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The effect of ultrasonic nanocrystalline surfacemodification (UNSM) on thewater droplet erosion (WDE) perfor-
mance of Ti\\6Al\\4V was studied. It was observed that UNSM induces deep levels of compressive residual
stresses in both the scanning and transverse directions. The treated surface revealed microdimples in a micro-
tracked fashion. Mechanical deformation marks were observed within the grains due to excessive plastic defor-
mation and variation in grain size was observed across the ultrasonically modified layer. Microhardness of the
UNSMconditionwas enhanced significantly as comparedwith the untreated (As-M) condition. TheWDE perfor-
mance tests for the UNSM and As-M conditions were conducted in a rotating disc rig in accordance with ASTM
G73 standard. Influence of impact speed on WDE was explored on two different sample geometries (T-shaped
flat and airfoil). WDE results showed that the flat UNSM samples had enhanced WDE performance at speeds
250, 275 and 300 m/s as compared with the As-M condition. At 350 m/s, both UNSM and As-M conditions
showed similar performance. UNSM airfoil samples showed mild enhancement in the WDE performance at
300 m/s during the advanced stage as compared with the As-M condition. At 350 m/s, the UNSM airfoils do
not show enhancement in WDE performance.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In the power generation industry, the fogging method employed to
cool the intake air into the compressor poses severe erosion damage
to the leading edge of the blades. This occurs due to the synergy of the
impacting water droplets and rotating blades. This is usually termed
as “water erosion by impingement (liquid impingement erosion) or
water droplet erosion (WDE)” [1]. WDE is the progressive loss of mate-
rial from a solid surface due to accumulated impacts by liquid droplets
[2]. WDE is a complex phenomenon due to many interacting parame-
ters such as impact speed, droplet size, impact angle and conditions of
the target material such as mechanical properties and surface rough-
ness. The main causes of WDE damage are the high pressure exerted
by the relative speed between the droplets and the rotating blade and
the liquid lateral jetting [3]. The jetting is the radial outflow of the liquid
droplets after impact which is identified as a major cause of the erosion
damage [4]. Heymann [5] proposed four primary modes of WDE dam-
age, which are plastic deformation and asperity formation, stress
waves propagation, lateral jetting and hydraulic penetration. WDE
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consists of several stages viz.: incubation periodwheremass loss is neg-
ligible; acceleration stage (energy accumulation zone [6]) where mass
loss is significant; maximum erosion rate stage where mass loss is at
its peak and terminal or final steady state with erosion rate declining
and remaining constant [5,7]. These stages are further affected by sur-
face roughness [7], mechanical properties [4], microstructure [3], geom-
etry [7] and combination of impact speed and droplet size [7]. In order
to prolong the life span of components, the WDE performance of mate-
rials such as Ti\\6Al\\4Vmust be improved. Ryzhenkov et al. [8] stated
that the methods of mitigating WDE can be classified into two distinct
categories with certain conditions; (1) active (intrinsic) methods
which basically minimize the main factors causing the erosion such
as reducing the moisture content as well as decreasing the droplet
sizes and; (2) passive (extrinsic) methods which aim at enhancing
the surface and mechanical properties of blades' materials. The pas-
sive method has been adopted due to its economic feasibility [9]. De-
spite the efforts to combat or mitigate the erosion damage, it has not
been possible to identify or quantify an absolute parameter for WDE
resistance [10]. This is due to the fact that erosion rate is not constant
with time and therefore, no single value can quantify the erosion
performance.

Several surfacemodification techniques such as coatings [11,12] and
laser surface treatments [13,14] have been employed to combat WDE.
However, achieving this goal still remains a challenge due to the
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Fig. 1. Typical T-shaped flat (left) and airfoil (right) samples machined.
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presence of surface defects and microcracks after surface modification.
Mechanical surface treatments such as deep rolling (DR) [15], has re-
cently being explored in this regard. However, morework is still needed
in order to fully understand the effectiveness of mechanical treatments
in combating erosion damage. WDE damage is likened to fatigue-like
damage due to fatigue striation marks caused by the cyclic nature of
the liquid droplet impacts [4,15,16]. Researchers [17–19] have shown
thatWDE damagemechanisms is influenced significantly by crack initi-
ation and propagation. It is well known that mechanical surface treat-
ments retard crack initiation and propagation as well as enhance
fatigue life [20]. Thus, one would expect mechanical surface treatments
to combat WDE damage. However, the effect of cold working (strain
hardening) before exposing the surface to liquid droplet impacts has
been questioned. This is because the mechanical treatments plastically
deform the surface and induce strain hardening. Repeated droplet im-
pacts strain harden the material further [3]. Frederick and Heymann
[3] stated that the duplication of the work hardening process might
showdetrimental effects and in another report by Heymann [4], he sug-
gested the opposite trend with the condition that too much cold work-
ing should be avoided. To shed more light with regards these claims, a
relatively new mechanical surface modification technique called ultra-
sonic nanocrystalline surface modification (UNSM) is explored. This
technique harnesses ultrasonic vibration energy which converts har-
monic oscillations of an excited body into resonant impulses of high fre-
quency [21]. The generated energy from these oscillations are used to
impact the work piece. Tungsten carbide (WC) [22,23] or silicon nitride
ceramic (Si3N4) [21,24] ball tip that is attached to an ultrasonic horn is
used to strike/impact the work piece surface at high frequency of up
to 20 kHz [21]. Typical impacts on the work piece surface range from
20,000 to 40,000 shots per squaremillimeter [21]. Other process param-
eters include static load, number of impacts/strikes, intervals, amplitude
and diameter of the ball tip. The high frequency striking of the ball leads
to severe plastic deformation of the surface, thereby introducing high
density of dislocations [23]. Hence, the top surface and in-depth of the
work piece are modified, which improves the mechanical properties.
The strengthening effect is due to the plastic strain and refined micro-
structure [25]. The microstructural refinement after UNSM treatment
improves mechanical properties based on the Hall-Petch relationship
[26]. Generally, UNSM treatment has shown increased hardness [23,
25,27,28], reduced grain size [29,30], improved surface quality [25]
and deep levels of compressive residual stresses [21,25,28,31]. Based
on the aforementioned attributes, UNSM has shown enhanced fatigue
life [25,27,28,31], enhanced cyclic oxidation behaviour of coated Ni-
based superalloy (CM247LC) [29], enhanced tribological properties
such as wear resistance [21,24,30,32] and lowering of friction coeffi-
cients [21,24,30,32] of materials. To this point, no study could be
found in the literature regarding the effectiveness of UNSM and the
associated attributes on the WDE performance of Ti\\6Al\\4V or
other alloys. Since UNSM process is known to enhance fatigue life
of materials andWDE damage is ascribed to fatigue-like mechanism,
studying WDE performance of UNSM treated Ti\\6Al\\4V is
worthwhile.

In this work, the effect of UNSM on the WDE performance of
Ti\\6Al\\4Vwas investigated for the first time. Themicrostructure, mi-
crohardness, induced compressive residual stresses were discussed in
relation to the WDE performance. Much attention was given to the in-
fluence of impact speed on theWDEperformance. The sample geometry
is another factor that can influence WDE behaviour, however only flat
sample geometry has been explored in the literature [11–15] and the ef-
fect of sample geometry on the WDE behaviour could not be found in
the literature The current study addresses this issue by employing two
different sample geometries (T-shaped flat and airfoil). Also, the influ-
ence of sample geometry and the effectiveness of UNSM treatment on
the WDE performance of Ti\\6Al\\4V are addressed in this work.
UNSM processing, sample characterizations andWDE tests are detailed
in the following section.
2. Experimental procedure

2.1. Material and geometry

For the present study, Ti\\6Al\\4V (ASTM B265, Grade 5) alloy, a
typical material for compressor blades in gas turbines, was investigated.
Room temperature physical andmechanical properties of this alloy are:
elastic modulus (113 GPa), Poisson's ratio (0.342), tensile strength
(880 MPa) and melting temperature range (1604–1660 °C) [33]. T-
shaped and airfoil samples, as shown in Fig. 1, were machined in accor-
dance to the sample's geometrical requirement of the WDE testing rig.
The T-shaped sample represents the typical flat surfaces commonly
used in the literature [11–15]. However, in real gas turbine compressor
blade where damage is caused by droplet impacts, the airfoil (aerofoil)
geometry represents the leading edge of the compressor blade. For
this reason, the airfoil geometry was used in this work. Fig. 2a and b
show the starting microstructure of the Ti\\6Al\\4V alloy which con-
tains α- and β-phases.

2.2. UNSM treatment and characterization

2.2.1. UNSM processing
The as-machined (As-M) samples (T-shaped and airfoil) surfaces

were modified using UNSM apparatus at The University of Akron,
Ohio, USA. The modified surfaces are indicated by the arrows in Fig. 1.
The airfoil sample was treated on both sides in order to avoid sample
distortion. This is the usual practice when applying mechanical surface
treatments such as laser shock peening (LSP) on airfoil geometry [34].
UNSM process parameters are summarized in Table 1 and are also com-
pared with other UNSM parameters found in the literature [21–23]. To
observe the effectiveness of UNSM processing, several techniques
were used to characterize the untreated and treated samples and are
discussed in the following sections.

2.2.2. Surface roughness
Mitutoyo SJ-210 portable surface roughness tester was used tomea-

sure the surface roughness (Ra) before and after UNSM treatment. An
average of 5–7 readings was taken across the sample surface. The sur-
face roughness is an important parameter inWDE study because rough-
ness can act as stress raiser or crack initiation sites [20]. Hence, it is
recommended to have similar initial surface roughness when compar-
ing the WDE performance of different materials and/or surface
conditions.

2.2.3. X-ray diffraction pattern and residual stress measurement
X-raydiffraction (XRD)patterns for the untreated andUNSMtreated

surfaces were acquired in order to observe any phase changes/transfor-
mations due to UNSM processing. Phase change/transformation has
been reported in material such as 304 stainless steel after UNSM pro-
cessing [25,27,28,31]. In this work, the constituent α- and β-phases
were monitored before and after processing. The compressive residual
stresses before and after UNSM were also measured using the XRD
sin2ɸ technique at Proto Manufacturing Inc., USA. Crystallographic
plane of {213} and Bragg's angle (2θ = 142°) obtained by Cu Kα



Fig. 2. SEM micrographs showing the initial Ti\\6Al\\4V microstructure at (a) lower and (b) higher magnifications.
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radiation were used for this purpose. For the UNSM condition, the top
surface and in-depth residual stresses weremeasured relative to the ul-
trasound scanning directions i.e. parallel (0°) and transverse (90°). For
the sake of comparison, the top surface residual stresses for the As-M
condition were also measured using these two directions. To quantify
the residual stress values with respect to depth, surface layers were
gradually removed by electropolishing. Strain gradient correction and
layer removal corrections were carried out in accordance with SAE
J784a standard [35]. Total depth of 0.26 mm was measured with initial
fine steps of 0.03 mm down to 0.15 mm followed by two coarser steps
of 0.06 mm down to 0.21 mm and of 0.05 mm down to 0.26 mm.
More information on the residual stress measurements using the sin2ɸ
technique can be found in the standard [35].
2.2.4. Microhardness
Microhardness measurements were carried out on the top sur-

face and cross-section of all treated and untreated samples. A direct
load of 50 gram-force (gf) and a dwell time of 15 s were used. Prior
to the hardness measurements, the samples (treated and untreated)
were cut perpendicular to the surface using a diamond cutter. Under
cooling and lubricating fluid conditions, low speed and moderate
load were applied in order to minimize unwanted surface modifica-
tions during cutting. After mounting, silicon carbide grit papers from
400 to 800 were used for grinding and vibratory polishing with 1 μm
diamond paste was employed to remove scratches and other unde-
sired debris.
2.2.5. Microstructure investigations
To observe any surface features such asmicrodimples, the as-treated

top surfacewas observed under SEM(S-3400N, Hitachi). Also, the cross-
section of the as-treated condition was observed using optical micro-
scope. For surface and in-depthmicrostructure investigations, Kroll's re-
agent containing 2 ml HF+ 5ml HNO3 + 100 ml H2O was used to etch
the vibratory polished samples. Etching time of 15 swas chosen in order
to have a balance between details and contrast as recommended by
Gammon et al. [36]. SEM images of the polished-etched top surface
and cross-sections for both treated and untreated samples were taken
at different magnifications.
Table 1
UNSM processing parameters for Ti\\6Al\\4V and study purpose.

Reference Ball material Diameter of ball tip (mm) Frequency (kHz)

Amanov et al. [21] Silicon nitride 2.38 20
Cho et al. [22] Tungsten carbide 2.30 20
Ye et al. [23] Tungsten carbide 2.60 20
Present work Tungsten carbide 2.40 20

a Indicates no information from the reference.
2.3. WDE testing and characterization

2.3.1. WDE tests
A rotating disc rig available at Concordia University, shown in Fig. 3a,

was used for studying theWDE performance of the treated and untreat-
ed Ti\\6Al\\4V. In this study, theuntreated Ti\\6Al\\4V is used as a ref-
erence. Details about this unique erosion rig have been reported in [19,
37]. The test was conducted in accordancewith the ASTMG73 standard
[10]. In this rig, the untreated and UNSM treated samples were fixed at
diametrically opposite ends of the rotating disc as shown in Fig. 3a. To
avoid vibration during testing, difference in sample weight not exceed-
ing 0.05 g wasmaintained. It is worth noting that the surface roughness
of both treated and untreated samples was similar prior to testing. Two
types of nozzles as shown in Fig. 3b were used depending on the geom-
etry to be tested. A shower head nozzle was used for testing the airfoil
samples, whereas a single streak nozzle was used for testing the T-
shaped flat samples. Typical WDE testing parameters are summarized
in Table 2. Once the desired rotational speed was obtained, the water
droplets (de-ionized water) were introduced while controlling the
flow rate. The setup enabled the droplets to impact the samples at 90°
in a repetitive fashion. The impact angle of 90° causes the most severe
water erosion damage [38]. The erosion exposure time depended on
the impact speed, nozzle type and sample geometry. For instance, for
the T-shaped flat, 1 minute constant time intervals were used in order
to capture the early stages of the erosion process (initiation stage).
Whereas, longer time intervals of 2, 3, 4, 6, 10, 12, 30, 60 and 75 mins
were employed as the test progressed to the advanced stages of erosion.
For the airfoil, intervals of 2, 3, 4, 6, 8, 10, 12, 15, 18, 20, 24 and 30 mins
were used.
2.3.2. Water droplet erosion behaviour
During the WDE tests, experiments were halted at certain intervals

and eroded samples were weighed using a balance having±0.2 mg ac-
curacy. Typical erosion curves such as cumulativemass loss versus expo-
sure time/number of impingements, maximum erosion rate (ERmax)
versus impact speed and number of impingement to erosion initiation
versus impact speed were plotted. For satisfactory determination of
the incubation period and ERmax, a three line representation method
[5] demonstrated in Fig. 4a was used. In Fig. 4a, the ERmax denoted as
Interval (mm) Amplitude (μm) Study purpose

0.07 30 Fretting wear and friction reduction
0.07 30 Fatigue behaviour
a a Mechanical properties and microstructure
0.01 24 Water droplet erosion performance

astm:G73
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Fig. 3. Water erosion rig (a) and nozzles used (b).
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“B” is the slope of the best linefit of thedata points in themaximumero-
sion stage, whereas the incubation period denoted as “A” is the intersec-
tion of the straight line with the x-axis (exposure time axis) [10]. To
observe the erosion rate as the erosion test progressed, the instanta-
neous erosion rate (ERinst) which is the slope between two consecutive
points on the erosion-time graphswere plotted (Fig. 4b). It is important
to note that the incubation period, ERmax and ERinst are analyzed in this
study. To understand how the erosion process evolved, images were
taken using a standard stereo optical microscope at the intervals during
which mass loss was measured.

3. Results and discussion

3.1. Effect of UNSM on surface and in-depth characteristics

UNSM treatment has been considered as an effective and economi-
cally viable method for producing nano-corrugated [39] and nanostruc-
tured [32] surface layers. This is due to the accompanied grain
refinement. Properties and microstructure of the modified layers can
be controlled by careful selection of process parameters such as static
load, amplitude, diameter of the ball tip and interval. In this study, inter-
val of 0.01mm, static load of 30 N, amplitude of 24 μm and tip diameter
of 2.4 mmwere used for the UNSM treatment. The effect of UNSM pro-
cess on the surface roughness, XRD pattern, compressive residual stress,
microstructure and microhardness were investigated and reported in
this paper.

3.1.1. Surface roughness
The average surface roughness (Ra) values before and after UNSM

treatments were recorded. Five different locations across the treated
and untreated surfaces were measured and average Ra value was
taken. Ra values of 0.71 ± 0.06 μm and 0.26 ± 0.02 μm were observed
before and after UNSM, respectively. It can be seen that the surface
roughness after UNSM treatment was reduced significantly (about
63% reduction). Also, the UNSM showed a relatively uniform roughness
across the surface. This observation is also in accordwith the findings of
[24–26,30,32,40]. The surface roughness can further be controlled by
varying parameters such as static load [21] and number of strikes [26].
It can be said that UNSM treatment improves surface quality. However,
Table 2
WDE test parameters used in the present work.

WDE parameters Flat sample Airfoil sample

Impact speed (m/s) 250, 275, 300, 350 300, 350
Rotational speed × 103 (rpm) 10, 11, 12, 14 12, 14
Flow rate (l/min) 0.05 0.15
Nozzle head type Single streak Shower head
Stand-off distance (mm) 5 5
Average droplet size (μm) 463 460
Impact angle (°) 90 90
this is not the case in other processes such as shot peening (SP) and LSP
where the control of surface roughness and surface defects is still a chal-
lenge [20]. For comparative studies such as wear and fatigue behaviour
of materials, the surface roughness of treated and untreated samples
should be made comparable [24,25,27]. To study WDE, the untreated
samples were also polished to a comparable surface roughness similar
to the UNSM samples. An average Ra value of 0.25 ± 0.03 μm is used
for the untreated samples in this work and more on this is discussed
in Section 3.2.

3.1.2. XRD pattern and compressive residual stresses
The XRD patterns of the untreated and UNSM conditions are as

shown in Fig. 5, where reduced peak intensity and peak broadening
are observed for the UNSM condition comparedwith the untreatedma-
terial. Full width half maximum (FWHM) approach was employed to
quantify the peak broadening. For instance, analysing the first three
peaks in Fig. 5, FWHM values were quantified. For the untreated condi-
tion, 0.26, 0.22 and 0.36were obtained for first, second and third peaks,
respectively. Similarly, for the treated condition, 0.48, 0.48 and 0.55
were obtained. It has been reported that reduced peak intensity and
peak broadening are due to the high induced strains, causing severe
plastic deformation and grain refinement [41–43]. Fig. 5 clearly indi-
cates that UNSM treatment is one of such processes that induce severe
surface layer of plastic deformation.

The compressive residual stresses in the 0 and 90° directions before
and after UNSMwere measured. Surface of the As-M condition showed
−490±19MPa and−607±9 in the0 and 90° directions, respectively.
The UNSM surface showed −863 ± 18 MPa and −1582 ± 28 in the 0
and 90° directions, respectively. UNSM condition showed higher top
surface compressive residual stress in both directions than the As-M
condition. This is due to the local plastic deformation and induced strain
hardening during UNSM processing [31]. Similar top surface residual
stress has been observed elsewhere on UNSM-treated Ti\\6Al\\4V
[21]. Also, due to machining, grinding and polishing, the observed sur-
face compressive residual stresses for the untreated condition is expect-
ed. Chou et al. [44] demonstrated that surface finishing techniques such
as grinding and polishing can induce different levels of compressive re-
sidual stresses. Variation of the compressive residual stress with depth
wasmeasured for the UNSM condition. Fig. 6 shows the observed stress
profile and it can be seen that compressive residual stresses were in-
duced into the material down to 0.25 mm. Similar variation in residual
stress has been reported on UNSM treated Ti\\6Al\\4V [21,22]. Depth
of compressive residual stress down to 0.15 mm [21] and 0.16 mm
[22] was observed. It is also shown that the stresses in 0 and 90° direc-
tionswere different. For instance, comparing themagnitude of the com-
pressive residual stresses from the top surface to 0.12 mm depth,
stresses in 90° direction were higher than in the 0° direction. However,
beyond 0.12 mm depth, residual stresses in both directions were rela-
tively similar. The observed compressive residual stresses induced via
UNSM are due to the surface and sub-surface deformation. Compressive



Fig. 4.WDE curve characterization using (a) three line representation [5] and (b) ERinst [10].
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residual stresses extend into the subsurface of the target material
through dislocations multiplications and their interactions [20]. It
has been pointed out that increasing the frequency of ball striking
and load increases the macroscopic compressive residual stresses
[23,26]. Contrarily, a decrease in compressive residual stresses
was observed after applying very high static load [27]. Hence, care-
ful selection of process parameters is required for optimized UNSM
process.
3.1.3. Microstructure characteristics
The SEMmicrographs in Fig. 7 show that UNSM treatment produces

microdimples and microtracks on the surface. Microdimples are inden-
tations produced due to the ball impact which causes severe plastic de-
formation during processing [32,40]. They are usually 1–2 μm in
diameter [45] and formed in a micro-tracked fashion (Fig. 7) which
can be attributed to the controlled processing parameters such as scan-
ning interval. However, varying the interval induces different
microtracks andmicrodimples patterns and consequently, differentma-
terial properties/behaviours [46]. Microdimples have shown significant
effect on tribological characteristics such as reducing the friction coeffi-
cient and the wear volume loss [45].

Also, due to the severe plastic deformation during UNSM processing,
surface and sub-surface layers in thematerial are significantly changed.
Fig. 8a shows optical macrograph of the cross section after UNSM treat-
ment, whereas Fig. 8b shows a schematic illustration of the layers of a
typically UNSMmodified material.

The modified region in Fig. 8a indicates that the coarse-grain struc-
ture has been deformed significantly [45]. It can be seen from Fig. 8a
that the effectiveness of the UNSM treatment is reduced with respect
Fig. 5. XRD patterns for the As-M and UNSM treated surface.
to the depth. In other words, an increase in the grain size away from
the deformed region until the unaffected region is observed as shown
in Fig. 8b. The grain refinement, in conjunction with the accumulation
of dislocation, causes the enhancement in mechanical properties such
as microhardness. Similar to other mechanical surface treatment tech-
niques such as LSP, SP, DR and LPB, plastic deformation and induced
strain after UNSM occur in a gradient manner, with the top surface
showing the highest plastic strain followed by a gradual decrease into
the material [31]. It is important to note that the plastically deformed
layer shown in Fig. 8a could be increased by increasing the striking
number and/or amplitude [23]. However, over processing may deterio-
rate the desired properties too.

Fig. 9a, b shows the polished and etched top surface of the untreated
and treated samples. Fig. 9a shows un-deformed grains and theβ-phase
is surrounding theα-phase in a uniformly distributed fashion. However,
Fig. 9b shows fragmented and elongated β-phase and the grain bound-
aries were less apparent. This could be due to the deformation of grains
that resulted in themodifiedmicrostructure. Amanov et al. [21] also re-
ported similarmodifiedmicrostructure in Ti\\6Al\\4VafterUNSMwith
the grain boundaries less apparent. Their [21] micrographs showed that
the initially continuous β-phase was fragmented. Mechanical deforma-
tionmarks in the grains were formed (Fig. 9b–d) after UNSM treatment
due to the induced high strain and strain rate [23]. Location A in Fig. 9c
and d clearly show the formation of the deformation marks within the
grains. Fig. 9e and f show the cross-sectional micrographs of the un-
treated and treated conditions, respectively. Fig. 9e shows relatively
un-deformed grains across the depth, whereas Fig. 9f shows the de-
formed or modified layer of about 30–40 μm at the top surface. This is
attributed to the effectiveness of the UNSM technique in producing rel-
atively deep modified layers.
Fig. 6. Variation of top surface and in-depth compressive residual stress profile.



Fig. 7. SEM micrographs showing microtracks and microdimples on ultrasonic modified surface.
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3.1.4. Microhardness
As mentioned in Section 2.2, a 50 gf load was used to measure the

top surface and in-depth microhardness. Microhardness at 7–8 loca-
tions were obtained across the depth of UNSM and As-M samples. At
each location, the average and standard deviation of 4–5 readings
were calculated. Fig. 10 shows the microhardness values for untreated
and UNSM conditions. It is clear that the UNSM condition showed en-
hanced microhardness as compared with the untreated condition. The
top surface microhardness values were 331 ± 5.3 HV and 379 ±
7.6 HV for untreated and UNSM conditions, respectively. Furthermore,
the microhardness can further be enhanced by varying UNSM parame-
ters such as scanning interval [21] and number of strikes [26]. This in-
creases the depth of the deformed layer, thus increasing the
microhardness [23,26]. It is important to note that the highest micro-
hardness value of 427 ± 16.83 HV was observed 30 μm below the top
surface. This is also shown in the optical macrograph embedded in Fig.
10. To confirm the aforementioned trend, another treated sample was
measured and similar microhardness trend was observed. Amanov et
al. [21] also reported similar variation in microhardness below the sur-
face of UNSM treated Ti\\6Al\\4V. This could be due to the additional
work hardening during cutting, polishing and grinding. Zaden et al.
[47] showed microhardness increase below the surface of Al6061 after
cutting in dry, wet and mist conditions. They [47] attributed this trend
to the increase in surface deformation which further increased the
work hardening effect. For the treated conditions, the microhardness
values decreased steadily after the plastically deformed layer. In gener-
al, the increase in microhardness after UNSM can be attributed to the
grain refinement and work hardening effect. This observation is in ac-
cord with UNSM treatment on Ti\\6Al\\4V [22,23], medium carbon
steel (S45C) [26], austenitic stainless steel (SUS 304) [27] and magne-
sium alloy (AZ91D) [30]. Hence, the surface and in-depth features ob-
served in Figs. 5–10 are used to help understand the WDE
performance of the As-M and UNSM conditions. The WDE results are
detailed in the following section.
Fig. 8. (a) Optical macrograph of typical UNSM sample and (b) schematic illustratio
3.2. Water droplet erosion

Prior to the WDE tests, the As-M flat samples were polished to a
similar surface finish as the UNSM samples. The average Ra for the
polished and UNSM samples were approximately 0.25 ± 0.03 μm
and 0.26 ± 0.02 μm, respectively. This was done because the
presence of surface defects or imperfections such as scratches has
an influence on the WDE behaviour of materials. Heymann [7] em-
phasized the influence of surface roughness on the erosion behav-
iour of materials. He [7] stated that the presence of surface
asperities or irregularities facilitates the erosion initiation. This is be-
cause irregularities on the surface act as stress raisers and potential
sites for pit formation and growth. Also, due to the high speed lateral
jetting which interacts with surface irregularities or asperities, fur-
ther crack initiation and material damage are observed. Hence, bet-
ter surface quality delays the crack initiation and material damage.
For instance, Kirols et al. [48] studied the influence of initial surface
roughness on the WDE behaviour of 12%Cr-steel and Ti\\6Al\\4V.
For the Ti\\6Al\\4V, samples with average initial surface roughness
values (Ra) of 0.30, 0.12 and 0.04 μmwere tested. They [48] reported
that merely polishing the surfaces prior to WDE tests delayed the
erosion initiation and decreased the maximum erosion rate. In this
work, polishing was done in order to reduce the effect of surface
roughness.

For the T-shaped flat samples, UNSM versus the polished As-M sam-
pleswere tested. For simplicity, the polished-As-M samples are referred
to As-M (untreated) samples for all theWDE tests. At eachWDE testing
condition (mentioned in Table 2 and Section 2.3.1); two coupons (As-M
and UNSM) were tested at the same time in order to investigate their
WDE performance. Themain parameter that was variedwas the impact
speed while keeping other parameters constant. Here, impact speeds of
250, 275, 300 and 350 m/s were selected. This is because the predomi-
nant factor in the material damage is the impact speed [19,49]. This is
attributed to the increased kinetic energy ð12mv2Þ with increasing the
n of structure characteristics and grain size profile on UNSM treated condition.



Fig. 9. SEM micrographs showing polished and etched (a) untreated top surface, (b, c, d) UNSM treated top surface, (e) untreated cross-section and (f) UNSM treated cross-section.
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speed. The cumulative mass losses versus the number of impingements
graphs were plotted. The number of impingement was determined
using Eq. (1).

Nimp ¼ R� Et � Ndroplets ð1Þ
Fig. 10. Variation of microhardness with depth for treated and untreated samples.
where Nimp is the cumulative number of impingements during an expo-
sure period, R is the rotational speed (rpm), Et is the erosion exposure
time (mins) andNdroplets is the number of droplets impacting the sample
per revolution. For the flat sample geometry in this work, Ndroplets is 6.
Detailed procedure on the droplet generation, droplet size distribution
and number of droplets hitting the sample can be found in reference
[19]. For the airfoil samples, only impact speeds of 300 and 350 m/s
were used. Here, 350 m/s was chosen as the most severe condition,
whereas 300 m/s was chosen in order to have a less severe testing con-
dition and also, to avoid prolonged testing. Tests using impact speed of
250 and 275m/s for airfoil geometry wouldmean testing for prolonged
erosion time without significant mass loss. Therefore, tests at these
speeds were not performed. Contrary to the flat sample geometry,
there is a challenge of quantifying thenumber of droplets hitting the air-
foil sample. This is due to the shower head nozzle used during testing.
Hence, graphs of cumulative mass loss versus number of cycles were
plotted. The number of cycles is simply the rotational speed (rpm)mul-
tiplied by the erosion exposure time (mins). It is worth noting that the
amount of water used after certain time interval can be computed by
multiplying the number of cycles by the flow rate.

It is worth mentioning that there are two threshold speeds in rela-
tion to erosion damage i.e. first and second threshold speeds [19]. The
first threshold speed is the speed below which no apparent damage is
seen. However, the definition of this speed is somehow subjective and
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depends on the testing conditions such as impact speed, droplet size
and number of impingements. More information regarding first thresh-
old speeds with regard to different applications such as liquid impinge-
ment erosion for pipe wall thinning, liquid jet impact, WDE for
compressor blade applications has been addressed by the authors in
[19]. The second threshold speed is the speed atwhichmass loss ismea-
surable. In this work, all the selected impact speeds are speeds at which
measurable mass losses are observed.

In order to verify the repeatability of the WDE experiments, tests at
250 and 350m/swith 463 μmdroplet sizewere conducted. For each test
speed, the samples had similar surface quality and each test was con-
ducted twice. Also, for each test speed, the two tests are designated as
test 1 and test 2. Fig. 11 shows the WDE curves for test 1 and test 2 for
both speeds. It can be seen that for each test speed, the curves coincided
for most of the data points, indicating an acceptable level of
repeatability.

3.2.1. WDE performance of UNSM and As-M T-shaped sample conditions
Fig. 12 shows the cumulative mass loss versus number of impinge-

ments graphs for the flat samples. The graphs compare theWDE perfor-
mances of UNSM and As-M samples tested at different speeds. Fig. 12a
shows that similar WDE performance was observed at 350 m/s for
UNSMandAs-M samples. In otherwords, both conditions are exhibiting
similar erosion trend in terms of initial mass loss and subsequent stages.
This can be attributed to the severity of theWDE test conditions. There-
fore, the UNSM treatment showed little or no beneficial effect in en-
hancing WDE performance at such high impact speed. At 300 m/s
(Fig. 12b), UNSMshowed amuchbetterWDEperformance as compared
with the As-M condition. At 275 and 250m/s (Fig. 12c, d), UNSM condi-
tion showed significant improvement inWDE performance at all stages
of the erosion process as compared with the As-M condition. Based on
the graphs shown in Fig. 12, the effect of UNSM treatment on the
WDE performance of Ti\\6Al\\4V was observed at impact speeds of
250, 275 and 300 m/s. However, this was not the case at impact speed
of 350 m/s.

Based on the three line representation (Fig. 4a), the influence of im-
pact speed on the erosion initiation andERmax is shown in Fig. 13a and b,
respectively. It can be seen from Fig. 13 that reducing the impact speed
from350 to 250m/s delayed the erosion initiation time and showed less
ERmax. In other words, as the speed is decreased from 350 to 250 m/s,
more droplet impingements are required in order to initiate erosion
damage in both conditions. Comparing the As-M and UNSM conditions
at 250 m/s, 6 million droplet impingements were required for erosion
initiation for the UNSM condition as compared with 2.1 million droplet
impingements required for the As-M condition, indicating better WDE
performance of the UNSM condition at this speed. As the impact speed
is increased, the number of impingements for erosion initiation is signif-
icantly reduced for both conditions. At 350 m/s, the number of
Fig. 11. WDE curves showing the repeatability of the results at 250 m/s and 350 m/s.
impingements to initiate erosion for the UNSM and As-M samples was
the same, indicating the effect of the speed on the erosion initiation.
When comparing the ERmax for the UNSM and As-M samples (Fig.
13b), UNSM condition showed less ERmax at impact speeds ≤300 m/s
as comparedwith the As-M condition. However, at 350m/s, both condi-
tions showed similar ERmax due to the severity of the erosion test. The
relationship between erosion rate and impact speed has been discussed
and emphasized in the literature [6]. This dependency between the
maximum erosion rate and impact velocity can be expressed using Eq.
(2). Based on the power law relationship in Eq. (2), the speed exponent
n can be determined.

ERmax∝Vn ð2Þ

where ERmax is the erosion rate, V is the impact speed and n is the speed
exponent. For metals, typical exponent values range from 5 to 7 in the
literature [6,49]. However, based on Fig. 13b, exponent values of 11.2
and 12.1 were observed for the As-M and UNSM samples, respectively.
The values observed in this study are different from the values observed
by Kamkar [17] andMahdipoor et al. [37] for Ti\\6Al\\4V. This discrep-
ancy can be attributed to the test conditions, initial surface quality of the
samples and the startingmicrostructure. The higher value shown by the
UNSM condition indicates higher dependence on impact speed and
more sensitive to the change in speed than the As-M condition. The im-
pact damping capacity and fracture toughness of the UNSM surface are
reduced. This hypothesis is in accord with the explanation given by Ma
et al. [15] in their study on the WDE performance of deep rolled
Ti\\6Al\\4V.

Interestingly, using the instantaneous erosion rate approach (Fig. 4b),
the variation of erosion rates with increase in exposure could be traced
clearly. Fig. 14a–d shows the ERinst versusnumber of impingements at dif-
ferent speeds. It can be seen that theAs-Mconditionhadhigher ERinst and
maximum ERinst than the UNSM condition at all speeds. The maximum
ERinst is the highest points on the graphs (Fig. 14). At 350 m/s, the ERinst
were very close for both conditions. Also, Fig. 14 shows that the maxi-
mumERinst was not reached after the same number of impingements/ex-
posure for the UNSM and As-M conditions. In other words, the As-M
condition reached its maximum ERinst much earlier than the UNSM con-
dition. Table 3 shows the aforementionedmaximumERinst trends and the
number of impingements at which the maximum ERinst occurred for the
treated and untreated conditions. Table 3 indicates that UNSM condition
required more droplet impingements to reach its maximum ERinst at all
speeds. It is important to note that this insight is missed by the three
line representation (Fig. 4a) because it only uses a straight line to deter-
mine the ERmax. Therefore, for comparative erosion studies, it is recom-
mended to observe and report the ERinst.

Based on Figs. 12 and 14 and Table 3, the general trend is that UNSM
(T-shaped) samples showed enhanced WDE performance than the As-
M samples at impact speeds 250, 275 and 300 m/s. However, at
350 m/s, both treated and untreated conditions showed similar WDE
performance. This trend is in accordwith the observations ofMahdipoor
et al. [11] where they studied the WDE performance of HVOF sprayed
coated and uncoated Ti\\6Al\\4V. Impact speeds of 250, 300 and
350 m/s were employed and their [11] results showed that at speed of
250m/s, the coated condition had enhanced erosion performance com-
pared to the uncoated condition. At 350 m/s, similar erosion perfor-
mance was observed for the coated and uncoated conditions [11]. In
another study, Mahdipoor et al. [37] studied the influence of impact
speed on water droplet erosion of TiAl (Titanium Aluminide) compared
with Ti\\6Al\\4V. They [37] showed that TiAl had superiorWDEperfor-
mance compared to Ti\\6Al\\4V at 275 and 300 m/s impact speeds.
Again, at 350 m/s, they [37] showed that the superiority of TiAl over
Ti\\6Al\\4V was reduced significantly.

In this study, as the impact speed is increased from 300 to 350 m/s,
the effectiveness of the UNSM treatment diminished. This can be attrib-
uted to the increased impact pressure which induced high internal



Fig. 12.WDE curves of As-M versus UNSM flat samples at different impact speeds.
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stresses. This pressure is usually termed as ‘water hammer pressure’
which is the induced pressure exerted by the “arrested” liquid droplet
on the solid surface. This observation is in accord with the explanation
given by Thiruvengadam and Rudy [6], Mahdipoor et al. [11,37], Ma et
al. [15] and Kamkar [17]. The exerted pressure strongly depends on
the impact speed employed. Sanada et al. [50] reported that pressure
distributions depend on Mach number (Mi) ranges. They [50] stated
that the difference in pressure at the center and edge of the droplet is
minimum for low Mi (between 0.1 and 0.4). For high Mi (N0.4), the
edge pressure is 3 times that of the center when liquid jetting occurs
[51,52]. In this study, the calculated Mach number is within the low
Mi range. Moreover, high Mi range will only be achieved at impact
speeds N550 m/s based on the assumptions in [50]. Nevertheless, the
initiation period will be influenced greatly by the exerted impact pres-
sure. According to Heymann [5,53], this pressure can be considerably
higher than the yield strength of many alloys especially at high impact
speeds. For instance, Eq. (3) provides a reasonable critical impact pres-
sure by incorporating the shock wave velocity for rigid and elastic sur-
face [53].

P ¼ ρCV 2þ 2K−1ð ÞV
C

� �
ð3Þ

where P is the pressure (MPa), ρ is the density of the liquid (kg/m3), C is
the acoustic velocity of the liquid (m/s), V is the impact velocity (m/s),
Fig. 13. Effect of impact speed on (a) number of
and K = 2 for water up to impact Mach number of 1.2. Incorporating
values of 250 m/s, 275 m/s, 300 m/s and 350 m/s for V; water hammer
pressures of 919, 1032, 1148 and 1392MPawere obtained, respectively.
Based on the calculated pressure values, it can be seen that the impact
pressure increases linearly with the impact speed. Due to the high pres-
sure at high speeds, the effectiveness of the UNSM treatment will be re-
duced significantly. For this reason also, similar erosion initiations for
both the UNSM and As-M samples were observed for impact speeds
350 m/s (Fig. 12).

Highlighting thephenomenonof stresswave propagation could pos-
sibly explain the observed trends in Fig. 12. During the initial droplet
impacts, part of the impact energy transmits through the solid until it
reaches a discontinuity. This discontinuity can either be grain bound-
aries, inclusions and/or cracks. In this work, the deformed region due
to UNSM treatment represents a discontinuity. At the discontinuity in-
terface, part of the stress wave travels as transmitted waves, whereas
the remaining part travels back in the opposite direction as reflected
waves. As the erosion process evolves, the surface is continuously im-
pacted by the liquid droplets and the transmission and reflection of
the stress waves occur repeatedly. Hence, the transmitted and reflected
waves interaction results in high tensile stress waves that cause crack
initiation and propagation of existing cracks [15]. Due to the high fre-
quency of the liquid impacts at high speeds, the stresswave interactions
will be very fast and the magnitude of the resulting tensile stress waves
will be high. However, the stress wave interactions will be reduced
impingements to initiation and (b) ERmax.



Fig. 14. ERinst versus number of impingements at different impact speeds.
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greatly as the impact speed is reduced, thereby reducing themagnitude
of tensile stress wave. This is the scenario when the impact speed was
reduced from 350 m/s to 250 m/s, where the effectiveness of the treat-
ment was realized.

The enhanced WDE performance observed in this study at speed
250, 275 and 300m/s aremainly attributed to the increasedmicrohard-
ness and modified microstructure. Heymann [4,7] stated that micro-
hardness is a good and reliable material property used in assessing the
resistance of materials to erosion damage. Reports [4,38] have shown
that the erosion resistance varieswith 2nd to 3rd power of Vickers hard-
ness number. More so, refined microstructure or reduction in grain size
has also been associated with erosion resistance of materials [38,54].
Materials having small finely distributed and hard particles are resistant
to erosion especially in elastic and ductile matrix [4]. For treated
Ti\\6Al\\4V,microhardness and refinedmicrostructure have been con-
sidered among the most influential parameters improving the WDE
performance. For instance, Yasugahira et al. [55] studied the water ero-
sion resistance of pure Al and a range of titaniumalloys. They [55] attrib-
uted the higher resistance of Ti alloys to the high Vickers number.
Similar investigationwas carried out by Robinson et al. [56] who report-
ed that the resistance was due to the 10% increase in hardness and the
refined microstructure. In this work, it has been shown that UNSM
treatment enhanced the surface and in-depth microhardness (Fig. 10)
and the modified surface and in-depth microstructure (Figs. 8a, 9b–d).
For these reasons, UNSM condition showed enhanced WDE perfor-
mance as compared with the As-M condition at speeds b350 m/s. The
effect of micro-dimpled surface (Fig. 7) might also have contributed to
the enhancedWDE performance. This is due to the fact that micro-dim-
pled surface has shown enhanced tribological characteristics. For in-
stance, Amanov et al. [45] studied the influence of micro-dimples on
Table 3
Characterization of the ERinst curves at various speeds.

Impact speed (m/s) Condition ERinst × 10−5 Nimp × 105

250 As-M 14 48
UNSM 10 96

275 As-M 28 26
UNSM 19 53

300 As-M 215 4
UNSM 110 6

350 As-M 400 2
UNSM 350 4
the tribological behaviour of thrust ball bearing in a ball-on-disc test
rig. The upper ring of the thrust bearing was used as the disc specimen
and a rotational speed of 100 rpmwas employed. Comparing the UNSM
treated surface with ground surface, their [45] results showed that
UNSM treated (micro-dimpled) surface had reduced wear volume loss
as compared to the ground surface. Also, the friction coefficient of the
UNSM-treated surface was reduced by about 25%. The effect of micro-
dimples might be extended to WDE applications especially at very low
speed such as 150 m/s. However, more experimental work is needed.

Since UNSM treatment involves work hardening similar to SP, LSP,
LPB and DR, it enhances mechanical properties such as hardness.
Heymann [4] stated that processes involving work hardening such as
pressing, rolling or hammering might be beneficial in resisting erosion
damage. However, excessive work hardening might show detrimental
effects. In another report, Frederick and Heymann [3] stated that pro-
cesses involving peening might not be very effective in enhancing the
WDE behaviour of materials especially during the incubation stage.
They [3] argued that the peening process involves plastic deformation
which work hardens the surface and during droplet impingements, re-
peated plastic deformation further work hardens the surface. The dupli-
cation of the work hardening process at the incubation period might be
detrimental to the WDE behaviour [3]. Heymann [7] further stated that
the first plastic deformation retards erosion initiation while the second
promotes the erosion initiation. The first and second plastic deforma-
tions balance each other, thus a non-enhanced WDE performance will
be observed. Ma et al. [15] reported theWDE performance of untreated
and deep rolled Ti\\6Al\\4V. Despite having improved hardness after
the deep rolling process, both the untreated and treated conditions
had the same WDE performance. They [15] suggested that there are
two competing mechanisms at the initiation stage which balance out
one another. These competing mechanisms are the work hardening
process from the deep rolling process and the compressive residual
stresses. While work hardening decreases the erosion resistance due
to the increased brittleness, the presence of compressive residual stress-
es is expected to improve WDE resistance by delaying crack propaga-
tion. For this reason, no enhanced WDE performance was observed for
the deep rolled treated condition. This is in accord with explanation
given in [7] who pointed out that a non-enhanced WDE performance
maybe observed due to duplication of the working hardening process.
However, the results presented in this work showed contradictory
trends to the arguments in [3,7]. For instance, changing the severity of
erosion test conditions such as varying impact speed, different erosion
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behaviourmay prevail. This is the situation observed in thisworkwhere
enhanced WDE performances were seen at speeds b350 m/s. Contrary
to Frederick and Heymann [3], the incubation (erosion initiation)
stage (Fig. 13a) in this work was significantly delayed for the UNSM
treated sample at such varied conditions. Moreover, the ERmax (Figs.
13b and 14) was reduced significantly at these conditions. It can be in-
ferred that the severity of the erosion conditions must be taken into
consideration when evaluating the suitability of certain service treat-
ment to combat WDE.

Another reason for the observed trends in this study and [15] is the
level of induced plastic deformation during UNSM and DR processing. It
might be that the amount of plastic deformation from the DR technique
is higher than the UNSM technique. Due to the increased strain harden-
ing, the DR treated material will be more brittle than the UNSM treated
material. In this case, theUNSM conditionwill accommodatemore plas-
tic deformation from water hammering than the DR condition during
the initiation stage.

It has been shown thatUNSM induced deep levels of compressive re-
sidual stresses (Fig. 6). However, it is not guaranteed that the induced
stresses are beneficial in enhancingWDE resistance. In this case, exten-
sive work is still needed in order to fully understand the influence of
compressive residual stresses on WDE performance.

3.2.2. WDE performance of UNSM and As-M airfoil sample conditions
Similar to the WDE investigations on the flat T-shaped samples, As-

M and UNSM-treated airfoil samples were studied. However, the WDE
tests were conducted perpendicular to the UNSM-treated surface and
a shower head nozzle of 460 μm droplet size was used. Fig. 15a and b
show a schematic illustration of theWDE testing direction with respect
to the airfoil treated surface and a typically erodedUNSMairfoil, respec-
tively. The nozzle contained 13 orifices where water droplets are intro-
duced. Due to the difficulty in accurately accounting for the number of
impingements when using a shower head, the number of cycles was
used.

Fig. 16 shows the WDE curves for the As-M and UNSM airfoil sam-
ples and Fig. 17 shows the corresponding ERinst curves tested at differ-
ent impact speeds. Fig. 16a shows that at 350 m/s, both conditions
had the same initial mass losses but after additional number of cycles,
the UNSM showed more mass loss as compared with the As-M condi-
tion. This can be attributed to the severity of the test which induced
high stresses. Due to the work hardened surface, the material is most
likely to fail in a brittle manner, allowing cracks to propagate easily.
Ma et al. [15] stated that strain-hardened surfaces decrease the erosion
resistance due increase in brittleness. This could be the reason for the
observed mass loss in the UNSM. This observed trend is also shown in
Fig. 17a where the UNSM condition showed higher maximum ERinst

than theAs-M condition. Fig. 16b shows that at 300m/s, both conditions
showed initialmass losses but the UNSM condition further lostmaterial
with additional cycles. Interestingly, the UNSM started showing better
WDE performance than the As-M condition. This is demonstrated clear-
ly in the region A of Fig. 17b where the UNSM treatment mitigated fur-
ther erosion damage. Similar tests were carried out using 300 m/s and
Fig. 15. (a) Schematic illustration of the WDE testing direction with resp
similar trends were observed. Here, the induced compressive residual
stresses might have arrested crack propagations similar to the crack ar-
rest in stress corrosion cracking (SCC) tests [20]. Another reason for this
behaviour could be attributed to the effectiveness of the UNSM treat-
ment further away from the leading edge.

3.2.3. Effect of sample geometry and UNSM on WDE performance
The effect of UNSM process onWDE performance of treated and un-

treated T-shaped and airfoil samples is reported in this work. UNSM
process induced compressive residual stresses, modified the micro-
structure as well as improved the microhardness. For the T-shaped flat
sample, theWDE test was conducted parallel to the ultrasonically mod-
ified surface. UNSM condition showed enhancedWDE performance es-
pecially at speeds of 250, 275 and 300 m/s compared with the As-M
condition for this sample geometry. This is clearly demonstrated in
Figs. 12, 13 and 14. This behaviour is attributed to the modified micro-
structure and enhanced microhardness. However, at 350 m/s both
treated and untreated conditions had similar WDE performances. Even
though UNSM induced compressive residual stresses which are benefi-
cial in retarding crack initiation and propagation, this benefit could not
be guaranteed for the T-shaped flat samples. This is because the modi-
fied microstructure and enhanced microhardness have more profound
influence on erosion resistance than induced compressive residual
stresses. Hence, it can be inferred that for the flat samples, the improved
WDE performance is attributed to the hardening effect only. For the air-
foils where the WDE test perpendicular to the treated surface (Fig. 15a
and b), the induced compressive residual stresses showed limited ben-
eficial effect in mitigating erosion at the advanced erosion stage. This is
the case at relatively low speed of 300 m/s. However, at 350 m/s where
the test condition is severe, the induced compressive residual stresses
showed no beneficial effect on the airfoil geometry. Contrary to the
flat samples, theWDEperformance of the treated airfoil condition at rel-
atively low speed (300m/s) could have been influenced by the induced
compressive residual stresses. This is due to the fact that compressive
residual stresses are through the thickness of the airfoil. It is worth not-
ing that at 350 m/s, UNSM and its attributes were not realized on both
sample geometries. This is due to the diminished effect of the UNSM
treatment at high impact speed.

3.3. Optical macrographs

Optical macrographs were acquired after each interval during test-
ing. Fig. 18 shows the erosion process of As-M and UNSM conditions
at 250, 275, 300 and 350m/s corresponding to theWDE results present-
ed in Fig. 12. Normally, the erosion initiation process emerges with an
erosion trace line due to impingement of droplets [15,48]. For instance,
Fig. 18a shows a trace line on the UNSM-treated condition after 20mins
of exposure at 250m/s. This indicates that the erosion is still in the incu-
bation period where themass loss is negligible [10]. Comparedwith the
As-M condition after the same 20 min exposure in Fig. 18a, the As-M
condition showed formation of small isolated pits along the trace line,
thus indicating early stage of the erosion damage even though the
ect to the airfoil treated surface and (b) typical eroded UNSM airfoil.



Fig. 16.WDE curves of As-M and UNSM airfoil samples at different impact speeds.
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mass loss was negligible. With additional impacts, large isolated pits
were formed and gradual pit growth was observed on the As-M condi-
tion. This is the situation seen in Fig. 18a after 38 mins of exposure
where mass loss of 0.0003 g was recorded. At this point, the UNSM-
treated condition only showed the erosion trace line without any no-
ticeable pits. After 80 mins of exposure, the As-M condition showed a
mass loss of 0.0043 g with a complete crater formed. At the same
time, the UNSM condition showed only a gradual growth of isolated
pits with a mass loss of 0.0001 g. The delay in erosion process on the
UNSM further delayed reaching the maximum ERinst and final steady
state. For instance, from Fig. 14d, the As-M condition showedmaximum
ERinst of 0.00014 g/min after 80mins and the UNSM showedmaximum
ERinst of 0.00013 g/min after 160 mins. Fig. 18a also confirms the en-
hancedWDEperformance (delayed erosion initiation) of UNSMas com-
pared with the As-M condition. Reaching the maximum erosion rate,
material damage was at its peak and complete crater has been formed.
The material damage was due to the high exerted pressure and the liq-
uid lateral jetting. This jetting also interacts with surface imperfections
[51], forming surface cracks and surface asperities. This leads to signifi-
cant material removal during the advanced erosion stages. It is impor-
tant to note that with increased exposure time, both the depth and
the width of the craters are increased [15]. For instance, crater width
of b1 mm and N1 mm were observed on the UNSM condition after 80
and 340 mins, respectively, as can be seen in Fig. 18a. This observation
is also truewhen comparing the crater width/depth for different speeds
at the same exposure. Similar erosion evolution and progression was
observed at 275 m/s (Fig. 18b) where UNSM showed delayed erosion
initiation and smaller maximum ERinst than that of the As-M condition.
Similar analyses were made on Fig. 18c (300 m/s) and d (350 m/s).
Based on Fig. 18a–d, it can be said that at impact speeds of 250 and
275 m/s, the UNSM condition showed delayed erosion initiation and
the subsequent stages as compared with the As-M condition. At impact
speeds of 300 and 350m/s, the erosion initiation and progression of the
As-M and theUNSM conditions aremuch faster as comparedwith these
at speeds of 250 and 275 m/s.

In a similar fashion, the As-M and UNSM airfoil samples were ob-
served under the optical microscope during test interruptions. Howev-
er, for this sample geometry, the images were taken at two different
orientations considering the fact that the WDE tests were conducted
Fig. 17. ERinst for As-M and UNSM airfoil
perpendicular to the UNSM treated surfaces. Fig. 19 shows the erosion
evolution and progression of the airfoil samples at 300 m/s. Both condi-
tions showed similar erosion initiation as discussed previously and
demonstrated in Figs. 16b and 17b. It can be seen that after 90 mins of
exposure, individual craters are merging into one another due to the
continuous impacts and liquid jetting. Also, the formed craters are be-
coming deeper as seen after 90mins. With further exposure, the craters
further deepen and widen due to the accumulated liquid impacts and
the radial outflows. The increase in depth with increase in exposure
can be seenmore clearly in this geometry than in the T-shaped flat sam-
ples. Similar to the flat samples, increasing the impact speed showed
faster erosion initiation and greatermaximumERinst (Figs. 16a and17a).

4. Conclusions

This work investigates the effect of UNSM treatment on the WDE
performance of Ti\\6Al\\4V for the first time. The following conclu-
sions can be drawn:

• UNSM treatment reveals surface features such as microdimples and
microtracks due to the ball impact during processing. Also, the treat-
ment induces compressive residual stress. In this work, compressive
residual stresses were induced into the material down to 0.25 mm
after UNSM processing.

• UNSM is associated with excessive plastic deformation, thus the pro-
cess reveals mechanical deformation marks. This resulted in signifi-
cant changes on the surface and sub-surface layers which leads to
variation in grain size across the depth of the modified layer. Hence,
material properties such as microhardness are enhanced.

• WDE results show that increasing the impact speed leads to faster ero-
sion initiation and greater ERmax. This trend is attributed to the in-
creasing impact pressure and the lateral jetting of the liquid droplet.

• UNSM T-shaped flat condition shows enhanced WDE performances
especially at speeds of 250, 275 and 300 m/s compared with the As-
M condition. This is attributed to the refined microstructure and in-
creasedmicrohardness. At speed of 350m/s, the UNSMandAs-M con-
ditions show similar WDE performance.

• UNSM and As-M airfoils show similar WDE performance at 350 m/s,
suggesting that the effectiveness of the UNSM treatment diminishes
samples at different impact speeds.



Fig. 18. Optical macrographs showing the erosion evolution and progression of As-M and UNSM flat samples tested at various speeds and exposure times.

169A.K. Gujba et al. / Surface & Coatings Technology 307 (2016) 157–170
due to test severity. However, at 300 m/s, UNSM airfoil mildly en-
hances WDE performance at the advanced stage of erosion damage
compared with the As-M condition.
Fig. 19. Optical macrographs showing the erosion evolution and
• This work concludes that for themechanical treatment to be effective
in enhancing WDE performance, surface hardening and grain refine-
ment must be realized. Compressive residual stresses alone are not
progression of As-M and UNSM airfoil samples at 300 m/s.
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sufficient to enhance WDE performance especially for the T-shaped
flat geometry.
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