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The hydro plants utilizing silt-laden water for power generation suffer from severe metal wastage due to
particle-induced erosion and cavitation. High-velocity oxy-fuel process (HVOF)-based coatings is widely
applied to improve the erosion life. The process parameters such as particle velocity, size, powder feed
rate, temperature, affect their mechanical properties. The high-velocity air fuel (HVAF) technology,
with higher particle velocities and lower spray temperatures, gives dense and substantially nonoxidized
coating. In the present study, the cavitation resistance of 86WC-10Co4Cr-type HVOF coating processed
at 680 m/s spray particle velocity was compared with HVAF coatings made at 895, 960, and 1010 m/s.
The properties such as porosity, hardness, indentation toughness, and cavitation resistance were inves-
tigated. The surface damage morphology has been analyzed in SEM. The cohesion between different
layers has been examined qualitatively through scratch depth measurements across the cross section. The
HVAF coatings have shown a lower porosity, higher hardness, and superior cavitation resistance.
Delamination, extensive cracking of the matrix interface, and detachment of the WC grains were ob-
served in HVOF coating. The rate of metal loss is low in HVAF coatings implying that process
parameters play a vital role in achieving improved cavitation resistance.

Keywords cavitation erosion, HVOF/HVAF coating, poros-
ity, surface topography

1. Introduction

The components of hydro plants utilizing silt-laden
water for power generation suffer from severe metal wa-
stage due to high-velocity particle impact erosion as well
as the flow-induced cavitation. Most of the service-in-
duced failures are attributed to the synergistic effect of
both cavitation and silt-assisted erosion (Ref 1-4). The
mechanism of material damage during cavitation is mainly
attributed to the implosion of high-velocity bubbles onto
the component surface, leading to a local increase in
stresses in excess of the yield strength of the material. The
phenomenon of cavitation erosion gets aggravated under
high-turbulent conditions of fluid flow containing the
suspended particles (Ref 5-7). The particles encountered
in hydro turbine mainly are of quartz, having a hardness

value of seven in Mhos scale. The potential of WC-based
thermal spray hard coatings of type WC-Co processed
through high-velocity oxy-fuel process (HVOF) has been
exploited for a variety of engineering applications in view
of its excellent abrasive wear resistance. The addition of
small amount of Cr increases the corrosion resistance of
these coatings, which is considered essential in addition to
erosion resistance for hydro plant applications. The ero-
sion performance of these coatings is readily affected by
the feedstock powder properties and spray process con-
ditions. The HVOF coatings with nominal composition
WC-10wt.%Co-4wt.%Cr are widely adopted in hydro
plant components to achieve improved service life. The
importance of controlling the porosity, hardness, and
toughness properties for achieving improved cavitation
resistance properties of these coatings is well reported
(Ref 8-11). The coating composition is standardized with
the ratio of cobalt to chromium 2:1 by volume and the
nominal carbon content is 5.27% for optimum perfor-
mance (Ref 12-15). The heating of particles in the spray
gun system prior to the deposition process would lead to
the partial dissolution of WC into the CoCr matrix, and
thus controlling the particle temperature and acceleration
velocity is considered critical in this type of coating. The
resulting coating microstructure would consist of WC, the
g phase (CoCr)6W6C, and a (Co, Cr, W) alloy binder. The
high-velocity air fuel (HVAF) technology-based coatings,
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which is an advancement over that of HVOF process,
utilizes air-fuel mix combustion rather than oxygen-fuel
mix, provides higher particle velocities coupled with lower
spray temperatures. The spray particles get heated up to a
relatively higher temperature in HVOF, leading to a high
degree of decarburization which gives rise to the forma-
tion of W2C phases, which increases the embrittlement of
coating and reduces the erosion resistance. The occur-
rence of brittle phases such as W2C in the coating due to
decarburization and increased porosity due to oxidation
phenomena needs to be controlled for achieving superior
performance of these coatings. Presently, the runner
blades made of martensitic stainless steel is widely used
and are subjected to a predominantly cavitation phe-
nomenon during the service. The potential of HVAF
technology in terms of superior abrasion and slurry wear
resistance has been reported recently (Ref 16-21). While
the effect of particle velocity, fuel/oxygen ratio, WC grain
size, etc., on the performance of coatings processed
through different HVOF systems has been studied
extensively (Ref 22-25). The effect of the process param-
eters in HVAF process like particle velocity is not widely
reported. The application of hard coatings on to critical
runner components, which are subjected to cavitation
conditions during service, is being attempted successfully
in recent times through design modifications and thus,
evaluation of cavitation resistance becomes very impor-
tant for these coatings.

2. Experimental Program

2.1 Materials and Coating Preparation

The reference 86WC-10Cr-4Co-type HVOF coating of
410 lm thickness was made onto SS410 grade stainless
steel substrate material, at a spray particle velocity of 680
m/s, using JP5000 system. The substrate material was
surface-cleaned by grit blasting using 24 grit Al2O3 at 60
PSI pressure and preheated to 90 �C prior to the HVOF
coating deposition. Three types of HVAF coatings pro-
cessed at particle velocities of 1010, 960, and 895 m/s were
made using AK06 HVAF gun with three different nozzles
of 5O, 5E, and 5L, for comparison. The different velocities
were achieved through different degrees of expansion
nozzles used for thermal spraying. The mean particle
velocity and temperature were measured using the
AccuraSpray-G3C sensor system of Tecnar, Canada. The
substrate was preheated to 105–115 �C, before spraying.
The sintered and agglomerated type spray powder of
~1.2 lm carbide grain was used in both the coating pro-
cess. The coating morphology, porosity, and hardness
were evaluated on the cross section of the coating. The
indentation toughness was measured at a test load of 10 kg
on the cross section of coatings using the toughness
equation developed by Niihara (Ref 26). The cavitation
erosion resistance was evaluated using a vibratory type
cavitation test rig for a maximum duration of 13 h. The

Fig. 1 Morphology of feedstock powder 86WC-10Co-4Cr used for (a) HVOF and (b) HVAF coatings

Table 1 Spray parameters used during the coating processes

JP5000 HVOF AK06 HVAF

Powder: Praxair 1350VMAgglomerated
and sinteredSize: �45 to +16 lm

Powder: Amperit 558.059 HC StarckAgglomerated and sintered�45 to +20lm

Oxygen flow@210 PSIG, SCFH 1850 Air, PSIG 90.3
Kerosene @170PSIG, SCFH 5.8 Propane, PSIG 83.8
Carrier gas flow (N2) @ 50 PSIG, SCFH 23 Carrier gas flow (N2) @ 140 PSIG, SLPM 21

H2 injections @ 140 PSIG, SLPM 20
Stand-off distance, inch 15 Stand-off distance, inch 7
Powder feed rate, g/min 90 Powder feed rate, g/min 133
Deposit thickness per pass, lm 15 Deposit thickness per pass, lm 28
Particle velocity, m/s 680* Particle velocity, m/s Nozzle 5O Nozzle 5E Nozzle 5L

1010 +/�4 960 +/�3 895 +/�2

* provided by coating supplier
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diamond spray-polished coating specimen of size
15 9 15 9 7 mm3 was used for the test. The cavitation
resistance in terms of mass loss of coating was measured
after every 1 h. The progress of the surface damage
morphology of the coatings was observed in Scanning
Electron Microscope. The homogeneity of the cohesion
between different layers has been examined qualitatively
through measurement of scratch depth across the cross
section, carried out using Nano indenter G200, Agilent
Technologies, USA. The morphology of the spray powder
used is shown in Fig. 1, and the spray parameters adopted
for HVOF and HVAF coatings are given in Table 1. The
cross section of the coatings prepared is shown in Fig. 2.
The measured coating thicknesses were in the range of
380-420 lm.

2.2 Characterization of Coatings

The coated specimens were cold-mounted in an epoxy
polished using 220, 500, and 1200 grit diamond disks with
water as the lubricant. The final polishing was done using
9, 3, and 1 lm diamond spray solutions, sequentially. The
surface roughness of both as-sprayed coating as well as the
polished samples was measured using Taylor Hobson
SURTRONIC-25 tester. The coating specimen was
secured on a flat granite base table, and the stylus of the
pickup spindle was adjusted to horizontal. The cut-off and

evaluation lengths are chosen as 0.2 and 4 mm, and
measurements were taken at the center of the coating
specimen. The average of four readings was reported.
While, the as-sprayed coatings had an average roughness
Ra, 2.28 to 4.48 lm, the polished coatings had the Ra
value less than 0.2 lm.

2.2.1 Phase Composition. The phase composition
analysis of coatings and the feedstock powders was ana-
lyzed using PANalytical x�pert�pro diffractometer with Cu-
Ka radiation in the 30� £ 2h £ 90�. The integral inten-
sities of WC and W2C were assessed corresponding to
(100) and (101) peak, respectively.

2.2.2 Mechanical Properties. The microhardness of
the coatings was measured on the polished cross section
using Zwick30 hardness tester at a test load of 300 g. The
porosity of coatings was measured on the polished cross
section of the coatings by image analysis at 100X using
ZEISS Axioimager200 microscope. Both hardness and
porosity readings were reported as the average of seven
readings. The Young�s modulus of the coatings was mea-
sured using nanoindentation tester of Agilent Technolo-
gies G200 at a test load of 400 mN for all the coatings. The
indentation toughness of coatings was measured based on
the crack length that appeared under the test load of
10 kg, on the cross section, using INSTRON WOL-
PERT930 tester, and the fracture toughness was calcu-
lated according to Niihara equation for radial Palmqvist
crack regime (Ref 26). The indentation edge cracks par-

Fig. 2 SEM image of the coatings HVOF (a), AF1 (b), AF2 (c), and AF3 (d)
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allel to the substrate were only considered for the crack
length measurements.

2.2.3 Residual Stress Measurements. The residual
stress on the diamond polished coating surface was mea-
sured using a Rigaku stress analyzer of model STRAIN-
FLEX MSF-2M. Cobalt radiation was chosen to obtain

the best resolution of x-ray diffraction peaks. The average
of three readings was reported. The residual stresses were
measured using the standard d2h versus Sin2 w method
described elsewhere (Ref 27). The (121) diffraction plane
with a peak at 2h at 166.2 deg was measured. The stress
coefficient was used to calculate residual stresses from
peak positions. The minimum elastic modulus values of
312 and 253 GPa obtained during nano indentation of
HVAF and HVOF coatings, respectively, were used for
the stress calculation. The value of Poisson ratio of 0.18
was assumed for all the coatings studied.

2.2.4 Cavitation Erosion Resistance. The cavitation
erosion tests were conducted using a commercial ultra-
sonic processor (VCX 1500, Sonics & Materials, USA) as
per the guidelines of ASTM G32-03. While the vibration
frequency of 20 KHz was used as per the standard, the
peak-to-peak amplitude was chosen as 100 lm instead of
50 lm. The literature report on international cavitation
erosion test (ICET) covered wider diversity in vibration
amplitudes in the range of 28-117 lm in the basic oper-
ating parameters, and the cavitation test conditions fol-
lowed in the present study conform to the published
information elsewhere (Ref 28, 29). The results in terms of
relative cavitation erosion of the hard resistance of hard
coatings under identical test conditions were reported.

The vibratory cavitation test setup used is shown in
Fig. 3. Tap water was used as the solution. The diamond-
polished test specimen of size 15 9 15 mm2 was secured
below the oscillating horn tip with a gap of 1 mm. The
specimen was exposed to predetermined time intervals
and the weight loss was recorded after cleaning the sample
ultrasonically with acetone. The mass loss of the specimen
was recorded after every 1 h using an analytical balance
(METTLER 200) with 0.1 mg resolution. Multiple speci-
mens were used for varied exposure tests. The tests were
continued up to a maximum of 13 h till steady rate of
erosion loss was achieved. The initial test was carried out
for 30 min duration, keeping in view the possibility of
measurement of weight loss in the analytical balance used.

2.2.5 Scratch Resistance Measurements. The qualita-
tive interlayer cohesive properties of both HVOF and
HVAF coatings were attempted through scratch testing on
the cross section, in a Nano Indenter equipment (G200
Agilent Technologies, USA). The maximum load of
200 mN and the scratch velocity of 10 lm/s were used
during the test. During the ramp-load scratch test, the
Berkovich indenter tip was brought into contact with the
sample; then, the tip is loaded at a constant loading rate
while simultaneously translating the sample. Prior to and
following the scratch test, a single-line-scan of the surface
topography is completed for comparing the original sur-

Fig. 4 XRD spectra of the powder material used for HVOF and
HVAF coatings

Fig. 3 Vibratory cavitation erosion test setup used

Table 2 Mechanical properties of HVOF and HVAF coatings

Coating
designation

Spray
gun/nozzle

Hardness
(HV0.3)

Porosity
(%)

Fracture
toughness (MPa�m)

As sprayed
coating surface roughness (Ra)

HVOF JP-5000 1180 ± 70 0.98 ± 0.3 3.86 ± 0.7 4.48
AF-1 AK06/5O 1473 ± 40 0.52 ± 0.13 5.6 ± 0.15 2.28
AF-2 AK-06/5E 1380 ± 40 0.46 ± 0.19 6.86 ± 0.8 3.12
AF-3 AK-06/5L 1290 ± 30 0.42 ± 0.16 6.33 ± 0.5 3.41
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face to the deformation caused by the scratch test. The
evaluation of deformation mechanisms and the quantifi-
cation of deformation were carried out from the original
and residual single-line scans. The indenter was traversed
from the interface to the surface as well as from the sur-
face to the interface, and the scratch depth was monitored
during the movement.

2.2.6 Surface Damage Profiles. The evolution of sur-
face damage during cavitation was observed through SEM
using Quanta 400 to get insight into the mechanism of
damage progression during successive intervals of cavita-
tion. Figures 7 to 9 show the topography of various times
varied cavitation-tested coatings.

3. Results and Discussion

3.1 Phase Composition

The morphology of the feedstock powder used in
HVAF coatings (Amperit 558.059) has shown compara-
tively higher spherical in shape than the powder used for
the HVOF coating (VM 1350), (Fig. 1). The XRD spectra
of both the powders and coatings have shown predomi-
nantly WC peaks. The absence of W2C peak in the VM
1350 feedstock powder and the occurrence of prominent
crystalline peaks of W2C in the HVOF coating imply that
decarburization of WC has taken place during the spray
process (Fig. 4). However, the incidence of W2C peak was
absent in HVAF coatings. It is widely reported that the

formation of g-phase is promoted in HVOF coating dur-
ing splat quenching and caused by dissolution of WC in
the cobalt matrix. The observed g-phase W6Co6C peak in
all the coatings is commensurate with the findings re-
ported widely (Ref 30).

3.2 Mechanical Properties of Coatings

The results of the hardness, toughness, roughness va-
lue, as well as the porosity of the coatings evaluated, are
given in Table 2. The microhardness and indentation
toughness values of the HVAF coatings were compara-
tively higher than that of the HVOF coating. The AF1
coating sprayed with the maximum velocity of 1010 m/s
has shown the highest hardness value of 1473 HV0.3 and
comparable indentation toughness. At moderate spray
velocities in the range of 900-960 m/s, minimal change in
toughness properties was observed. The minimal variation
in the observed hardness value of all the three HVAF
coating indicates uniformity in distribution of WC parti-
cles in the CoCr matrix compared to that of the HVOF
coating. The HVOF coating exhibited increased porosity
levels and relatively lower toughness than the HVAF
coatings. The observed toughness values of ~4 to
7 MPa�m are consistent with the reported literature on
similar WC-based coatings (Ref 31).

3.3 Residual Stresses in Coatings

All the diamond ground-polished coating surface has
shown compressive residual stress. The observed com-

Fig. 5 (a) Residual stress in different coatings. (b) Variation of 2h vs. Sin2w for AF1 coating during XRD-based stress measurement. (c)
Cracking/delamination of AF1 coating at the cavitation damage boundary
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pressive state of stress on the surface of diamond ground-
coating specimens of both HVOF and HVAF agrees with
the findings reported (Ref 32). The stress value on the
surface of the coatings increases with increase in spray
velocity. Bansal et.al has reported the development of

compressive state of surface stresses during the HVOF
process and their magnitude is affected by the kinetic
energy of the particles (Ref 33, 34). Comparatively lower
temperatures and high impact velocity in HVAF over that
of HVOF process produce significant peening stresses due

Fig. 6 (a) Cumulative weight loss of different coatings during cavitation. (b) Rate of weight loss of different coatings during cavitation

Fig. 7 Surface damages after cavitation exposure of 3 h; HVOF (a), AF1 (b), AF2 (c), and AF3 (d)
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to the kinetic energy of impinging particles with the pre-
viously deposited material. While the HVOF coating had
shown the compressive stress level of up to 300 MPa, the
HVAF coatings have shown compressive stress in the
range of 360-500 MPa, indicating the evidence of shot-
peening effect on the deposited layers at higher spray
velocity, (Fig. 5a). The variation of surface residual stress
on the coating at spray velocities in the range of 850-
950 m/s is observed to be small. The typical variation of
observed 2h verses Sin2 w during the stress measurement
of AF1 coating is shown in Fig. 5b. The incidence of
bulging, cracking, and delamination has been observed in
the highly stressed AF1 coating after prolonged cavitation
exposure indicating that the additional compressive stress
introduced by the repeated bubble impact during cavita-

tion increases local stress in excess of fracture strength of
the coating (Fig. 5c).

3.4 Cavitation Resistance of the Coatings

The results of the cumulative weight loss of coating
with cavitation time as well as the rate of weight loss
during cavitation experiments are shown in Fig. 6a, b. All
the coating materials undergo metal loss right from the
beginning of cavitation exposure and steadily increases
with cavitation time. The progressive damage, during the
initial period, was observed in terms of increase in the
affected area of the initial polished flat surface morphol-
ogy. The steady rate of metal loss due to cavitation in
HVAF coatings was much lower, 0.23-0.99 mg/h, com-
pared to 2.94 mg/h in HVOF coatings. The reduction in

Fig. 8 Surface damage profiles after 1 h cavitation; HVOF (a) and (b), AF1 (c) and (d) , AF2 (e) and (f), and AF3 (g) and (h)
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mass loss factor of HVAF coatings after 13-h cavitation is
in the range of 3.2-3.8 compared to HVOF. The prelimi-
nary results of the analysis of the HVAF coatings were
reported earlier by the author (Ref 35).

The evolution of surface damage during cavitation was
observed through SEM and the surface damage profiles
generated after different cavitation intervals are shown in
Fig. 7 to 9. The damage appears to get initiated predom-
inantly in the regions of pores and lead to the formation of
the crater in the affected areas with cavitation time. The
HVOF coating had shown complete loss of original pol-
ished flat surface morphology after 3 h of exposure, closely
coinciding with the start of a steady rate of metal loss
(Fig. 7a). The HVAF coatings exhibited the compara-
tively lower degree of damage during the initial stages, as
observed from the integrity of the polished surface mor-

phology during the same period (Fig. 7b, d). The area
percent of the original polished surface, affected after 3 h
exposure, was calculated through image analysis and the
average of three images was reported. The affected area in
case of HVOF coating was 32.1% and the corresponding
damage area of 21.2, 22.5, and 25.48% was observed for
the AF1, AF2, and AF3 coatings, respectively. The sub-
stantial increase in surface damage morphology, as noted
on the HVOF coating, after 3-h exposure, corroborates
this finding. During the initial cavitation exposure of 1 h,
HVAF coatings had shown a minimum reduction in
weight loss factor of 2.8 over that of HVOF, under the
cavitation test conditions followed in the field.

The surface damage experienced by the coatings, both
during the initial and prolonged cavitation exposure per-
iod was observed at high magnifications (250009), and the

Fig. 9 Surface damage profiles after prolonged cavitation exposure; HVOF-9h (a) and (b), AF1-13h (c) and (d), AF2-13h (e) and (f),
and AF3-13h (g) and (h)
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SEM micrographs are shown in Fig. 8 and 9. The HVOF
coating exposed for the initial 1-h period has indicated a
loss of matrix material with evidence of continuous
microcracks extending over several WC grains, in severely

affected cavitation regions. Also, dislodgment of carbide
grains arising out of complete matrix removal could be
seen (Fig. 8a). The cavitation-damaged surface, during the
initial period, also revealed the distribution of fine pin

Fig. 10 SE and BSD imaging of cavitation-tested coatings with EDS analysis on the WC and matrix regions (a) AF1-13 h (b) HVOF-9 h
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hole porosities (Fig. 8b) and the damage is observed to get
initiated in these regions. The observed porosity/pit-like
regions in all the three HVAF coatings are relatively low
(Fig. 8d, e, g). In general, the cavitation-damaged surface
of HVAF coatings indicated features of the plastically
deformed matrix, forming a protective covering and pro-
viding reinforcement for the WC grains (Fig. 8c, e, g). The
observed interface cracks at random locations are dis-
continuous in nature and very small in size (<1 lm). The
AF3 coating sprayed with marginally higher velocity over
that of HVOF coating has shown similar damage mor-
phology with a relatively low degree of plastic deforma-
tion in the matrix, and the matrix cracking was
insignificant (Fig. 8g). The surface damage observed un-
der high magnifications suggests that the mode of metal
removal in the early stages of HVOF coating included
cracks along the carbide-matrix interface in combination
with carbide dislodging. The extent of cracking in HVAF
coatings is minimal at random locations and the coherency
of plastically deformed CoCr matrix region could be
clearly seen (Fig. 8c, e) during the same period.

The distinctive appearance of protruding WC grains
(absence of surrounding matrix) in combination with the
complete loss of the original polished area after prolonged
exposure (~9 h) of HVOF coating, is suggestive of the
lower degree of cohesiveness of the coating (Fig. 9a). The

improved coherency of the matrix-carbide interface in
HVAF coatings was evidenced from the higher elastic
strain energy during the nanoindentation test as well as
the effective reinforcement provided by the matrix in
holding the WC grains during cavitation. The tenacious
quality of the matrix could also be seen through the
existence of unaffected original polished regions, even
after 13 h of cavitation (Fig. 9d, f, h), with a minimal level
of cracking in isolated regions within the cavitated area.

The evidence of matrix undergoing deformation
preferentially was ascertained through Backscattered
Electron imaging (BSE) of both the matrix region (gray
colored) and the WC grain regions (bright) along with
compositional analysis by EDS, and the results are
shown in Fig. 10. The composition in the matrix region
of AF1 coating shows primarily Cr and Co with minor
amounts of W content. However, the corresponding
region of the HVOF coating is rich in W, Co, and Cr.
The prominent W6Co6C and W2C peaks observed in the
XRD spectra of HVOF coating (Fig. 4), lend support to
this in view.

The sub-surface damage due to cavitation in different
coatings was analyzed in the cross-sectional micrographs
through SEM. The cavitation-tested specimen was cut by
EDM and polished using 9 and 1 l diamond spray, and the
micrographs beneath the tested surface are shown in

Fig. 11 Sub-surface damage of coatings as observed through the cross-sectional micrographs HVOF (a), AF1 (b), AF2 (c), and AF3 (d)
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Fig. 11. The visibility of cracks parallel to the coating and
dislodging of carbide grains was very clearly seen in the
HVOF coating (Fig. 11a). The repeated bubble implosion
appears to cause the binder matrix to undergo deforma-
tion on a continual basis, giving rise to the formation of
layered deformed structure. The existence of dimple
morphology of the sub-surface layers and macrocracking
observed at different locations in the HVOF coating is
indicative of the sustained strain condition of the matrix
layers and eventual cracking. The extent of strained layers
with an indication of degeneration of WC particles in AF1
coating was observed to be quite low and restricted just
beneath the tested surface. In the successive region, the
layered built-up structure is quite undamaged leaving a
comparatively smooth topology. The layered deformation
could be more clearly seen in AF2 and AF3 coatings. The
prevalence of isolated finer carbide grains, resulting after
removal of the binder matrix, could be seen just below the
cavitated surface in the case of AF3 coating. The coher-
ency of the built-up layers with minimal cracks in all the
three HVAF coatings is suggestive of improved resistance
to microcracking during cavitation. The increased tough-
ness of the HVAF coatings lends support to the above
points.

Under the conditions of the low cohesive strength of
built-up layers as affected by the spray velocity and tem-
perature, the localized bubble implosion pressure causes
disintegration of the WC grains from the matrix through
the mechanism of microcracking in weak interface re-

gions fi networking of cracks fi dislodgement of WC
grains followed by gross removal of the coating by
delamination. The HVOF coating has shown the forma-
tion of deep pits with evidence of delamination of the
coating layer as well as a complete detachment of the WC
grains. The significant reduction in the rate of metal loss as
observed in HVAF coatings implies that the porosity and
hardness of coating affect the cavitation resistance. The
higher particle impaction velocities achieved during the
HVAF process increase the cohesive properties of the
inter-layers as well as the CoCr matrix-WC interface
properties and hence the cavitation resistance.

3.5 Scratch Testing of Coatings

The view of the scratch profile obtained in the cross
section of different coatings is shown in Fig. 12. The lit-
erature on the evaluation of cohesive properties of ther-
mal spray coatings through scratch testing was reported
recently (Ref 36). When the indenter was moved from the
interface to the surface (tensile straining of the coating
inter-layer), HVAF coatings have shown the characteris-
tics of coating material removal in the direction of the
scratch, extending laterally from the edges of the scratch
groove. However, the scratch profile was observed to be
very smooth without coating material fragments when the
indenter is moved from surface to interface (compressive
straining of inter-layer). In the case of HVOF coating, the
corresponding region is not evident for both tensile and

Fig. 12 Scratch profile of HVOF and HVAF coatings HVOF (a), AF1 (b), AF2 (c), and AF3 (d)
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compressive strain conditions. Thus, the higher impact
velocity of spray particles during each layer built up in
HVAF coating process, brings-in elastic recovery of the
preceding compressed splat layer under the conditions of
tensile strain. The scratch depth is nearly the same for
both the coating types during the movement interface to
the surface. The variation of scratch depth with the load
during the movement of the indenter from the surface to
the interface for AF1 and HVOF coating is shown in
Fig. 13. The HVAF coatings show nearly a uniform in-
crease in depth during both directional movements of the
indenter. However, the measured scratch depth is nearly
35% higher in HVOF coating when the indenter was
moved from the surface to interface (Fig. 14b), indicating
higher plasticity of the coating. Moreover, the load-scratch
depth trace is quite uniform for AF1 coating while the
HVOF coating depicted a ripple pattern with a number of
steps. The calculation of elastic strain recovery during
nano-indentation was determined based on the area under

the unloading curve. The total deformation energy is
considered equal to the area under the loading curve. Four
indentations were made on the surface of the coating, and
the range of elastic strain energy observed in all coatings is
shown in Fig. 15. In general, the observed elastic strain
energy was higher in HVAF coatings compared to HVOF
coating and that a maximum increase in the elastic
recovery of 40.2% was observed at a maximum spray
velocity of 1010 m/s. This appears possibly due to the
combined effect of increased hardness and surface com-
pressive residual stress in these coatings.

4. Conclusions

The systematic study on the comparative cavitation
resistance of both HVOF and HVAF processed tungsten
carbide coatings indicated the following.

Fig. 13 Scratch load-depth trace obtained during nano-scratch
test AF1 (a) and HVOF (b)

Fig. 14 Variation of depth into the coating surface during scratch loading in two scratch directions AF1 (a) and HVOF (b)

Fig. 15 Percent elastic recovery during nano-indentation of
different coatings
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� HVAF coatings exhibit lower porosity levels, higher
hardness, toughness, and superior cavitation resis-
tance compared to HVOF coating for the same spray
powder conditions. The higher toughness values, as
well as the consistency in scratch depth results in
HVAF coatings, support these findings.

� The mechanism of metal removal in HVOF coating
during cavitation includes microcracking of matrix
phase fi networking of cracks along the boundaries
of WC grain interface fi dislodging of WC grains
fi delamination of the coating.

� HVAF coatings sprayed with higher spray velocities
result in improved toughness and cohesiveness of splat
layers of the coating that provides better cracking
resistance under bubble implosions. The lower degree
of surface damage in the initial cavitation period and
the progress of damage during cavitation bubble
imploding are noticeably affected by the ability of the
CoCr matrix�s cracking resistance. The superior cavi-
tation resistance property of HVAF coatings was thus
attributed to the increased hardness, toughness, and
effective WC-matrix interface cohesiveness during the
prolonged cavitation exposure periods.

� The sub-surface damage morphology provides coher-
ent input in terms of the ability of binder matrix to
sustain the forces due the bubble implosion during
cavitation.

� The particle velocity appears to play an important role
in achieving a dense coating with an increased level of
compressive stresses and gives rise to higher elastic
strain energy during indentation.
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