an early prediction of the failures. In most cases, the GTE components
gets exposed to harsh operating environments, which leads to degradation in its overall performance
over time [9]. Such degradation in the components can result from various factors such as (1) erosion
due to ingestion of particles, (2) fouling (3) hot corrosion/oxidation, (4) corrosion, and (5) foreign
object damages (FOD) [10]. A comprehensive review of the research into turbomachinery deterioration
was previously presented by Hamed et al. [11], where they concluded that the deterioration factors in
turbomachinery components accompany performance loss of the system. In particular, the compressors
can undergo various geometric modifications due to erosive degradation such as increases in tip
clearance, blade chord reductions, increase in pressure losses due to increased roughness of the surfaces,
and increased sharpness of the trailing edge. An example of the materials used in manufacturing
compressor blades, their applications, advantages, and disadvantages are shown in Table 1. In GTs,
the impact of particles with high velocities and of diameters more than about 10 microns on the leading
edges of aerofoils, and other surfaces often causes deposition or erosion depending on the balance of
molten versus hard particles [11]. It can be seen in Figure 1 how degradation can affect compressor
and turbine blades, while Figure 2 demonstrates the interdependency of degradation phenomena in
GTEs, as described by Saravanamutto [12].

Table 1. Example of the materials used in fabricating compressors blades.
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Figure 1. Illustration of degradation damages on the surface of: (a) compressor blades, and (b) turbine
blades. Reproduced with permission from [17]. ASME, 2006.
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Figure 2. Gas turbine engine degradation factors.

Kurz and Brun [18] and Kurz et al. [19] studied the mechanisms of degradation and how
degredation of individual components impacted on the overall performance of GTEs, and established
a close co-relation between element degradation and mechanical reliability. They explained that
compressor degradation could affect compressor isentropic efficiency and flow capacity, which resulted
in a “re-matching” of the GTE and led to an overall drop in both power output and thermal efficiency.
A characterisation of five key degradation mechanisms is presented in Table 2. Lie [20] afterwards
confirmed that such physical defects cause changes to the GTEs thermodynamic performance which
can be determined by assessing component flow rate to its efficiency. This generates observable
changes in engine measurable parameters such as fuel consumption, speed of rotation, pressure,
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and temperature. The consequent degredation of performance as determined by these measurements
enables the detection, identification, and replacement/repair of the defective components.

Table 2. Components degradation mechanisms [17,18,21].

Degradation Mechanisms Description

Material removal by abrasion due to the impacts of hard, incompressible particles of, typically,

a diameter greater than 10 pm on surfaces along the flow path. Modern, highly efficient, but more
massive filtration systems have been introduced into industrial systems, and this problem is now
predominantly one for aero-engines.

Erosion

Caused by contaminants in both inlet air and fuel. Corrosion depends on the fuel used and is
Corrosion usually less for natural gas and increases the heavier the fuel oil, due to impurities and additives
which produce aggressive deposits. Pollutants present in the inlet air can accelerate corrosion.

Reactive gases, mineral acids, and salts in the flow can chemically interact and cause both material
deterioration and loss from exposed components in the flow path. There can also be
high-temperature oxidation of the component due to chemical interaction with the surrounding
hot gaseous environment. Separately, the products of these chemical processes can stick to
exposed components as a film of scale. Oxide scale protection is then subjected to degradation if
any surface damage (e.g., cracking) is caused during the thermal cycle.

Hot corrosion

Results from particles in the flow adhering to exposed surfaces, resulting in material build up with
increased roughness of the surface and even some change in aerofoil shape. Particles with the
highest tendency for causing fouling are generally less than 2 um in diameter. Typical examples
are sea salts, carbon, oil or water mists, and smoke.

Fouling

Usually generated by foreign objects in the gas and/or air streams which strike components in the
Foreign object damage flow path. These can enter via the inlet air or gas compressor, or even as a result of pieces that
break off engine components.

It is essential that any device associated with a GTE be maintained effectively to ensure a high
level of reliability, and Figure 3 illustrates one approach to diagnose GTE defects. Hanachi et al. [22]
demonstrated that a dominant performance deterioration mode was a result of congestion and airborne
deposition foulants in the GTE upstream stages which led to decreases in compressor mass flow
capacity, and an increase in GTE fuel consumption. Kurz and Brun [23,24] and Meher-Homji et al. [25]
have proposed critical deterioration mechanisms, and concluded that the causes of the degredation of
a GTE can be classed in two major categories:

(1) Mechanical degradation: the wearing of seals and bearings, coupling problems with high levels
of noise and vibration, or difficulties with the lubrication system. It is crucial to realize that on
many occasions high levels of vibration will be a sign of an underlying problem, which could be
aerodynamic in nature and impinge on performance; and

(2) Performance degradation: this is seen in the form of component and/or performance deterioration
which can be remedied by actions taken while the GTE is operating, such as compressor fouling
(recoverable deterioration), by overhaul at shutdown such as surface erosion (unrecoverable
deterioration), and/or cannot be fully removed and residual deterioration will remain even after
major overhauls such as airfoil platform distortion (permanent deterioration).
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Figure 3. Gas turbines (GTEs) fault diagnostics approach [20,26].

The effects of solid particles erosion (SPE), which were initially studied back in the 19th century
by Reynolds [27], can be reduced by using surface protection methods. Of these methods, erosion
resistant coatings (ERC) have shown to greatly decrease the impact of SPE on GTEs [28,29]. The first-
generation of these coatings was fabricated from single phase metal nitrides (e.g., TiN). However,
it was found that the added layer did not perform as expected for the normal angle as a result of
its high internal stress and low toughness [30-32]. This obstacle was afterwards resolved by using
the second generation of ERC, which consists of multi-layered structures of metal/ceramic, where
the crack generated by the SPE on the exposed surface layer is blocked by the layer that follows it.
Another advantage of the second-generation ERCs is that coatings with increased thickness that give
greater control of internal stress can be deposited on the targeted surface, and that the fabricated films
show much better resistance to corrosion when in a NaCl environment [33]. Recently, erosion resistant
coatings of nanocomposite have been developed, and have been shown to perform better than the
conventional second-generation multi-layered films [32,34]. The enhancement in the performance is
due to the deposited layers containing ultra-fine grain sizes (<10 nm), which greatly increases the
number of interfaces between materials with different shear moduli, and the sharp boundaries between
these very thin layers prevents the developed cracks from penetrating into the substrate [33,35].

A measure of the relevance of the use of SPE protective coatings for GTEs can be obtained from
a survey of published works. According to the Scopus database, there are at the time of writing
4015 papers on SPE (1957-2019), of which only 58 cover the implementation of coatings for GTEs
(1984-2019) [36]. Figure 4a shows the number of published documents on SPE protective coatings
for GTEs per year, while Figure 4b demonstrates the percentage of each type of these documents.
The results from Scopus were obtained by first searching for “Solid particle erosion”, then carrying out
a second search on the results obtained for “Coating” and “Gas turbine”.

On the basis of the search the author has concluded that the availability of up-to-date review
articles on SPE for GTEs and the selection along with the usage of ERC for components protection
are minimal, if any. Thus, this review article will focus on providing an overview on the previously
mentioned aspects to the reader through its upcoming sections. Section 2 presents a review on ductile
and brittle mechanisms of SPE, along with the mechanism at the ductile-brittle transition (DBT) region.
In addition, Section 3 covers the parameters that influences the SPE effect on the targeted surface,
such as particles properties and impingement conditions. Furthermore, Section 4 reviews the different
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SPE theoretical models, while details on ERCs, their different fabrication methods, and material
selection criteria, is given in Section 5. Finally, Section 6 highlights the present gap in knowledge that
researchers need to fill to reduce the impact of SPE on GTEs and better utilize ERCs.
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Figure 4. Results from the Scopus database for “Solid particle erosion”, “Coating”, and “Gas turbine”
from 1984 to 2019, where (a) is publications per year, and (b) is the overall percentage for each topic.

2. Solid Particle Erosion Mechanism

As mentioned previously, SPE is a material removal phenomenon that the targeted material
surface experiences due to the repeated impact on it from differing sized solid particles of high
striking speeds [37]. Furthermore, the kinetic energy (KE) of these particles should be high enough
to cause structural damage to the contacted material surface. For instance, particles smaller than
10 um, in contrast to those of larger sizes, usually do not possess sufficient KE to erode the blades [18].
The medium itself, in which the solid particles flow to cause surface erosion, can be of gaseous or
liquid phase [38,39]. Meng and Ludema [40] illustrated in their work the impingement concept of
SPE, where they explained that this particular type of erosion occurs due to a number of changeable
permutations of brittle fracture, cutting, fatigue, and melting. Figure 5 shows the four mechanisms of
SPE and their associated material behaviour. In addition, the cutting erosion mechanism can be further
divided into two sub processes, namely 1—cutting edge penetration, and 2—failure due to plastic
deformation. This is because the aforementioned consist of infiltration of strain to failure (plastic) and
cutting (resisted by hardness) [40].

Erosion by solid particles
impingement

Erosion

Fatigue Brittle fracture Melting mechanism

Penetration Plastic
of cutting deformation
edge to failure

Material separation
action

Loss of
fluid state

Cycle Non-cycle
failure failure

Figure 5. The mechanism of solid particles erosion (SPE). Reproduced with permission from [40].
Elsevier, 1995.
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Brun el at. [41] have concluded that in turbomachinery SPE is a major failure mechanism in
centrifugal and axial compressors. This is because the material removal from the compressor blades
leading and trailing edges, as a result of SPE, negatively deforms the airfoil shape, lowers the compressor
pressure ratio, and lowers the overall efficiency of the GT. Schmucker and Schaffler [42] studied the
particles mass effect on a compressor, where they have found that increasing the total mass of the
ingested sand particle into the compressor results in a reduction in the blades rotation speed, blade total
area, and efficiency of the device. The following observations were also noticed:

(1) Two-thirds of the rotor blades are impacted at the leading edge, while the other one-third are hit
at the trailing edge.

(2) Two-thirds of the stator blades are hit at the trailing edge, while the other one-third are hit at the
leading edge.

(3) Cracks are equally distributed over blade height.

(4) Thickening of the well-rounded leading edge and the decreased chord length caused the flow to
reduce along with the isentropic compressor efficiency by 1.2% and 0.8%, respectively.

Levin et al. [43] observed that plastic deformation of the impacted material, by solid particle,
takes place at its surface, especially near the eroded area, and yield strength increased, due to strain
hardening. Eventually, the maximum stress sustainable by the target material surface will, due to the
additional deformation be reduced to its fracture strength. There is no further plastic deformation,
instead the surface material becomes brittle. These researchers suggested a model for the behaviour of
materials subject to SPE which links the mechanical properties of the material to its deformation when
subject to SPE. They have also proposed a technique that can be used to evaluate the material mechanical
properties during SPE through using a high-strain-rate compression testing method. Their findings
have shown that materials with high strain rates, hardness, and tensile toughness have excellent
erosion resistance characteristics. Balan and Tabakoff [44,45] and Hamed et al. [46] experimentally
measured the compressor performance in terms of cascade and single-stage compressors after the
ingestion of several loads of sand particles. The performance of both compressors decreased as the sand
ingestion rate increased. They referred the performance loss in the compressor, for both cases, as due to:
(1) increased roughness of the surface of the blade, (2) blade tip clearance increased, (3) leading edge of
the blade blunted, (4) thickness of blade trailing edge reduced, and (5) chord shortening. Operating
GTEs under such conditions would lead to lower output performance, and off-design conditions
with reduced surge margin [47]. The GTE system would also experience lower pressure ratio and
reduced compressor efficiency, accompanied by higher specific fuel consumption and increased exhaust
gas temperature [48].

Hamed el at. [49] experimentally illustrated the effects of sand ingestion when operating a GTE
in a sandy atmosphere. The results revealed that the greatest erosion rate for the first rotor of the
compressor at high impact velocity was close to the leading edge. They noted that the sand particles
impacting on the first rotor were given a movement in the radial direction; and that the maximum
erosion rates in the subsequent blade rows were observed at the leading edge tip. In particular, this tip
erosion of the rotor blades reduced chord length and resulted in thinning and rounding of the tip of
the leading edge, increasing tip clearance, as shown in Figure 6.
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Figure 6. GTE compressor blades, where (a) demonstrates a new blade, and (b) shows the blade after
experiencing SPE [50].

Lombardo and Torella [51] developed a real-time GTE gas path analysis nonlinear model capable
of simulating compressor behavioural response when subject to SPE. To investigate the effects of SPE,
the three key compressor parameters were varied: (1) delivered mass flow rate, (2) exit pressure, and (3)
exit temperature. The simulation results confirmed that deformation of blade geometry reduced the
GTE mass flow rate because the mass flow rate delivered by the compressor was reduced. Additionally,
the results showed a pressure reduction in all GTE main components as an outcome of the SPE effects
on the compressor.

It can be concluded that the reduction in mass flow rate decreased compressor efficiency with a
consequent drop in power. It was shown that the ingested particles affected the compressor components
in such a way as to decrease the airflow and reduce component efficiency, and thus GTE power output
and thermal efficiency [47]. To avoid decreasing GTE availability and reliability, and increasing
operating and maintenance costs, a deeper understanding of the material loss mechanisms is needed.
The following sub-sections will discuss in detail the effects of SPE on brittle and ductile materials,
and the transitions between the two.

2.1. Ductile Solid Particles Erosion (SPE) Mechanism

It is well known that the ductility of a material is determined by the capability of the material to
experience elongation (i.e., decrease in its cross-section) or curvature without fracture. In contrast,
plasticity is where the deformation of the material in response to an applied load/force produces an
irreversible change in shape [52]. Several researchers, since the late 1950s, have investigated the ductile
SPE behaviour of materials. Finnie [53] was the first to model the mechanism, on the basis of the
cutting of the surface by the impacting particles. Biswas et al. [54] experimentally investigated the
response of mild steel and aluminium surfaces, to SPE using angular silicon carbide (SiC) particles
with radius 60 pm. The SiC particles entered a stream of compressed air, impacting the target surface
at different velocities and angles of impact by using a gas-blast erosion tester. Erosion rates were
plotted against impact energy of the particles and, as seen in Figure 7, were seen to vary with the
angle of incidence (impact angle), with the greatest erosion rate at 15° for both materials. The lowest
erosion rate was observed at an impact angle of 90° for both materials. The results verified that for 15°,
the mass lost from the surface was due to cracking of the subsurface. However, at an angle of incidence
of 90° surface mass was removed by cutting to the subsurface. The angle of incidence can be used to
decompose the energy contained in the impacting particles into two mutually orthogonal forces, (1) a
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force parallel to the surface, which determines the amount of sliding; and (2) a force normal to the
surface, which determines the duration of the impact.

4.5
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Figure 7. Erosion rate dependency on particle impact energy and angle for mild steel and aluminium.
Reproduced with permission from [54]. Elsevier, 2014.

Chang et al. [55] used four different iron matrices (ductile materials with diverse hardnesses:
ferrite, lower and upper bainite, and martensite) to experimentally investigate the erosion rate at
various angles of incidence with different mechanical properties. Figure 8 illustrates typical erosion
behaviour of the four different materials. With increase in the angle of incidence from zero, there was
a corresponding increase in the erosion rate, until it reached a maximum at a particular angle after
which it decreased. The four cases (tested materials) showed comparable erosion rates at angles of
incidence of 15° and 30°, though ferritic ductile iron did exhibit a significantly greater erosion rate at
15°. Figure 9 shows the proposed sequence of events in the ductile materials subject to SPE. The lip
of platelet extruded out of the crater caused by the impact. It can also be seen that the sequence
of extrusion followed by forging of the extruded material can readily account for the surface and
sub-surface locations of a ductile material.

140 —
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—F—  Upper bainite
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o
T
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I ' | ' |
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Figure 8. Effect of impact angle on wear rate for four different iron matrices. Reproduced with
permission from [55]. Elsevier, 2005.
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Figure 9. Proposed sequence of SPE of ductile materials. Reproduced with permission from [56].
Elsevier, 1986.

Once the solid particles impact the material surface, heat starts to generate due to friction. In a
multi-impact process, the heat transfer is adiabatic because the area of the solid particle in contact with
the material surface is minimal, as is the localised shear force generated by the high-speed impact of
the particle [57,58]. Molinari and Ortiz [59] studied the SPE of a substrate that was made of mild steel.
The solid particles employed were of spherical steel and the angles on incidence on the examined
surface were in a range of 0° to 90°. The experimental results showed that the angle of incidence
effect was linked to the average temperature rise. Furthermore, in the analysis, two primary sources
of heat were studied, which are (1) the friction heat source, and (2) the material plastic working heat
source. It was found that, once the angle of incidence is close to 0°, the sliding velocity tends to reach
to its maximum value, while both shearing stress and contact pressure are minimised. On the other
hand, higher angles of incidence (i.e., >0°) cause the supplied heating rate from the plastic work in the
boundary in contact and the friction mechanism to initially rise monotonically, hence resulting in a
monotonically rise in the temperature as shown in Figure 10.
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Figure 10. Temperature elevation due to the angle of incidence of the solid particle. Reproduced with
permission from [59]. Elsevier, 2002.
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Finnie [60] explains that the particle cutting action discontinues once the particle’s horizontal
movement comes to a stop or the solid particle leaves the targeted surface. Thus, he proposed his
famous erosion equation for the ductile materials that is grounded on kinetic energy mechanisms and
the examination of the interchange over the single solid particle impact where the primary mechanism
is cutting, as illustrated in Equations (1) and (2):

D U?
= (Zf—;() ngﬁ (sin2a — %sinzoc); tan o < 1% 1)
. S
fe DtUi2 2 k
= (R) 0997710 (cos” «); tan o > 3 )
. S

where E, f;, U;, Dy, Hs, o, and k are the erosion rate, the solid particles impacting the amount of cutting
the target surface in a typical method, the impact velocity, the material density, the hardness of the
material, the impact angle, and the constant force component ratio of particle, respectively.

Particles impacting on a surface of ductile material will erode the surface by generating a lamina of
material that lies parallel to the target surface, before finally separating [61]. Hutchings [62] developed
a model that presented the properties of the target material in terms of: (1) density, (2) dynamic
hardness, and (3) erosion ductility (e.). For a metal, its dynamic hardness may be found by measuring
the indentation generated by an impacting sphere travelling with known speed in a given direction
and is thus suited to independent experimental analysis. Erosion ductility, on the other hand, must be
derived, together with the ratio ;.

Equation (3) is the proposed expression derived by Hutchings [62].

1
o Hy D2 U}
E =003 —— 3)
e2D?

where Dy is the material density, Hs is the material hardness, Dp is particles density, U; is the particle
velocity and o/ el =0.7.

Sundararajan and Shewmon [63] developed an expression by considering the parameters then
believed to affect the erosion rate; particle size, density, and impact velocity, and the properties of the
target material. They obtained a general expression for the erosion rate, Equation (4):

6.5e3UZ°Dp?

Er ————— 4)

0.75170.25
CpTY7°HY

where U; represent the velocity of the particle. Dy, is the particles density, C,, is the specific heat, T}, is
the melting temperature, and H; is the targeted material hardness.

2.2. Brittle SPE Mechanism

The maximum erosion of brittle materials, unlike ductile materials, typically occurs for impact
angles near 90° [64]. Brittle material erosion occurs when the target surface cracks, and thus resulting in
material removal as multiple cracks intersect [65]. The removal of material from brittle materials by SPE
is a complex process dominated by brittle fracture [66]. The surface crack types and sizes are influenced
by the particle velocity, mass, shape, and target material hardness along with its toughness [67,68].
Figure 11 shows an illustration of cracks produced by a solid particle impacting on a brittle surface.
We see that the resulting cracks are formed in the lateral direction, and these are the cause of most of
the mass removed from the surface, and in the radial direction.
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Figure 11. SPE on a brittle material, where (a) illustrates the cracks formed on the surface after the
solid particles impact, and (b) shows the cracking propagation. Reproduced with permission from [69].
Springer Nature, 2001.

Furthermore, Bousser et al. [31] observed that deformations caused by impacting solid particles
were similar to the indentation cracking of brittle materials subject to pressure from the sharp tip of
a pyramid, as shown in Figure 12a—e. At impact, the high pressure generated deforms the surface
as a plastic zone which continues to grow until the particle reaches maximum depth of permeation.
Further, brittle surfaces show not only plastic and elastic deformation but also cracking (Hertzian,
lateral, and radial). These deformations can take place according to applied load, indenter geometry
and properties of the material. Therefore, the occurrence of transitions are governed by the operational
conditions, including size and shape of the impacting particles [31]. See Figure 13 for some of the
common impact deformation patterns noticed in the brittle material plastic deformation regimes.

a) Cone b) Radial C) Median

d) Halt-penny @) Lateral

Figure 12. Typical fracture types during indentation of brittle materials, where (a-e) shows the forms
of cracks generated on the surface. Reproduced with permission from [31]. Elsevier, 2014.

Figure 13. Common impact deformation patterns noticed in the brittle material as a plastic reaction
regime, where (a) shows the radial cracking that generated from the central impression and material
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removal, (b) illustrates a surface crack caused by the lateral fracture, and (c) demonstrates a surface
crack caused by lateral fracture and partial removal of the plastic impression as a result of high particle
velocity impact on the surface. Reproduced with permission from [70]. The Royal Society (UK), 1978.

El Tobgy et al. [66] developed a model and then used it to study material losses in terms of the
sum of plastic deformation of the material lost (Wq) along with the assumption that the material elastic
limit is overridden through the impact. Equation (5) shows the material lost:

M(Uj sing —V,)?

W =
d ng

; vosing > Vy (5)

Wd =0;v sing < Vel (6)

where M is the total mass, U; is the particle velocity, « is the impact angle, ¢, is the deformation factor,
and V,; is the collision velocity that reaches the material to the elastic limit. Moreover, V,; can be
determined by using Equation (7).

Ve

T R TR
where 0, is the limit of elastic load, Dy, is the particle density, v, and v; are the Poisson’s ratios, E, and
E; are the elasticity moduli of the particle and target material, respectively.

Sheldon and Finnie [71,72] pioneered the modelling of the erosion of brittle materials for two
different types of particles. They approached the problem from the perspective that for brittle materials,
brittle fracture was the most common cause of the erosion, due to crack propagation and intersection.
The following equations represent brittle material erosion:

5
15402 [1-92 11— ¢?
y p
= } ()

Vol = K flrf 1(’”)U{ 2(m); For spherical erodent particles (8)

Vol =K f2rf 3(m)U{ 2(m) ; For angular erodent particle )

where Vol is the material loss volume per impacting particles mass, Kf; and Ky, are an amount

involving material constants. r is the particle radius, f1 = f’n/T";, f2= %, and f3 = % represent the
functions of the Weibull fracture strength distribution parameters.

Amaral et al. [73] demonstrated that the strength of a body affected survival prospect of products
for individual volume factors. When an element is fractured, the strength of the remaining elements is
defined by the strength of the following frail element. A Weibull analysis was adopted for the chain of
surviving elements using a comparative simple power-law stress function [74]. Vardar and Finnie [75]
explained that by using the Weibull distribution, the failure possibility (Pf) of material can be modelled

using Equations (10) and (11):

o— oy "
Pf_l—exp—(f( . ) .dv); 0> oy (10)
0
P =00 oy (11)

As the integral is evaluated over the region stressed in tension with dv corresponding to a volume
element in polycrystalline materials or to a surface area element in the case of glass. Where o is the
stress applied on substance, v is the material volume, oy is the scale parameter, oy is the location
parameter, and m’ is the shape parameter
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2.3. Ductile-Brittle Transition Mechanism

Erosion of brittle materials leads to material elimination by crack formation, whereas ductile
erosion leads to material deformation by cutting [76]. Between the two mechanisms, the impact angle
and the particle velocity are primary considerations leading to significant variance in the erosion process.
Sheldon and Finnie [71] proposed that when solid particles decrease in speed or size, the particles
will cause the targeted surface to deform plastically but will not initiate cracking process at this stage.
This alteration in erosion manner is known as the DBT. This transition frequently demonstrates a
change in the fracture amount or type, which results in influencing the erosion mechanism rate [77].
Liu et al. [78] demonstrate that the erosion begins at the bottom of the cut, at zero, and subsequently
gradually increases with time. Therefore, causing the target material surface, which was smooth at the
beginning, to roughen in the DBT region as the cracks propagating into the target material surface.
Furthermore, their experimental outcome has shown three zones on the target material surface, namely
the brittle, ductile and DBT cutting zones. The existence of these zones strongly suggests a gradual
change in cutting mode from ductile to brittle with increase in depth. Figure 14 is a schematic of the
DBT phases.

Cutting direction
_
Depth of cut increasing

Brittle-tp-ductile
transition zone

b ] u_,a;,;foﬁ__f

Dugctile cutting zone DBT zone Brittle cutting zone

Y

) Z

Critical depth of cut

Figure 14. A schematic diagram showing brittle-ductile transition phases. Reproduced with permission
from [78]. Springer Nature, 2004.

Wensik and El-wenspoek [77] studied the erosion of three brittle materials, namely, soda-lime glass,
Pyrex glass, and single crystalline silicon. The solid particles were alumina powder, with diameters
in the range of 3-29.2 um and impingement velocities from 200 down to 75 m/s. The researchers
confirmed that crack formation increased significantly with increase in impact speed and resolved
that the kinetic energy (KE) of the impacting particles was the main feature controlling erosion rate.
They also found that at sufficiently high kinetic energies, neither shape nor hardness of the impacting
particles affected the erosion process significantly.

Finnie [79] has demonstrated that the transition of ductile-to-brittle erosion has usually been
considered by analysing Hertzian models in terms of lateral fracture and fracture related to angular
and spherical particles with standard indentation. In practical conditions, at shallow angles of impact,
the particles attack the target surface and move for a limited distance along the surface. The cuts
formed on the surface of the target usually have a width smaller than their length. Moving the particles
along the target surface alternatively in the vertical direction led to patterned permanent deformation
on the surface. Therefore, the ductile-brittle transition is more likely to be noticeable similarly to the
mechanism of scribing lateral cracking in this case. Equation (12) shows the expression for a spherical
particle attack on a semi-infinite body:

d = DFY2(U; sinx)™3/° (12)
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where d represent the particle size, D is the material properties constant, U; is the velocity of particles,
and F is the threshold load for cracking.

According to Grant and Tabakoff [80], in turbomachinery, the paths of the solid particles, including
the many impingements that take place, need to be traced through the flow field. If this were possible,
and the co-ordinates of the impinging particles relative to the high-speed rotors known, then erosion
could be predicted, and even controlled. As stated above, particles impacting on high speed rotors will
rebound with enhanced velocity, increasing their capacity for further erosion. In addition, as a result of
these impacts the solid particles will centrifuge outwards towards the blade tips, to produce a local
high concentration of particles that could severely damage a vulnerable region of the blade.

Most, if not all, materials no matter how brittle will exhibit a degree of ductile behaviour,
the main difference lies in the range of plasticity or ductility variation between each material type [81].
Accordingly, Laguna-Camacho et al. [64] and Biswas et al. [54] have concluded that:

1.  For brittle materials, e.g., ceramics, the maximum rate of erosion rate typically takes place at an
incidence angle of 90°;

2. For ductile materials, e.g., metals, the maximum rate of erosion typically takes place at angles of
impact between 20° and 30°.

Figure 15 illustrates the typical erosion behaviour of brittle and ductile materials at diverse angles
of impact. From the figure, it is clear that for both materials the erosion rate is strongly related to
the angle of incidence. It is noted that at high angles of incidence, brittle materials show fracture,
while ductile materials exhibit plastic deformation. With increase in impact velocity, damage to the
surface increases with increase in KE of the particle. The previous observations can deliver useful
guidance towards the selection of the fabricated materials of the blades, and hence can be used to
minimise the SPE mechanism [82]. Manufacturers can use this knowledge to identify how variations in
these circumstances will affect the erosion rate and mechanism that results in SPE on the blades surface.

Ductile

Brittle

Erosion Ratio (ER)
.

T T J

30 60 90
Impact Angle, 6 (deg)

Figure 15. Typical SPE for ductile and brittle materials at different angles of impact. Reproduced with
permission from [31]. Elsevier, 2014.

3. SPE Effective Parameters

The influence of SPE on the operation of GTE has been the subject of many studies as this wear
phenomenon involves several processes and parameters that need to be analysed. An understanding
of the SPE phenomena is required to increase the mechanical component’s lifetime when operating
within erosive climates. Thus, recognising the critical parameters of erosion is fundamental to the
improvement of any SPE resistance approaches. There are many studies that illustrate the development
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of erosion wear in terms of equations, models, and variables. For example, in literature, there are
around 300 equations and approximately 600 variables documented for erosion wear [83,84]. From the
available publications one can conclude that the surface wear caused by SPE is affected by numerous
factors including particle shape, size and velocity, and material properties [85,86]. Neilson and
Gilchrist [87] have confirmed that, in terms of solid particles, the parameters that most effect the SPE
are the particle properties and impingement conditions. The first is concerned with the solid particles,
material type, size, and shape, while the second considers velocity and angle of incidence of the particle.
Examples of different particle materials, shapes, and sizes that were used in studying SPE are shown
in Figure 16.

Figure 16. Particle materials and shapes used in experimental studies: (a) alumina [88], (b) silicon
carbide [88], (c) quartz [89], (d) glass beads [90], (e) steel round grit [91], and (f) tungsten carbide [92].
Reproduced with permission from [82-86]. Elsevier, 2008, 2001, 2015, 2013, and 1999, respectively.

Chen and Li [93] have demonstrated an SPE model that considered the material removal process
in a realistic mode, where the model showed that the rate of erosion is greatly affected by the shape
of the impacting particles. The researchers simulated single impact erosion for a range of dissimilar
particle shapes (triangular, square, and circular). The simulation results demonstrated that higher
erosion rates were obtained from particles of triangular shape, followed by those of circular and
square shapes. In another study, Winter and Hutchings [94] investigated the SPE that results from
steel particles, of various shapes, on a substrate that is made of mild steel. The study found that the
particles of spherical shape often causes ploughing deformation, while those having sharp angular
shapes usually resulted in cutting deformation. Levy and Chik [95] investigated erosion behaviour
AISI 1020 steel using spherical and angular shaped steel particles to improve understanding of how
the shape of the particles affected erosion behaviour. They reported that rate of erosion for the rounded
particles was only one-quarter that generated by the angular steel particles. This was explained as the
particles of angular shape concentrating the KE more efficiently, and hence giving a higher erosion
rate. Particle size was the most significant influence on erosion of target material though frequency of
impact must be allowed for [96,97].

Hamed and Fowler [96] used a technique where the prediction model combined the computations
method to study the particle trajectory and experimental data to study the particles and target material
characteristics. According to the results, erosion material distribution is highly influenced by the size of
the particle. Large particles (i.e., those > 100 pm) increase the SPE of a turbomachine blade. However,
as the particle size decreases, the erosion process becomes less damaging [71]. This is because the small
particles quickly adjust to the surrounding gas velocity after each impact, after which their proceeding
impacts result in the most significant erosion damage [96,98]. However, the velocities of large particles
are reduced after each impact stage. Particle velocity and angle of impact are both important because,



Processes 2020, 8, 984 17 of 42

as mentioned earlier, they determine the impingement condition. A particle of high impact velocity
would increase SPE [99] because the relation between rate of erosion and particle velocity can be found
from expression [100]:

E = km U" (13)

where U; is the particle velocity, ky, is constant of the material, n is the test conditions functions values
between 2 to 3.5 for ductile materials [88] and 2 to 6.5 for the brittle materials [101].

An experimental study [102] has confirmed that the erosion rate for brittle materials increases as
the angle of impact increases, see Figure 15, and this leads to significant surface layer deformation.
In contrast, at small angles of impact, particle impact causes scratches to the surface, resulting in less
surface deformation [102]. Oka et al. [103] have derived an expression relating angle of impact and
erosion rate, E, both brittle and ductile materials, see Equation (14):

E=A (B sin )" (C-D sin o)™ (14)

where the erosion rate is E, the impact angle is «, the A, B, C, D, nl and n2 are constants and exponents,
which are affected by impact conditions.

4. Solid Particle Erosion Modelling

SPE impacts the base material of the compressor blade and weakens its structure, leading to
increased roughness of the blade surface, and increases in cycle losses [104]. There is a need for
particle flows to be modelled mathematically to be able to predict erosion rates and improve the
design efficiency of turbomachinery components. However, investigation of the erosion rate using
mathematical models remains very challenging because of the substantial number of inter-related and
sometimes unknown parameters that need to be included in such models [105]. One example of such
models is provided by Hamad et al. [46] who focused on examining the performance of a compressor
subjected to SPE. The researchers aimed at studying the operation of an axial compressor by simulating
a single stage fitted with the National Advisory Committee for Aeronautics (NACA) 65 airfoils that
operated under the following conditions:

Spool speed = 9170 rpm;
Pressure ratio = 1.252;
Mass flow = 9.475 kg/s;
Blade tip speed = 243.9 m/s;

Ll e

The researchers used the experimental results obtained from a single-stage compressor which
was erosion free to test the model. The model predicted a decrease of 3-4% in the compressor’s
adiabatic efficiency due to increased tip clearance and roughness of the blade’s surface. The following
Equation (15) correlation was used for the drag on a rough plate, which models the surface roughness
effects on compressor blade losses:

Cq = (2.625-0.6181 log (%))‘257 (15)

where C; is drag coefficient, Ks is equivalent sand grain roughness, and c is blade chord.
Equation (16) represents the effect of surface roughness on loss coefficient, Es, and is used to assess
profile loss contribution:

E, — C4 05 (cos ‘31)2 16)

(cos )’
where o, is blade solidity, $; is blade angle, and f;, is mean angle of the compressor.
It has been shown by Finnie [30,53] that surface wear as a result of SPE will vary with particle speed
and direction, and the response of the surface material when the particles impact on it. These factors are
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inter-related because an erosion roughened surface could enhance the level of turbulence of the fluid
and so increase the rate at which material is removed. How erosion rates depends on particle velocity
and angle of incidence are well known for ductile materials, so maximum erosion is predictable. This is
similar for brittle materials, though the latter is very different from ductile materials. Researchers have
demonstrated that for low angles, the impacting particle strikes the surface, removes a small portion of
the surface, and then rebounds. Removal of surface material ceases immediately as the particle leaves
the surface. As the angle of incidence increases, the movement of the particle in the horizontal direction
can stop before it rebounds from the surface. Removal of surface material stops when the horizontal
velocity is equal to zero (dx¢/dt = 0). Integration over the time of cutting gives Equation (17) for the
erosion rate, E, detached by one abrasive grain of mass, m, and velocity, U;. Equation (17) predicts the
same loss of mass when « = %tan‘1 (K/6), and the greatest erosion takes place at a somewhat smaller
angle, o« = 2tan™! (K/3). The former expression corresponds to those angles of incidence for which the
abrasive particle rebounds whilst still cutting. The latter expression corresponds to greater angles of
impact when cutting ceases because the horizontal particle movement stops.

Bitter [102,106] has shown that in fluid-bed systems, the lines transporting solids can experience
serious erosion, comprising two separate wear mechanisms. The one is due to cutting by freely-flowing
particles, the other is due to recurring deformations caused by impacts and the breaking off of material
from the surface. In reality, both kinds of wear take place at the same time. It is possible to derive
expressions for the erosion in terms of the particle’s mass, density, shape, velocity, and angle of
incidence, and the physical characteristics of the surface being eroded. Well-known and widely-used
methods of reducing erosion at bends in lines transporting solids or solids in liquids are to have a
large radius of curvature, and use a hard material for the bend. The conditions for the flow should
be that the flow velocity component perpendicular to the pipe surface should have a value less than,
or close to, the value at which it is known no erosion occurs. For example, a cyclone with a tangential
inlet of rectangular cross-section can have a narrow inlet to minimise the angle of incidence, «, in the
cyclone. A hard facing (e.g., a hard-wearing concrete) can considerably reduce erosion. However,
for large angles of impact the dominant wear mechanism is repetitive surface distortions, in which
case inhibition of erosion is not easy. Application of hard materials is suitable for low velocity particles,
but for most conventional construction materials velocity component normal to surface (k ) is less
than about 10 m/s. Soft rubber is an exception, as because of its lower elastic modulus it has a larger
value of k’. Equations (18) presents the aforementioned modified model, which shows better results at
higher impact angles.

Neilson and Gilchrist [87] have shown experimentally that both forms of erosion can, and will,
act concurrently. With glass, considered a hard-brittle material, the principal process is surface cracking
followed by inter-connection of the cracks and removal of surface material. The most likely explanation
of the process seems to be the existence of forces acting perpendicular to the surface. With aluminium,
a ductile material, we see both wear due to repeated deformation (work hardening, followed by surface
cracking) which explains the erosion occurring at typical angles of incidence, and we also see cutting
wear as described by Finnie [30,53]. Cutting wear is produced by forces working in the surface of
the material. Deformation refers to wear resulting from forces acting perpendicular to the surface.
Finnie [30,53] and Bitter [102,106] have confirmed experimentally and analytically that any expression
for erosion damage should include: (1) the KE of particles whose line of action is perpendicular to
the surface because this is absorbed into the surface and causes wear by deformation, (2) some hard
materials, when subject to deformation wear, show a limit to the normal velocity component below
which there is no erosion, however the particle’s shape may determine this value, (3) cutting wear is
related to the component of the particle’s KE acting parallel to the surface, (4) for small angles of impact,
the particles grazing the surface do not rebound, and all of the KE parallel to the surface contributes to
wear by cutting, (5) when the angles of impact are large, the particles tend to experience a relatively
large coefficient to restitution and are likely to rebound, with residual KE. Assuming that cutting
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wear consumes a certain amount of KE to release unit mass of the surface, then with a corresponding
deformation factor, ¢j,, we obtain Equation (19).

Finnie [60] examined the idealised behaviour of a particle in two dimensions, though his analysis
could be extended to particles of arbitrary size and shape. The surface volume that this particle
displaced was assumed to be, to a first order, the volume swept by the particle tip during the time
when cutting occurred. Thus, it is necessary to establish the trajectory of the tip of the particle and
period of time for which cutting took place. To simplify the analysis, it was assumed: (1) the particle
had zero rotation on impact, did not fracture and was rigid, (2) the volume displaced was equal to that
which the particle removed, (3) during cutting the particle underwent minimal rotation, (4) throughout
the cutting process the particle and the deformed material remained geodetically similar, which means
that the ratio of vertical to horizontal forces on the particle could be assumed constant, (5) as large
values of strain were attained from the start of cutting, the plastic flow pressure between metal and
particle could be presumed unvarying, and finally, (6) from practical observations of metal cutting,
the contact area between metal surface and impacting particle could be assumes to be approximately
twice the depth of cut, giving Equation (20).

Sheldon and Kanhere [107] studied the erosion of aluminium surfaces using single large particles.
The action by which material was removed from the surfaces by particles of size greater than 100 pm,
was demonstrated to be very similar to loss due to multiple smaller particle impacts. Using photos of
single-particle impacts, a model was developed based on the material removal process as a flowing
motion around the impacting particle; not, as previously assumed, by chip cutting. Inspection of the
craters generated by single particle impacts suggested that material removal was by displacement
resulting from sufficient strain to fracture the material in a manner reminiscent of single point cutting.
To obtain a simulation of the procedure, an equation representing particle penetration according to
indentation hardness theory was developed. The model is demonstrated as valid for comparatively
low impact speeds, even though it did not include consideration of either the inertia or strain hardening
of the surface subject to the impacts. The researchers proposed Equation (21) as their erosion model.

Tilly [108] showed ductile materials can be subject to erosion in two phases: the impact of the
particle and resulting dent in the surface, during which a fragment of the surface may be detached;
or the particle fragments, and these fragments are projected radially outwards to create further damage.
These processes were modelled and the model was tested then presented, as illustrated in Equation (22).
Particle velocity and size were included in the model [22]. The resulting numerical estimates were
in good agreement with practical observations. The effects of particle velocity and size and angle of
impact can be satisfactorily modelled by bearing in mind the relative effects of the two phases for
different conditions.

Jennings et al. [109] used a scanning electron microscope to investigate erosion of ductile materials
by dust particles, and develop a predictive model using dimensional analysis. The model was based on
target melting, an established erosion process. The model was validated using erosion testing of steel,
aluminium, copper, and titanium alloys as target materials, with the erosive dusts comprised of hard
particles, both spherical and angular. Maximum particle speeds were 250 and 130 m/s, respectively.
Jennings et al. used their own judgement based on experience to determine: (1) the physical properties
of the targets (including, density, latent heat of fusion, melting point and thermal conductivity), (2) the
roundness of the dust (erosive agent), (3) the KE transferred to target from the impacting particles.
Dimensional analysis was used to assess the form and nature of the relationship between the variables.
Equation (23) is the resulting erosion model.

Hutchings et al. [110] have shown experimentally that irregular particles striking a surface can be
modelled as spherical, when rounded parts of the particle surface strike the surface or when a leading
edge strikes the surface at an angle of incidence of less than about 15°. A study by the researchers of
9.5 mm diameter steel ball bearings striking mild steel showed that the surface material was displaced
in the form of an elongated impact crater with a lip at the end, see Figure 9. However, some material
was ejected from the crater, most of which spread over an area adjacent to the crater, but some was
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ejected to greater distances. Given specific conditions the lips formed on impact are detached, becoming
the most significant material removal mechanism. The average coefficient of friction during impact was
determined by video recording the change in rotation of the impacting steel sphere. Hutchings et al.
proposed a model which accurately predicted crater volumes, rebound energies and angles, if angle of
impact and impact velocity were known. Model 24 simulates the material removed when the angle of
impact was 30°. Equation (24) demonstrates the proposed erosion model by the researchers.

Evans et al. [70] investigated the damage generated above the fracture threshold level by hard
projectiles impacting on brittle materials and considered Equation (25) as the recommended erosion
model. The study included a thorough scrutiny of both the radial fractures developed immediately
after impact, and the lateral fractures formed later. Fracture mechanics and dynamic stress analysis
were used to evaluate the damage and demonstrate how the extent of radial fracturing depended
primarily on how tough the target material was, and then on the mass and speed of the impacting
object. The penetration of the lateral fractures depended not only on the size, velocity, and density
of the projectile but also the hardness of the target surface. The categorisation of fractures due to
impacts has been a factor in assessing erosion and strength degradation in fracture-controlled regimes.
It was reported that comparison of predicted behaviour with published data (for the relevant erosion
regime) was encouraging, and suggests that further study, along these lines, could contribute to a fuller
explanation of erosion and degradation phenomena.

Tabakoff et al. [111] studied erosion in two parts. Knowing the relevant parameters, including
mass, speed, and impact angle of particles striking a given surface, the material removed from
the surface was determined. These have invariably been considered independent events, but that
assumption may not be correct for the very complicated fluid flows that exist within rotating machines.
The particle’s impact angle on the surface is a very influential parameter determining the degree of
erosion of surfaces. It was found by Tabakoff et al. [111] that for the range of velocities they used,
the erosion (defined as the ratio of eroded mass to the mass of abrasive material impacting on the
surface), reached a maximum value when the angle of impact was about 70°. The erosion decreases
with impact angle and is close to zero at 0°. Relatively, erosion at any given angle of impact appears to
be largely independent of particle speed; however, the definition of the point of maximum erosion
becomes much more explicit with increasing velocity, as shown in Equation (26).

Sundararajan [112] has presented Equation (27) as their model for SPE which is a development
of a previous model used for erosion under normal impact, and has been shown to be suitable for
all impact angles. The model assumes that the impacting particle generates localised plastic flow
beneath it, forming a lip, and thus causing the erosion. It was shown that the model could incorporate
the experimentally determined observations, i.e., material surface properties, and particle shape,
speed, and angle of impact. The researcher listed the key assumptions behind the model as: (1) lip
extrusion and formation, and its subsequent fracture rather than general surface fracturing controls
the erosion rate, (2) localised plastic deformation is what leads to lip formation, (3) the speed of the
process and relatively small area of impact means the process of surface deformation can be considered
adiabatic, (4) a relatively simple constitutive equation as presented in model 27 can be used to model
the erosion as plastic deformation caused by very high strain rates.

Chen et al. [83] showed that the processes suggested by Sundararajan [112] did not constitute
a general material removal mechanism. It is possible to estimate erosion ductility by considering
erosion mechanisms, including tensile residual stresses and the ratio of crater volume to that of the
material removed. This model can assess how the erosion rate is affected by temperature increase and
strain rate. Predictions based on this model were compared with experimentally observed erosion
rates and found to be acceptably accurate. Chen et al. also observed that: (1) using finite differences
to numerically simulate lip formation it was found that mechanical and geometric parameters are of
greater importance than thermal when ascertaining the extent of lip formation; (2) the ratio of crater
volume to that of the material removed can be found if it is accepted that the eroded material is fully
detached, and it is assumed that residual tensile stresses are the cause of the removal of particles from
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the crater; (3) the erosion ductility can be estimated by assuming erosion is due mainly to tensile
residual stresses; and (4) Equation 28 can be used to assess how increase in temperature and strain rate
influence erosion.

Nsoesiea et al. [113] have analytically modelled the erosion of Stellite alloys subject to impact
by solid particles. Five Stellite alloys were chosen to be representative of those used where erosion
resistance was important. The alloys were tested experimentally with speeds of 98 and 84 m/s at impact,
and at angles of incidence of 90° and 30°. The main modification over previous work was to include
two angles of impact which was expected to improve the accuracy of prediction of rate of erosion and it
was claimed to accurately estimate the erosion rate for those alloys with chemical components similar
to the five alloys investigated. The model fitted to the experimental data was generally useful, subject
to the proviso that only two impact velocities were used. However, it was found that for the Stellite
alloys investigated there existed a critical angle of impact at around 30°, at which the erosion rate
changed and that meant the prediction model developed was limited when the angle of impact was
less than 30°. Nsoesiea et al. [113] proposed model is shown in Equation (29), where they considered
this model to be the most suited for the comparison of erosion resistances between Stellite alloys.

Thirteen erosion models (Equations (17) to (29)) were examined, and these are listed in Table 3.
All models were adjusted using appropriate forms and common symbols. Table 4 presents the
46 parameters contained in the models. No single model contains all possible variables, in fact the
average number of parameters per model is six. Some parameters that would be considered likely
to be found in the models, Poisson and critical Poisson coefficients appear in no models. Each of the
models was produced as the result of a specific, individual approach with a particular aim in view.
The models range from those that contain a single parameter to the most complex models which
contain ten parameters, such as particle size, particle density, flow stress, heat capacity, angle of impact,
etc. Comparison of the selected models for erosion rate (E) within their limitations show them to be
reasonable and rational.
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Table 3. Key SPE equations available in the literature.
Equation No. Researchers Model Remarks
. ) _ Caos (cospr)* Where Esrepresent the effect of surface roughness on loss coefficient, o; is the blade
Equation (16) Hamad et al. [46] Es= (cos pu)’ solidity, B is blade angle, and f;; is mean angle of the compressor.
mi2 . 6 .o N The first cutting equation; assumes a solid particle is moving with known velocity and angle
Equation (17) Finnie [30,53] E= W}é (sin 2c) —§ SIn (c)) fortan x < & of impact striking a target surface of rigid plastic material.
q S s E=D™ u? (k cos? %) for tan o > X Where the equation parameters change according to the angle of impact «, 1 is depth of
Pk 6 -6 contact to cut ratio, and k = 2 as a constant.
M (U;sin a—k *)?
EVP = 2¢
_ 2M C (sinx—k ')?
Eyal = Vi (V cos
C(U;sin a—k ') Bitter’s equations provide better results at higher angles of impact than Finnie’s [30,53]. Four
- ————+e) for a > .
Equation (18) Bitter [102,106] Vilisin o o equations are presented.
q ’ Eyo = M (Ui cos™ o Igle( Uisinock 7)) Where Eyp, and Eyq,» are volume of surface material detached by deformation and cutting,
for o < o respectively, ¢, is deformation factor, and e is the cutting wear element.
For the total erosion rate (cutting and
deformation):
E =Eyp + Eyc
E= M (U; cos? a— VZ) M (Ujsin ok /)? for o <
i ilchri - 2X 2¢
Equation (19) Neilson a[g;l] Gilchrist o) ! Where V; is residual particle velocity, X is factor of cutting, ¢}, is deformation factor.
_ 2 cos? M (U; sin «=K)*
p= MU cosx for a >t
2X 2¢p ,
E=_¢mli~ 2 (C052 o — X—‘) where . . . . . . . . . .
. . mp r2 Ui Where is particle’s influence in an idealised manner, and X; is particle horizontal velocity
Equation (20) Finnie [60] 4P (H T ) . s - t .
, U and I is the moment of inertia of the particle about its center of gravity.
held A Kanh X = U cos a- Pll sin
. 3 U3 DS . X
Equation (21) She on[alr(l)7]Ka ere _ 42U Dy i‘l_s £ Where Hy, is Vickers hardness of target (kg/mm?).
v
) Where 8'1 and 8'2 is the velocity at maximum erosion rate, V. is standard test velocity of
Equation (22) Tilly [108] E=¢& (VU‘ )2(1 - (% )1 5 %) +8) (\y: )2 Fav particle, Fy , is fragmentation for test condition and V| is threshold velocity below which
1 Vet ' ! ' impact distortion is purely elastic and no damage takes place.
52 " Where Kt is KE of impacting particle, R is a measure of the roundness of a particle, G and
Equation (23) Jennings et al. [109] E=—+ m D; are gram molecular weight and density of target, respectively, T, is melting temperature
toeome and AHp, enthalpy of melting of target.
Equation (24) Hutchings et al. [110] E= 5.829_10(1,11.2'9) This equation depend on the impact angle and particle velocity.
19/6 11/31Hy1/4
Equation (25) Evans et al. [70] = % Where Dp is particle density, K. is fracture toughness and Hg hardness of target material.
_ 22 2 ) Where K3, K3 is the empirical constant, {(,) is a function of impact angle, et is the tangential
Equation (26) Tabakoff et al. [111] E=14 f<°‘) i (COS oc)(l e‘) + (Ui, mo) restitution ratio, ng is the normal component, U; is the velocity of particles and « is the

f(U;, n) = Kz(U; sin «)*

impact angle
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Table 3. Cont.

Equation No. Researchers Model Remarks
E = 2.Cr U sin® a () ( T+ (n+1)(£)(2-£) o2 Assumes that the plastic flow localisation below the particle accounts for erosion.
- n; Cr T+ o () O Where Cr represents the flow stress temperature constant, C; is the heat capacity of the target,
Equation (27) Sundararajan [112] e = 1.9 H,*/8 e; is the restitution coefficient, n; is the strain hardening exponent, F is the constant of
Eql/2 DS Ui/s several impacts, Hp, and Dp are particle hardness and density respectively, i is the friction
A=r/ g,z, coefficient, yi¢ is the maximum value of 1, and gp, is radius of gyration of impacting particle.
E= VR N
fion 29 Chenetsl 19 iy Where Dy, e aeus consants, mesn s !, s presrstres e i
’ p'¥? [Di+ Dyexp(Ds 0*) 2 [14 Dylne”*]2[1+ D5 T* | p u :
, _ B3 Where C; is a constant, d represents the particle diameter, Dy, is particle density, Hs hardness
Equation (29) Nsoesiea et al. [113] po ad (Ui(Ai(sin ($) ) ) ) Dy of the target, and impacting angle correction factors are represented by in A; (shifting

H? coefficient) and B (shifting exponent).

«a is angle at which particle impacts on surface, oy is value of « which the horizontal velocity component slows to zero, d and r are diameter and radius, respectively, of impacting particle,
dy is the minimum particle diameter for which erosion takes place, k ’ is velocity component normal to surface below which no erosion takes place, M is total mass of impinging particles,
m is mass of individual impacting particle, P is pressure, U; is velocity of impacting particle.
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Table 4. Physical parameters used in erosion models [40,114].

Physical Property Equation Number
17 18 19 20 21 22 23 24 25 26 27 28 29

Cutting energy X X

cutting wear element X

Deformation factor X X

Depth of contact to cut ratio X

Dimensionless strain rate X
Dimensionless temperature X
empirical constant X

Enthalpy of melting of target X

Erosion resistance

Flow stress temperature X
Fracture toughness X X
Friction coefficient X

Impact angle X X X X X X
Impacting particle kinetic energy X

Incremental strain per impact

Main stress X X

Mass of an individual particle

Material fragmentation limits X

Melting temperature X

Minimum effective particle size X

Particle density X X X X

Particle hardness X X

Particle horizontal velocity X

Particle mass X X

Particle roundness X X

Particle size X X X X X
Particle velocity X X X X X X X X X X X
Particle velocity (residual component) X X

Pressure X

Pressure-stress ratio X
Reparation coefficient X

Restitution coefficient X

shifting coefficient X
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Table 4. Physical parameters used in erosion models [40,114].

Physical Property

Equation Number

17 18 19 20 21 22 23 24 25

26

27

28

29

shifting exponent

Strain hardening

Strain hardening exponent
Target density

Target gram molecular weight
Target hardness

Target heat capacity

Thermal conductivity
Threshold velocity

Total mass

Velocity at maximum erosion rate
Velocity components

Vickers hardness of target

25 of 42
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5. SPE Protection Coatings

Coating technology plays a significant role in industries ranging from under-sea to space
applications [115-120]. It is mainly used to enhance the performance and reliability of components
through external deposited thin layer/s on the surface of the material whose characteristics need to
be improved. In GTEs, metallic and ceramic coatings, or a combination of both, are usually used to
enhance/maintain the system efficiency, thus minimising the maintenance costs [121-125]. It is now
generally accepted in the literature that by using coatings in mechanical components, for instance, blades
and vanes, the cycle reliability and performance can be protected against the aggressive degradation
phenomena, which can cause component failure at an early stage [122,126]. Protection coating is a
highly cost-effective technique that helps to increase GTE reliability, availability, and performance.
The benefits of coatings may include (1) up to 1% gas turbine power output ageing recovery (2), up to
0.3% of the gas turbine efficiency ageing recovery, (3) minimisation of erosion and wear, and (4) surface
roughness reduction [127]. Rajendran [128] demonstrated that there are particular requirements for
the surface design properties of the selected substrate material. In order to reach the designer’s needs,
the coating is used on bulk materials to enhance component mechanical strength. The coating provides
the necessary protection for components that operate in harsh environments. There is not any one
coating material that is resistant against all hostile environments, so the coating material and the
application process used are chosen specifically for a given material surface and a particular operating
environment. Figure 17 shows an example of coated and uncoated compressor blades, and Table 5 lists
some of the materials commonly used to form the deposited films on compressor blades.

Uncoated
blades

Figure 17. Coated and uncoated compressor blades [129].
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Table 5. Example of some of the coating materials used for compressor blades.
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Coating Material Type Advantages Disadvantages References
Significant decrease in the
. . erosion resistance at above
Good erosion resistance below o . ..
temperature of 400 °C 400 °C working conditions.
) Does not show an increase in
ZrN Suitable for compressor blades : istics of [130]
de of stainless steel and the service characteristics o
?ta . I multilayer coating.
itanium alloys. :
Y Allowable operation
temperature is up to 500 °C.
Similar to the ZrN, this
. . material does not show an
Erosion resistance enhances at increase in the service
o
Cr3C, 500 to §00 C dueto the. . characteristics of [130]
formation of oxycarbonitrides . .
on the surface multilayer coating.
' Allowable operation
temperature is up to 650 °C.
High erosion and
corrosion resistance. .
[nCreases compressor When formed using the cold
blade durabilirt) spray method, the deposited
WC-Co Fias | Y it layer cannot withstand [131]
as lower porosity. extremely harsh operational
Good adheren.ce. with surfaces environment.
made of aluminium
and titanium.
Low performance at
normal angles.
Good erosion resistance. ?Igh mtern'al streés. h
TN Low material price. oor corrosion resistance when [132,133]
Hard films applied on steel surfaces.
' Requires Ni or Cr interlayers to
enhance the
corrosion resistance.
Good mechanical properties. The micro-hardness strongly
. . depends on the method of
Good corrosion resistance for il . d th
teel surfaces in implementation and the
TiN/Ti ilr environments reaction between the interfaces. [134,135]
\% . . L
W'};h tand hich Inter cracking can initiate
1thstan lg,t, when reaching the critical
pressure conditions. loading level.
Increased chromium content .
. Coating hardness decreases
generally reduced corrosion - . .
rate and provides good with the increase in Cr content.
TiN/CrN erosion resistance The corrosion resistance of the ~ [136]
Good chemical stability. film s gov.erned by the
coating thickness.

Improved coating hardness.

Coating processes are usually classified as one of the following three groups [137-150].

e  Vapour phase: including physical and chemical vapour deposition (PVD and CVD) methods.

With PVD, the material to be used for the coating is evaporated from a source (either solid or
liquid) with an atomic composition that travels and condenses on the substrate exposed surface
under vacuum or gaseous environments. However, the CVD is a combination process where the
chemical component is introduced in the vapour phase on a heated surface to form a layer of
solid deposit.

Liquid phase or direct liquid coating technique: this approach contains any process of
precursor-containing liquid deposition on an underlying layer or surface, after which there
as a suitable thermal or/and chemical treatment to produce the required film layer.

Solid phase: this process consists of solid-state deposition and unification of high-speed particles
of powder entrained in a gas jet onto the substrate surface. These particles of powder experience a
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plastic deformation when they impact the surface and in this way adheres to the surface while
simultaneously undergoing inter-particle bonding.

Table 6 shows the typical surface coating protection applications used for GTE components
(Ex: compressor, combustion chamber, and turbine), while Table 7 presents the advantages and
limitations of various coating techniques.

Table 6. Typical coatings applications in GTE [151-153].

Type Process Anti-Erosion Application
Thin hard films PVD Compressor blades, and brush seals
Diffusion VD Pr(')tectlon of the. turbine blades against the
oxidation/corrosion
Dry film lubrication Spray Resistance to fretting wear of compressor blades
Thermal barrier system Thermal spray, PVD Coating for turbine combustor blades, cans and vanes
Wear resistance Thermal spray Coatings for turbine fans and stator blades

Table 7. Advantages and limitations of the film coating methods [143].

Coating Method Advantages Limitations

Thickness control; Complicated and extensive

PVD equipment;
Large area coating The coating on uniform samples
Smooth coating process on Complicated and extensive
CVD a nonuniform substrate; equipment;
Strong adhesion High-temperature process
Thermal spraying Rapid co.a’Fing; High-temp?rature process;
Large specific area Grain grows

PVD techniques have enabled the achievement of highly resistant erosion coatings that protect
the GTE compressor components and ensure long term reliability and availability, while reducing
maintenance and operating costs [132,154-156]. The coatings obtained with PVD techniques have
shown considerable erosion resistance when compared to other coating techniques due to the exceptional
homogeneous deposition and the elimination of additional treatment on the thickness and surface
smoothing, necessary to increase the coating’s wear resistance [157]. The three-key state-of-the-art
PVD coating technologies for GTE compressor blades material are illustrated in Figure 18. See Table 8
for a description of their advantages and limitations.
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Figure 18. The three most common PVD coating approaches, where (a) shows a vacuum deposition
process [158], (b) illustrates a schematic drawing of the ion-plating method [159], and (c) demonstrates
the physical sputtering processes [160]. Reproduced with permission from [160]. Elsevier, 2015.

Table 8. The three-key state-of-the-art PVD coating technologies for GTE compressor blades [161-170].

Coating Method

Description

Advantages

Limitations

The source material is vaporised
and introduced to the substrate  _
surfaces within a vacuum
environment to apply the

be used.

High-purity sources can -

- Difficult to deposit several
alloy compositions

and compounds.

Limited control of
properties of the film due
to lack of access to

Vacuum deposition

coating layer. This coating
method can be employed to
provide protective coatings for
the following cases: (1) wear
resistance; (2) corrosion; (3)
electrically conducting films; (4)
mirror coatings; etc.

- Vaporised sources material
can be in any purity
and form.

- Easy to control and
monitoring the
deposition rate.

processing parameters.
The availability for high
radiant heat loads within
the deposition process.
Maintaining adequate
separation of substrate and
the high temperature
source requires vacuum
chambers of large size.
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Table 8. Cont.
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Coating Method Description Advantages Limitations
Many variables need to be
controlled and monitoring
within the process.
. Achieving a uniform film
The attacked.par ticle over the substratum is a
produces a high amount of complicated process
energy into the depositing requiring
A high ener article flux is aim surface i elevated temperatures.
lg .y Eyc}f on il The attacked particle can Under some conditions,
fon ol apg leb to the egosmon 1 Iﬁ be controlled to improve molecules of the gas
ti trat , t i i
onplating aﬁ su Ehra e;utr atc ¢ er;loug“ o coate.d film properties stream, may enter and be
c anget- e substrate and/or film density, adhesion, etc. retained by
properties. The angle of incidence of growing coating.
material deposited flux Inefficient process, and
Cf’ntrOIIQd t}}e because of the complexity
film properties. of the mechanism involved
and the interaction of the
many variables,
reproducibility is not easy.
The sputtering process can
deposit elements Sputtering rates are lower
Particle bombardment of a and alloys. than the thermal
. material results in a vapour and The target offers a evaporation processes.
Sputtering

can be used to deposit an
anti-erosion layer on a target.

long-lived and stable
vaporisation source.
The radiant heat is
deficient within the

To avoid damage the
sputtering target, the gas
composition must be
accurately controlled.

deposition process.

Most commonly, the PVD technique is used for the enhancement of the material’s mechanical
and functional properties, where during the coating process heat treatment, the possibility of losing
the acquired properties is very low compared to the CVD process [171-173]. Usually, the PVD
process is carried out at temperatures lower than 500 °C, and therefore, it is an ideal technique for
coating materials without changes in their microstructures. Moreover, previous studies that have
investigated SPE did reveal that the optimum coating process within the PVD technology is the
sputtering deposition technique, as this has been shown by many authors to provide an excellent
erosion resistance results [174-176].

On the other hand, any novel coating design procedure would involve a logical selection of the
source material, alongside with the suitable fabrication process, so that the desired microstructures
of the component/s surface can be achieved and produced [154,177,178]. Such a task is seen as
an interesting area of scientific exploration for many researchers. For example, Zhaoa et al. [179]
explained that, as the material selection process commences with the design requirement specifications,
the process of selection can be completed through experiments of trial-and-error, or by an analysis
collection of rationalised scientific studies. Material databases can also be used as a guide to developing
specific patterns of required material properties. The selection of coating materials contains three
main elements in the following sequence: (1) collection of material properties; (2) examination of
these properties; and (3) selection of materials based on the coating requirements. According to
Chauhan and Vaish [180], multi-criteria decision-making algorithm (MCDM) is an additional method
of coating material selection that can assist in the selection between more than one alternative element
based on the arrangement of several properties. The process includes formulating the performance
guides or featured data which are derived from the functional links that occur between the different
characteristics. Satisfactorily combining the necessary characteristics would produce a suitable material
for the given application of low cost and weight, and high strength. TOPSIS ranks the materials
considered suitable for a given application based on their properties, as compared to an ideal solution.
TOPSIS evaluates a so-called Euclidean distance that separates the possible materials solution from the
ideal, and the worst case, respectively. TOPSIS attempts to minimise the separation from the ideal case
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and maximise the separation from the worst case [180]. Moreover, the Young’s modulus of elasticity
(E) of a material is an important consideration when considering wear resistance, and needs to be
included for consideration with material properties such as degree of ductility, when planning the
anti-corrosion coating [181]. Chauhan and Vaish have published a list of commonly used coating
materials found in the literature [180] ranked according to TOPSIS. Figure 19 illustrates the E, H, «,
and TOPSIS of the top ten ranked coating materials, as concluded by previous authors.

2530 2560 2600

6.4

I TOPSIS|

0.308
2288 0.272 0.252 0.249 (.238 0.238

C BN BN SiN, VC SiB, LaB, ZC SiC TiC
Coating material

Figure 19. The E, H, , and TOPSIS values of the top ten ranked coating materials.

Hassania et al. [182] showed that the coating materials which showcase both high Hs and low E
values deliver the lowest volume removal (Vol) in terms of degradation. To study how the the H/E ratio
affects SPE, finite element analysis was used to investigate TiN coatings, of 8 pum thickness, through
a wide choice of Hs/E and H,?/E? ratios. The variation of Vol for the diverse coatings under particle
impact, of Al,O3 with a diameter of 100 um, was afterwards investigated. They have found that the
erosion rate has reduced when the values of Hy/E and H,>/E2 increases. Hence, to obtain a high SPE
resistance coating, the previous ratios should be raised. The ratios of Hs/E and H3/E? that provided the
best erosion resistance combination were 0.15 Gpa and 0.6 Gpa, respectively. Tabakoff [154] observed
erosion on components with TiN coating deposited on the substrate using PVD technology. The coating
material that he used is known to have excellent adhesion, high-temperature resistance, excellent
erosion resistance, the capability to withstand high-temperatures, high tolerances, high melting point
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(i.e., 2930 °C), and low density (i.e., 5.22 g/cm3) [183]. Furthermore, the tested substrates used by the
researcher were made of titanium of 26 mm and 13 mm in length and width, respectively, whereas
the TiN coating material used was of 15 um in thickness. One substrate was coated using the PVD
technique, and the other substrate was left uncoated (i.e., reference sample). The researchers ran their
experiment under room temperature with impact angle of 20°. Arizona and silica sands in the range of
0.1-100, and 0.1-500 um, respectively, were used as test particles. Furthermore, their velocities were
between 91.5 and 152.5 m/s. Their results have shown that, after 15 min of continues impacts, the coated
surface had lost 1.4 mg of material, whereas the uncoated sample had lost 65 mg of material throughout
the experiment duration. Thus, it can be concluded that the deposited layer had contributed to reducing
the SPE phenomenon, and therefore is an advantage element that can be used on components such
as compressor stages, which are subject to high levels of degradation, to improve their life duration.
Eichner et al. [126] used two different thicknesses of chromium aluminium carbide (Cr, AIC) coatings
(7 and 20 pm) that were deposited via sputtering technique. Sand-blast erosion was the technique
used for the tests. A powder metallurgical fabricated Cr-Al-C composite target (50 x 8.8 x 1.0 cm)
with a Cr:Al:C composition of 2:1:1 was used. The substrates used were made of inconel 718 (IN718),
which were heat treated at 720°C for 8 h, then cooled at a rate of 50 °C/h, to 620 °C, for 8 h. Following
the precipitation hardening, the IN718 substrates reached a hardness of 473 + 7 HV30, after which they
were adjusted vertically in the test rig to give a 90° angle of impact. In addition, the particle’s flux was
2 g/min, length, and diameter of the of the nozzle were 50 mm and 2 mm, respectively. For all tests,
the separation of nozzle and sample was kept as 10 mm. During the erosion test, the coated material
showed a non-linear material loss, however the mass change of the uncoated substrate was seen to
be linear. It was observed that the erosion of the coated material was formed through 4 deformation
phases, which were plastic deformation, cracking, scratch growth, and local coating push-up. Initially,
particle impact caused the coating material to be partially remove, but after a certain time which
was a function of coating thickness, the deposited layer was mostly removed then complex erosion
took place between substratum, coating and incident particles. The 7 pm thickness coating sample
was demonstrated to give an erosion rate that was as much as ten times lower than the unprotected
surface. It was concluded that it added significant protection to the uncoated substratum against
impacting particles.

6. Discussion and Future Directions

It was shown previously how SPE causes surfaces degradation, which can therefore cause
a reduction in the overall system efficiency as a result of the defect caused to the devices parts.
Furthermore, the mechanism in which the SPE effect develops or extends on a particular surface
was seen to depend mainly on the impacted surface material, particles properties, and impingement
conditions. One of the approaches that was demonstrated to reduce SPE mechanism is surface
protective coatings, where selecting the appropriate film material, thickness, and fabrication approach
are significantly crucial for enhancing the lifespan of SPE exposed equipment. Nevertheless, there are
still some issues that needs to be consider for further advancement in the field, which are listed as
following:

e  Thereis still a shortage in data on SPE for newly developed advanced composite materials, such as
those containing graphene, carbon nanotubes, and other nano-reinforcements of carbon base.

e Simulation studies on SPE effects on composites are still not sufficient enough and need to be
further explored for quantitative purposes.

e Development of new generation of thin layer coatings that are durable, of negligible weight
effect, cost effective, and can easily be applied is of great importance and remains one of the main
challenges to researchers.

e  Producing thin films with multifunctional properties, such as anti-erosion, corrosion, de-icing,
and abrasion, would be highly attractive to the GTE industry and many other sectors.
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e  Advancing the coatings fabrication techniques and/or standardizing existing methods in terms of
deposition rate, temperature, and surrounding pressure conditions is of high importance.

e Investigating the long-life degradation of the deposited films also needs to be covered, as the
majority of the available studies focuses on the short-term behaviour of the coating layer. Therefore,
they do not provide the full image to the end-user.

The earlier mentioned points are essential for controlling the SPE phenomena on surfaces and the
possible commercialization of future coating materials.

7. Conclusions

This paper has reviewed the literature available in the public domain on SPE occurring when
GTEs function in harsh and/or erosive conditions. The important SPE mechanisms have been described
and reviewed, with an emphasis on physical phenomena, with the aim of improving control of particle
motion to minimise resulting wear. Many examples are reported in the literature, some have been
discussed here, particularly those due to materials-related causes in terms of ductile and brittle materials.
Many key elements of the erosion process have, thus far, proved too complex to model successfully,
while obtaining direct, accurate measurements remains challenging. Such processes include particle
properties and the impingement conditions. Inventive theoretical and experimental approaches are
very much needed. At the moment, the prediction of wear and erosion due to particle-surface impact
depends primarily on empirical formulas derived by materials scientists, usually based on accelerated
experiments under closely specified conditions for specific materials. Not reviewed in this paper
are the recent significant developments regarding the theories of materials that hold the potential to
develop more widely applicable models of erosion. The use of surface coatings can be an effective
means of improving the endurance of a surface when subject to a hostile environment. Selection of
an appropriate coating and method of application can prolong the active life of a substrate while
reducing maintenance costs. PVD coating can be applied to an extensive array of surfaces and materials,
and after application produce a surface with very low roughness. Importantly, PVD coatings have
been demonstrated to possess good to excellent erosion resistance when applied to compressor blades.
PVD includes a range of deposition methods including those that can produce ultra-thin covering
layers. Such thin coatings, when used in combination with the close tolerances possible today, ensure
that component parts—for all practical purposes—retain their original dimensions, form, and fit after
coating, so there is no requirement for re-machining.

Author Contributions: J.A. and J.A.T. conducted the Introduction Section. J.A. and A.A. carried out the Solid
Particle Erosion Mechanism Section. J.A., N.A. and ]J.A.T. conducted the SPE Effective Parameters Section. J.A.T.,
and J.A. worked on the Solid Particle Erosion Modelling Section. N.A. and J.A. conducted the SPE Protection
Coating Section. J.A., A.A., and J.A.T. have worked on the Discussion and Future Directions Section along with
the Conclusion Section. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: The authors of this article are grateful and acknowledge the help provided by their institutes.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

A,B,C,D,nl

n2, »¢ D, nl, constants and exponents, which are affected by impact conditions
Cq drag coefficient

Aq shifting coefficient

By shifting exponent

Cp specific heat (J/kg °C)

Cr flow stress temperature constant

C; heat capacity of the target (J/K)

c blade chord (m)
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c particles influence in an idealised manner

C1 constant

D constant of material properties

Dp particles density (kg/m?)

D; material density (kg/m?)

d particle diameter (um)

do minimum particle diameter for erosion take place (um)

Diog3. .. fracture constants

E erosion rate (g/min)

En young’s modulus of elasticity (N/m?)

Ep,Et elastic modulus (Pa)

Es loss coefficient

er restitution coefficient

et tangential restitution ratio

fe amount of solid particles cutting the target surface (particles concentration) (wt. %)

Fer threshold load for cracking (MPa (m)l/ 2

Fav fragmentation for test condition

Eyc12 volume of material removed by cutting mechanism (mm?®/min)

Evp volume of material removed by deformation mechanism (mmS/min)

Fo constant of several impacts

flo) function of impingement angle

£1,2,3(m) exponents are prescribed functions of m, the flaw parameter of the Weibull fracture
" strength distribution

G target gram molecular weight (g/mol)

gp particle gyration radius (um)

Hp hardness of particle (Pa)

Hs material hardness (Pa)

Hy Vickers hardness of target (kg/mm2)

I the moment of inertia of particle about its center of gravity

k constant force component ratio of particle

Kp1,Kpp quality involving material constants

k constant

Kc fracture toughness (MPa M2y

km material constant

Ks equivalent sand grain roughness (um)

Kr impacting particle kinetic energy (J)

Ky, K3 empirical constant

o velocity component normal to the surface below which no erosion takes place in certain

hard materials (m/s)

M total mass of particle (Kg)

m mass of particle (Kg)

My mass of an individual particle (Kg)

m’ constant of shape parameter in range of 9.5 to 12.7

n test conditions functions values

g normal component

g strain harding exponent

P pressure (Pa)

P’ mean stress (Pa)

R particle roundness (pm)

r particle radius (pum)

v material volume (m3)

Vel collision velocity that reaches the material to the elastic limit (m/s)

Vol material loss volume per impacting particles mass (mg/g)

Ve residual component of particle velocity (m/s)
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Vet standard test velocity of particle (m/s)

Vo threshold velocity (m/s)

Vs rebound velocity (m/s)

Up, 0t Poisson’s ratios

T melting temperature (°C)

T dimensionless temperature

U; impact velocity (m/s)

Wy plastic deformation wear rate (mm3/Nm)

X factor of cutting

X, particles horizontal velocity (m/s)

Greek letters

o impact angle (deg)

impact angle at which the horizontal velocity component has just become zero when the

*0 particle leaves the body (deg)

o stress applied (Pa)

o) scale parameter in range of 930 to 1230

Os blade solidity

Oy location parameter

ay limit of elastic load (Pa)

o* pressure-stress ratio

Bm blade mean angle (deg)

B1 blade angle (deg)

&p deformation factor (gf cm/cmd)

8'1, 8'2 velocity of maximum erosion amounts (m/s)

e dimensionless strain rate

ofe2 constant term = 0.7

Vv depth of contact to cut ratio

U friction coefficient

e maximum value of u
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