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Twin wire arc-sprayed (TWAS) coating of commercially available SHS 7170-cored wire was obtained on
Ti6AL4V alloy, and to improve its properties, it was further surface treated with high-power diode laser
(HPDL). The cavitation erosion (CE) resistance of TWAS-coated samples was evaluated as per ASTM
G-32-2003 and it was compared with laser-treated and untreated Ti6Al4V alloys. The CE resistance of
TWAS-coated SHS 7170 samples after HPDL treatment has improved significantly. The main reasons for
its improvement are elimination of pores, increased fracture toughness, reduced hardness, and brittleness.
The CE resistance of HPDL-treated TWAS coating is compared with water droplet erosion resistance. It is
observed that there is a similarity in the both the phenomenon.
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1. Introduction

Material damages occurring due to cavitation erosion (CE)
are very common in the industry especially in pumps, ship
impellers, hydraulic machinery, and high-speed mixers in
pharmaceutical industry. The CE phenomenon is understood
as the formation of bubbles due to drop in local pressure either
due to flow fluctuation (vibration) or due to sudden change in
flow. These bubbles travel in a zone of high pressure where
they collapse, leading to generation of high-pressure shock
waves and jetting of micro jets. Owing to repetitive high-
pressure shock waves and jetting action of micro jets, the solid
surfaces erode quickly. This becomes one of the main causes of
failure of engineering components (Ref 1). On the other hand,
water droplet erosion (WDE) damages occurring on the
engineering components are due to high impacts of water
droplets. When a spherical liquid droplet impacts on a flat solid
boundary, a compression wave front is generated, and contact
periphery expansion takes place quicker than the compression
wave front movement. The compression wave front travels at
acoustic speed in the medium, whereas the contact periphery
travels much faster than the compression wave front. At a later
stage, the compression wave envelop overtakes the contact
periphery and jetting action of micro-jets in a manner similar to
the jetting action of micro jets in cavitation, causing erosion of
material (Ref 2-5). During impact of a liquid column on a solid

boundary, the impact pressure generated at the liquid-solid
interface is sufficiently high to cause the erosion of materials.
The impact pressure on a solid boundary reaches its maximum
value of �3qCV, i.e., three times the water hammer pressure
(q: liquid density, C: acoustic speed in liquid, and V:
droplet impact velocity), and water-jetting velocities become
10-12 times higher than the water droplet impact velocities
(Ref 3-5).

Ti6Al4V alloy is widely used in many areas, such as
aerospace, military, chemical, and biomedical industries,
because of its excellent properties, such as corrosion resistance
and high strength-to-weight ratio. To improve WDE and CE
resistance of titanium alloys, a number of surface-treatment and
coating processes have been adopted and published in Ref 6-9.
Information on CE resistance of other materials including TiN
nanocrystalline coatings on stainless steel is also available in
Ref 10-29. It was concluded in Ref 28 and 29 that the CE
resistance of the TiN coatings is related to adhesion, inner
defects, and plastic deformation of the coatings which have a
correlation with the coating thickness. Among these, laser gas
nitriding of titanium alloys appears to be simple and attractive.
However, it has the limitation of heating the base material
above its melting temperature (>1650 �C), leading to distor-
tions and warpage of the components and maximum depth of
increased hardness is limited to a few micron only. Heating of
Ti6Al4V alloy components above its melting temperature
generally leads to excessive tensile residual stresses which
may not be acceptable to the finished components. On the other
hand, TiN coatings deposited by PVD provide significantly
enhanced surface performance; however, the coating thickness
is limited to a few microns, which limits the coating life.
Significant study on WDE of Ti6Al4V alloy has been done and
is reported in Ref 7-9. It has also been reported that the TWAS
SHS 7170Plus B coating after high-power diode laser (HPDL)
treatment has improved the WDE resistance manifold (Ref 8).
A good correlation between WDE and CE in case of pure
aluminum, alloy steels, and stainless steel has been obtained as
details are given in Ref 27. The CE testing was performed by
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cavitating jet as per ASTM G134-95 (2006), and the same jet
has been used for water impingement erosion testing. WDE and
CE damage mechanisms of different materials, coatings, and
surface treatment are available independently in the literature.
However, their combined damage mechanism and their corre-
lation are lacking.

In this article, the WDE and CE behaviors of HPDL-treated
TWAS SHS 7170Plus B-coated Ti6Al4V alloy have been
studied. The coating has been analyzed with scanning electron
microscope, and its damage mechanism is discussed in detail.
Characterizing of materials and coatings in WDE using rotating
wheel as per ASTM G-73-1998 is a cumbersome, expensive,
and time-consuming process, whereas evaluating these in CE as
per ASTM G-32-2003 or ASTM G-134-95 (2006) is simple,
quick, and does not require elaborate arrangements. In the
present investigation, these standards are discussed, and the
experimental results are analyzed. The revised versions of these
standards, as on date, are available as ASTM G-73-2010 and
ASTM G-32-2009.

2. Experimental

2.1 Twin Wire Arc Spraying

Using Hobart Tafa 9000 twin wire arc-spraying (TWAS)
system, the SHS 7170-cored wire (1.6-mm diameter) was
sprayed on [ 12.70 mm9 40 mm cylindrical and 30 mm9
30 mm9 100 mm flat Ti6Al4V alloy samples. While TWAS
was performed on the samples, the TWAS gun was mounted on
six plus two axis robot, and spraying parameters, such as arc
voltage, current, spray distance, and rotation and transverse
speeds were optimized and controlled. The test samples were
grit blasted using 24-mesh alumina grit at an air pressure of
5-5.5 kg/cm2 (g). The spraying and experimental parameters
such as laser surface treatment used in the present investigation
were as per Ref 8. A thin boride layer of thickness 70-100 lm
is provided in between titanium alloy and TWAS SHS 7170
coating, which has overcome the thermal mismatch and which
has resulted in excellent adhesion between the titanium alloy
substrate and the TWAS SHS 7170 main coat. The TWAS
SHS 7170 coating thickness was maintained in the range of
300-350 lm.

2.2 HPDL Surface Treatment

Standard CE and WDE test samples were machined from
Ti6Al4V alloy. These were TWAS coated and later on HPDL
heat treated. A fixture was fabricated to hold and to rotate the
cylindrical samples while carrying out HPDL surface treatment.
For WDE resistance evaluation, cylindrical test samples were
used, and for HPDL treatment these were fixed in a self-
centered three-jaw chuck one by one at one end and supported
by a fixture at the other end. The fixture has a rotating seal, so
that the samples can rotate freely, and the air used for cooling
the samples does not leak. Rapid cooling of the sample was
carried out during HPDL surface treatment by introducing
compressed air having the volumetric flow rate of 15-16 m3/h
through the M8-tapped hole inside the samples. This air is
capable of removing heat at a rate of 160-180 W which is
comparable to the heat removed in a bulk titanium alloy during
laser surface treatment. For CE, the flat samples of size
309 309 100 mm3 were coated using Hobart Tafa 9000

TWAS system and later on HPDL treated. Standard CE test
samples were machined from these flat samples. The samples
were thoroughly cleaned using acetone before start of the
experiment to make the surface free from dust, oil, etc. Details
of HPDL parameters are given in Ref 8.

HPDL surface treatment was carried out on each sample
using 4.6-kW Diode Laser System (Laserline GmbH). The laser
head was mounted on a six plus two axis robot (Kuka GmbH).
Rectangular optics of 20 mm9 2.8 mm was used for the
surface treatment of cylindrical samples meeting ASTM G-73-
1998 and also for CE test samples meeting ASTM G-32-2003
requirements. Laser beam power was controlled in a closed
loop by a two-color pyrometer for achieving uniform surface
temperatures. The complete system was controlled by the robot
controller. The robot was programmed in such a way that the
laser beam tracked the sample at a speed of 1.5-2 mm/s
ensuring that hardening of the sample was completed in one
pass. After HPDL treatment. All the test samples were stress
relieved for 4 h. These samples were then used for WDE and
CE testings.

2.3 Droplet Erosion Testing and Other Properties
of HPDL-Treated Samples

2.3.1 Droplet Erosion Testing of HPDL-Treated Sam-
ples. The details of WDE test facility are given in Ref 7 and
12. In short, the test facility consists of a 700-mm-diameter
chamber and a round stainless steel disk where the test samples
are positioned. Cylindrical samples, 40 mm in length and
12.70 mm in diameter, are affixed on the periphery of the disk.
A precision balance (±0.1 mg) was used for measurement of
mass loss before and after testing. The test duration depending
upon energy and mass fluxes was selected in such a way as to
achieve steady-state erosion in limited number of cycles. The
extent of erosion damage is calculated from the mass loss
divided by the density of the material. The results have been
plotted in the form of cumulative volume loss v/s number of
cycles.

2.3.2 Cavitation Erosion Testing. The CE tests as per
ASTM G-32-2003 (vibratory ASTM standard) were performed
at 20 KHz and 50-lm amplitude at room temperature. Mass
loss to an accuracy of 0.01 mg after certain cavitation test
duration interval was recorded, and the mean depth of erosion
rate (MDER) was calculated. Before evaluating the coating
material, commercially pure (99.5%) annealed wrought nickel
200 standard samples were first tested for cavitation. After
establishing the accuracy and reliability of the cavitation tester,
the coated and uncoated Ti6AL4V test samples were tested.
The CE is measured by the MDER which gives the relative
performance of the samples and is calculated using the
formulas: MDER (lm/h) = 1000 DV/(A9 Dt) and Re =
1/MDER (DV: volume loss in mm3, Dt: test duration in hour,
A: surface area of the specimen in mm2, and Re: CE resistance
of the specimen in h/lm).

3. Results and Discussions

3.1 Water Droplet and Cavitation Erosion Resistance

It is reported in Ref 8 that by providing a thin boride bond
coat and subsequently treating with HPDL, the bonding of
TWAS SHS 7170 coating to titanium alloy has improved
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manifold. The WDE resistance of this multilayer coating
(TWAS SHS 7170Plus B) has also improved significantly. The
WDE test results of laser-treated TWAS SHS 7170Plus B-coated
samples along with laser-treated Ti6Al4V alloy samples are
given in Fig. 2. It is seen from the Fig. 2 that the laser-treated
TWAS SHS 7170Plus B-coated sample has performed much
better than the laser-treated Ti6Al4V alloy samples. It is also
reported that the excellent WDE resistance of TWAS SHS
7170Plus B coating after HPDL surface treatment is due to finer
grain morphology (Ref 8). The ‘‘as-sprayed’’ TWAS SHS 7170
coating has peeled off during initial WDE testing (�47,500
cycles) because it has inherent voids, pores and inter-boundary
defects. The TWAS SHS 7170Plus B-coated samples were also
tested for CE as per ASTM G-32-2003, and the results are
given in Fig. 1 and 3. The ‘‘as-sprayed’’ TWAS SHS 7170
coating has also peeled off during initial CE testing (�half an
hour). From Fig. 1, 2, and 3, it is seen that the CE and WDE
volume loss trends of Ti6Al4V alloy (coated, uncoated, and
laser treated) including incubation period are similar. The
materials and coatings which have performed excellently well
in WDE have also performed very well in CE. There are
chances that owing to very high-impact pressure, the water in

the form of micro jets may solidify (Ref 30), and WDE and CE
may no longer become as liquid impingement wear but instead
may become as solid particle wear. The water impact velocity
in our test rig is of the order of 147.6 m/s. Assuming an
acoustic wave speed of the order of 1500 m/s, the impact
pressure of �663.75 MPa is exerted on the surface (calculated
from 3qCV). The solidification of water, arising due to
cavitation bubble collapse generating very high pressure
(‡ 1000 MPa) for less than a nano second, has already been
experienced and reported in Ref 30. This could be one of the
reasons for grain-by-grain material removal.

The water droplet impact velocities occurring in bypass/
control valves and low-pressure steam turbine blades are
supersonic (approximately 4-5 times that of 147.6 m/s) (Ref 7).
Under such situations, the impact pressure generated due to
3qCV will exceed 2500 MPa. The shock wave speed, jetting
time, and pressure generated due to impact of water droplets or
cavitation bubble collapse still remain as the topics of interest
and require further investigation and research.

3.2 Surface Damage

The scanning electron micrographs (SEM) of WDE- and
CE-eroded HPDL-treated TWAS-coated samples are shown in
Fig. 4(a, b) and Fig. 5(a, b), respectively. From the micro-
graphs, it is observed that micro cavities are being formed on
the surfaces for both WDE- and CE-eroded samples, and these
occur more in the case of cavitation. Some information on the
SEM of both cavitation- and water impingement-eroded 18-8
stainless steel samples is available in Ref 27. It has been
reported that the plastic deformation occurred inside the crystal
grain, whereas cracks and deep grooves appeared on the grain
boundary because of the high impact of cavitation bubble
collapse, resulting in material removal. It has been concluded
that the cavitation and water-impingement erosion damages that
occur on this material are similar. In the present investigation,
material removal appears to be different to that reported in
Ref 27. This may be because the HPDL-treated TWAS coating
is hard and brittle. For both WDE- and CE-eroded samples,
cleavage-type damage and material removal grain by grain are
observed.

Fig. 1 Volume loss of laser-treated TWAS SHS 7170Plus B coating
along with other materials up to 9 h of CE testing as per ASTM-G
32-2003

Fig. 2 Volume loss of laser-treated TWAS SHS 7170Plus B coating
along with other materials up to 3.84 million cycles in WDE as
per ASTM-G-73-1998 at an energy flux of 57.167 million J/m2Æs

Fig. 3 MDER of laser-treated TWAS SHS 7170Plus B coating along
with other materials up to 9 h of CE testing as per ASTM-G
32-2003
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4. Conclusions

The laser-treated TWAS SHS 7170Plus B-coated Ti6Al4V
alloy sample has better adhesion and toughness as compared to
the untreated one and, hence, gives much better performance in
cavitation and WDE testings. The ‘‘as sprayed’’ TWAS SHS
7170 coating has peeled off during initial cavitation and WDE
testings because it has voids, pores, and inter-boundary defects
which are the inherent defects in these coatings.

From the SEM of the laser-treated TWAS SHS 7170Plus B-
coated sample, it is observed that micro cavities are being
formed on the surfaces for both WDE- and CE-eroded samples,
and these occur more in the case of cavitation. Material removal
methods for both the above erosion mechanisms are similar.
The volume loss trends of WDE and CE for Ti6Al4V alloy
(coated, uncoated, and laser treated) are also similar. The
materials and coatings, which have performed extremely well
in WDE, have also performed very well in the CE.

Cavitation erosion testing as per ASTM G-32-2009 or
ASTM G134-95 (2006) can be used for grading materials
and coatings in droplet erosion instead of the more expensive,
time-consuming, and cumbersome WDE testing as per ASTM
G-73-2010.
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