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ABSTRACT

Polymers and elastomers are candidates as coatings for ship
hulls and propellers for purposes such as protection, noise
reduction, antifouling, and drag reduction. Application of
these coatings on propulsion devices requires evaluation of
their resistance to cavitation erosion. This paper presents
experimental observations of the erosion progression during
accelerated tests on polyurea coating materials exposed to
cavitating jets. For cavitation level exceeding a relatively
low threshold, the samples experienced failure due to
extreme deformation, local heating, and plastic flow of the
material. Micro-scale numerical simulations of bubble
dynamics close to a polyurea boundary showed that heat
accumulation due to large strain work contribute to the
polyurea failure when exposed to cavitation.
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1 INTRODUCTION

Cavitation erosion is a complex process, which involves
many mechanisms including the presence of bubble nuclei
in water, the dynamics of the activated bubbles, the
formation of bubble clouds, the generation of impulsive
pressures and shock waves, the interaction between fluid
and material, the deformation and modification of the
material through work hardening, fracture of material, and
loss of material, etc. A comprehensive summary of the
state-of-art experimental and numerical techniques to
investigate the physics can be found in (K-H. Kim,
Chahine, Franc, & Karimi, 2014). Cavitation erosion
problems have been studied more extensively for metallic
materials since the primary applications have been
conventional propellers, pumps, and impellers which are
traditionally made of metals.

Recently, cavitation erosion of polymeric coating materials
became of interest because the application of various
coatings on the ship hulls and propellers has become more
common (Korkut & Atlar, 2009; Teran Arce, Avci, Beech,
Cooksey, & Wigglesworth-Cooksey, 2003; Swain et al.,

2000; Chambers, Stokes, Walsh, & Wood, 2006; Geir Axel
Oftedahl, 2014). These coatings are applied for anti-fouling,
drag reduction, and energy saving, etc. With the increased
use of these coatings, interest in their cavitation erosion
resistance has greatly increased within the naval research
community. Even though there are studies about general
wear characteristics of polymers (Briscoe & Sinha, 2002;
Rajesh, Bijwe, Tewari, & Venkataraman, 2001), cavitation
erosion on polymeric materials has not been studied too
much. Some example studies include cavitation erosion
studies on polymers (Bohm, Betz, & Ball, 1990), non-
metallic coatings (Zhang, Richardson, Wilcox, Min, &
Wang, 1996), epoxy resins (Correa et al., 2011), epoxy
coating layers (Garcia et al., 2014), and polyurea coatings
on hydraulic concrete structures (Mo & Sun, 2011). These
studies mostly measured experimentally cavitation erosion
and compared the erosion resistance of these materials.
Substantial work in this field is still required to provide an
understanding of the cavitation erosion mechanism of
polymeric materials and develop cavitation erosion resistant
coatings.

Among many polymeric materials, polyurea is of particular
interest due to its previous good performance as a
reinforcement of metal structures against shocks from blast
and impact loads (Amirkhizi, lsaacs, McGee, & Nemat-
Nasser, 2006). Also, polymers with urea bonding involve
faster reaction time than those associated with polyurethane,
and this fast reaction time makes it possible to apply
polyurea as spray in coating applications.

In this paper, the response of polyurea to cavitation load is
studied using both experimental approaches and numerical
modeling. Cavitation erosion experiments emphasizing the
effect of polyurea coating thickness, composition, and
temperature are described. On the numerical modeling side,
the response of a viscoelastic material to the impulsive
pressure loading generated by a bubble collapse are
examined using a finite element method solver. The
resulting temperature rise in the material is described. The
heat generation in the material is predicted from the energy
dissipated by the strain work in the material. Effects of the



amplitude of the impulsive pressures generated by the
collapsing bubble and effects of the coating thicknesses are
studied.

2 CAVITATING JET EROSION EXPERIMENTS

2.1 Test Setup and Procedures

The cavitating jet erosion test facility used in this work is
DYNAFLOW’s 1 ksi Cavitating Jet Loop, which is composed
of a CAVIJET® nozzle, a sample holder, a test tank, and a
pump. The tests described below used a 0.087 inch orifice
CAVIJET® nozzle. Figure 1 shows a 4 inch diameter
polyurea coating sample in a sample holder inside the test
tank. The sample holder ensures that the sample is returned
precisely to the same location after each test after periodic
examination. The sample was placed at a 1 inch standoff
distance (11.5 jet diameters) from the nozzle exit, and the
cavitating jet impinged normal to the sample. All tests in the
study were conducted with filtered fresh tap water.

Figure 1: Cavitating jet test setup in the 1 ksi cavitation
erosion test loop. The 4 inch diameter disk sample is placed
at a | inch standoff distance from the nozzle exit.

The procedures for each test condition were as follows:

1) The sample was exposed to the cavitating jet for a
predetermined period of time.

2) The test was interrupted, and the sample was taken
out from its holder for examination.

3) The erosion was characterized by measuring the
depth of the damage.

4) Photographs of the progression of the erosion
patterns were taken.

5) The sample was then returned for additional
testing, and the process was repeated until the
desired total exposure time was reached.

2.2 Effect of Polyurea Coating Thickness
Polyurea can be made with various compositions. The
specific materials tested in this work was provided by Dr.

Amirkhizi at the University of Massachusetts at Lowell, and
they were made by mixing lIsonate 2143L and Versalink
P1000 or P650 (Amirkhizi et al., 2006). The glass transition
temperature of this polyurea is reported to be about —50°C.
The substrate of these samples was aluminum 6061.

The pressure across the nozzle was first varied in the range
100 psi to 2,000 psi with the water at room temperature
(~25°C). Through preliminary tests on the various polyurea
and similar coatings, it was determined that measureable
erosion progression within duration less than an hour could
be achieved with pressures between 700 and 800 psi. On the
polyurea at room temperature the erosion above 800 psi was
too fast to measure erosion evolution.

Cavitation erosion tests were conducted on P1000 polyurea
samples of three different thicknesses at 700 psi. The
thinnest sample (1 mm thickness) resisted the cavitation the
best showing no sign of erosion up to 120 minutes. The 3
mm and the 9 mm thick samples started to fail in less than 1
minute. Figure 2 shows the pictures of these three different
thickness samples at the end of the tests. The erosion on the
3 mm and 9 mm samples looks like the material has been
heated and has gone through a plastic flow stage. The center
of the crater was as deep as the coating thickness, and the
polyurea material was pushed up along the periphery of the
crater.

1 mm, 120 min 3 mm, 3 min 9 mm, 2.5 min

700 psi 700 psi

700 psi

Figure 2: Polyurea (P1000) samples tested with 700 psi
cavitating jet at room temperature. From left, 1 mm thick
samples after 120 min., 3 mm thick sample after 3 min, and
9 mm sample after 2.5 min exposure to cavitation.

Figure 3 shows the failed 1 mm thick sample tested at 800
psi. At this higher pressure, the erosion damage started in a
much earlier time, 10 s. The crater started with a small ridge
on the perimeter, then the crater became deeper and the
ridge became taller. Figure 4 shows the erosion damage
progression of the 3 mm thick sample. As the erosion
damage progressed, the ridge on the perimeter became too
tall and the lower part of the ridge broke off from the
material. Figure 5 shows the erosion progress of the 9 mm
thick sample. The material at the peripheral ridge top
became opaque as the ridge became taller.
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Figure 3: Polyurea samples tested at 800 psi cavitating jet.
1 mm thick samples at 10 s (left) and 20 s (right).
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Figure 4: Polyurea samples tested at 800 psi cavitating jet.
3 mm thick samples at 10 s (left) and 20 s (right).

9 mm, 208
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Figure 5: Polyurea samples tested at 800 psi cavitating jet.
9 mm thick samples at 10 s (left) and 20 s (right).

The time evolution of the crater bottom depth relative to the
original surface is plotted in Figure 6 for the two pressures
tests. The depth of erosion shows a drastic difference
between the 1 mm sample and the other thicker samples
tested at 700 psi. The 1 mm sample did not fail up to 2
hours, while the 3 mm and 9 mm samples failed in a couple
of minutes. At 800 psi, all thickness samples showed
immediate erosion. The rate of progression of the erosion
depth was independent of the thickness and is about 0.2
mm/s for all three thicknesses. As the depth approached the
full coating thickness, erosion progression also stopped for
all three depths.

2.3 Effect of Polyurea Coating Type

Polyurea samples based on Versalink P650 and P1000 were
tested with the 800 psi cavitating jet and efforts were made
to measure at very small time intervals. Versalink P650 has
shorter chain of hydrocarbon molecules than P1000, and as
a result, the polyurea made of P650 is a little stiffer than
that made of P650. The new samples had nominal
thicknesses of the polyurea coating of 1, 1.5, and 2 mm. The
erosion damage evolved in a similar fashion as the earlier
samples described above and large craters formed. Figure 7
compares the depth of the erosion damage. All samples
experiences cavitation erosion starting with the first

measurement time of 5 s. The crater depth continued
increasing until it approached the coating thickness. The
erosion depth rate was in the 0.1 — 0.25 mm/s range with the
thicker samples showing the higher rates. No significant
difference between the P650 and P1000 compositions was
observed. In summary, both polyurea types behaved
similarly forming a crater and plastic flow under the
cavitating jet. In both cases the thinner coating was
stronger.
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Figure 6: Effect of sample thickness on the depth of erosion
for I mm, 3 mm, and 9 mm thick samples. The 1 mm thick
sample did not show any damage at 700 psi until
2 hours.
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Figure 7: Effect of sample thickness on the depth of
erosion for nominally 1, 1.5, and 2 mm coating thicknesses
of P1000 and P650 polyurea samples.

2.4 Effect of Temperature on Erosion of Polyurea

Since the material strength of polyurea is sensitive to
temperature (Amirkhizi et al., 2006), we investigated the
assumption that local and temporal overheating may be the



reason for the observed cavitation erosion. To do so, the
effect of temperature on the progression of cavitation
erosion was studied. The same test setup was used and both
P650 and P1000 polyurea samples were tested at different
temperatures. Both samples were nominally 2 mm thick but
the P650 coating was actually 2.14 mm thick and the P1000
coating was 1.92 mm thick.

For temperature above freezing, the temperature of the
water in the test chamber was controlled. Three such
temperatures were used for the tests: 5° £1°C, 20° £1°C,
and 40° +1°C. Ice was used to maintain the 5°C water,
while water was heated for the 20° and 40°C tests. The
sample was placed in water for a few minutes before
starting each interval so that the sample temperature
equilibrates with the ambient water temperature.

For the fourth sub-freezing temperature tests, the water
temperature was maintained at 5° +1°C. However, the
sample itself was subcooled. It was placed in the freezer for
several hours until its temperature reached —10°C. Before
submerging it in the water, its temperature was measured
with an infrared (IR) thermometer. Then it was inserted into
the sample holder and secured as quickly as possible.
Typical time between the submergence of the sample and
the beginning of the test was 20 s. The cavitating jet was
then operated for the predetermined time duration (5 — 20
s), and the sample was taken out immediately after the test.
The sample temperature was measured again using the IR
thermometer. Then the sample was returned to the freezer
and cooled for the next test interval. Figure 8 shows the
temperatures before and after for all test intervals. The
average temperature of the sample in this test is —7°C.
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Figure 8: Temperature of the polyurea sample before and
after the test intervals. The water temperature was
maintained at 5° +1°C in this test.
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Figure 9 shows the erosion pattern of the P1000 polyurea
tested at 40°C, and Figure 10 shows the erosion pattern of
the P650 polyurea tested at —7°C. The material behavior
under the cavitating jet is similar and a crater with plastic
flow forms at both temperatures; however, the cold
temperature sample resisted much longer than the hot
temperature sample.

Figure 11 shows the time history of the progression of the
erosion depth for the P650 samples. The sample at 40°C
started to show plastic deformation from the first
measurement point, while the —10°C sample did not show
noticeable deformation until 70 s. The resistance to
cavitation obviously increased when the temperature
decreased.

In Figure 12, the effects of temperature on erosion depth
progression in the P650 and the P1000 polyurea are
compared. P650 appears to be more resistant than P1000 at
the lower temperature but this effect is less obvious at the
higher temperatures. Overall the slopes of depth evolution
are quite similar. The incubation period (i.e. times after
which crater develops) is different between cases.

Figure 9: Progress of erosion on P1000 polyurea coating
under a cavitating jet at 800 psi, for the sample temperature
of 40° +1°C. Duration of exposure: 5 s (left) 25 s (right).

P650, 90 s P650, 130 s

Figure 10: Progress of cavitation erosion on the 2.14 mm
thick P650 polyurea coating under a cavitating jet at 800
psi, for the sample temperature of —7° +5°C. Duration of
exposure: 90 s (left) 130 s (right)
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Figure 11: Progress of cavitation erosion depth for four
different temperatures on the 2.14 mm thick P650 polyurea

coating under a cavitating jet at 800 psi.
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Figure 12: Progress of damage depth on 2.14 mm thick
P650 and 1.94 mm thick P1000 based polyurea coatings,

800 psi, various temperatures.

The incubation time for each condition can be extracted
from Figure 12. This is shown in Figure 13, which
compares the incubation time vs. temperature for the two
materials. The incubation time is longer for a lower
temperature, and the incubation time of P650 is longer than
that of P1000. The difference of the incubation time
between P650 and P1000 is prominent for medium
temperatures from 0°C to 20°C. When the temperature was
too cold or too hot, the difference between the two materials

reduced.
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Figure 13: Comparison of incubation time between the
2.14 mm thick P650 coating and the 1.94 mm thick P1000
coating for different material temperatures.

2.5. Static Load vs. Cavitation Erosion

The shape of the cavitation damage of polyurea is a crater
shape with a deep pit in the middle and elevated rim on the
periphery. One may say that the material was damaged by
the relatively high pressures imposed by the jet pushing
continually on the material during exposure and not

necessarily by the generated cavitation. In order to separate
cavitation erosion from the effect of the static jet pressure
puncturing the polyurea, the material response to a static jet
loading of the same magnitude in absence of cavitation was
investigated. This was done by subjecting the material to
the same jet pressure when the jet was in air and not
submerged.

Figure 14 shows the appearance of jet under the two
conditions; submerged on the left and in-air on the right.
For a fair comparison both jets should result in the same
stagnation pressure at the target (the polyurea sample). The
stagnation pressures at different standoff distances of the
cavitating jet were measured using a Pitot tube. Figure 15
shows the stagnation pressure along the centerline of the
cavitating jet versus the distance from the orifice. As the
figure illustrates, the pressure decays as 1/x as the standoff
distance x increases. This is due to energy losses in the jet
shear layer and the entrainment of ambient water and
spreading of the submerged jet. At a 1 inch standoff (where
the erosion tests were conducted), for the 0.086 inch orifice
at 800 psi nozzle pressure, the pressure drops to 200 psi. In
air at the same standoff, the jet does not practically decay as
there is much less entrainment. Also at that distance, a 200
psi jet in air is still continuous and has not started to break
into droplets (Figure 14).

Figure 16 compares the damage from a P650 sample tested
with the same nozzle in air at 200 psi and submerged at
800 psi since both generate the same 200 psi stagnation
pressure at 1 inch standoff. The 200 psi jet in air did not
make any visible damage on the sample even after 600 s.
Under submerged conditions and in presence of cavitation,
a significant crater forms after 25 s showing the evidence of
large plastic flow of the material. Just to reinforce the
conclusion, the jet was also run in air at 800 psi ignoring the
submerged jet stagnation pressure decay. This jet in air
forms a very small dimple on the P650 polyurea sample
after 600 s. The difference with the large crater formed
under cavitating conditions is very significant indicating
that cavitation bubble collapses and local heating of the
material are by far more damaging than a steady water jet in
air.

Figure 14: Cavitating jet with Ap = 800 psi (left) and jet in
air with Ap = 200 psi (right). The orifice diameter was
0.086 inch for both. Pitot tube was used to measure the
stagnation pressure of the cavitating jet.
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Figure 15: Measured stagnation pressure of a cavitating jet
with a nozzle pressure of 800 psi at various standoff
distances. The orifice diameter was 0.086 inch.
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Figure 16: Cavitating and non-cavitating jet damage on a
2.14 mm thick P650 polyurea sample. The smallest interval
in the ruler is 1/16 inch. Thee test locations on the same
sample are shown: from left, 25 s with an 800 psi cavitating
jet at 40°C, 600 s with a 200 psi jet in air, and 600 s with an
800 psi jet in air.

The time evolution of the depth of the various craters is
shown in Figure 17. While the cavitating jet (800 psi at the
nozzle, 200 psi at the target) made a 1 mm or deeper crater
after 50 s (at 20°C) and after 130 s (at —10°C), the jet in air
made only a small 0.5 mm deep damage for the 800 psi jet
and no damage at all for the 200 psi after 600s. These
experiments demonstrate that the cavitation is the major
mechanism that fails the material and the effect of static
pressure is negligible compared to the large magnitude
impulsive pressures generated by cavitation bubble collapse
(Chahine, Franc, & Karimi, 2014; Chahine, 2014; Chao-
Tsung Hsiao, Jayaprakash, Kapahi, Choi, & Chahine,
2014).
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Figure 17: Time evolution of crater depth in the polyurea
for cavitating jets and non-cavitating jets.

The above cavitation erosion tests indicate that polyurea
coating shows the following behavior when exposed to a
cavitation field:

o Damage is in the form of a crater with plastic flow
of the material along the rim

e Thinner coating resisted cavitation erosion better
than thicker coating (within the ranges tested)

e Polyurea resistance to cavitation increased with
lowered temperatures.

The observations suggest that the material heats up enough
to change behavior due to the fluctuating loads exerted by
the cavitation field and the associated deformations of this
viscoelastic material. Even in the elastic range of
deformation, the viscous part of the material damps the
strain and dissipates the strain work into heat. The thinner
coatings may have the advantage of a more limited
deformation by the total thickness of the coating, and by the
possibility that the generated heat dissipates better in the
aluminum substrate which is a much better heat conductor.

3 NUMERICAL SIMULATIONS

In order to understand further the physics, numerical
simulations of the damage of the material under cavitation
load is studied at the microscopic level using single bubble
dynamics and fluid structure interaction simulations.

3.1 Structure Dynamics Modeling

The dynamics of the material response was studied by using
the finite element model, DYNA3D, which is a non-linear
explicit structure dynamics code developed by the Laurence
Livermore National Laboratory (Whirley & Engelmann,
1993). DYNA3D uses a lumped mass formulation for
efficiency. This produces a diagonal mass matrix M, to
express the momentum equation as:

2
MIX_E

dtz ext I:int ! (1)



where F,, represents the applied external forces, and Fj, the

internal forces. The acceleration, a=d’x/d?, for each
element is obtained through an explicit temporal central
difference method. Additional details on the general
formulation of DYNA3D can be found in (Whirley &
Engelmann, 1993).

3.2 Material Model

In DYNA3D, many material models are available. The
Johnson-Cook material model (Johnson & Cook, 1983) was
selected because the model allows plastic deformation of
the material, modeling of strain rate effects, and output of
the temperature distribution in the material. The model
describes the stress-strain relation by the following
phenomenological equation:

o =[A+Be"I[L+C & IL-(TH"]. @)

where, the normalized strain rate, ¢ =¢/(1s™), is the

strain rate relative to 1 s, and the normalized temperature,
T =(T-T,)/(T,-Tg) represents the current temperature,

T, in relation to the reference temperature, Tg, and the
melting temperature, Ty,

Split Hopkinson Pressure Bar (SHPB) tests were conducted
with the polyurea samples. Figure 18 shows a picture of the
SHPB test setup we used. The sample was sandwiched
between two long bars; an input bar and an output bar. A
stress wave traveling along the input bar hits the sample,
travels through the sample and onto the output bar. A
portion of the wave is reflected at the interface of the input
bar and the sample. The strain signals of the input wave,
transmitted wave, and the reflected wave are recorded, and
the stress-strain relation is extracted from the three waves
and the known properties of the bar material (Kolsky,
1949).

A Series of tests were conducted at various strain rates up to
12,000 s*. Figure 19 shows the stress-strain relations thus
obtained and curve-fitted with these parameters.

A = 0.43 MPa,
B = 0.14 MPa,
©)
n = 0.613,
C = 16L

The temperature exponent, m, in (2) was approximated by
1.5, a typical value for polymeric materials, and a high
enough melting temperature, 750°K, was used to prevent
weakening of the material by temperature within the range
of the simulations described below. The initial temperature
and the reference temperature, Tg, were set to 298°K. Other
physical parameters needed for the material model were
taken from (Amirkhizi et al., 2006):

Density, p= 1.11¢g /em3,

Shear Modulus, G = 41.3 MPa,
Bulk Modulus, K = 4.94 GPa,
Specific Heat, C, = 1.77 J / g—°K,

(4)

; s et i
Figure 18: Split Hopkinson Pressure Bar experiment
facility at DYNAFLOW.

DYNA3D calculates the temperature in the material based on
the plastic work the material goes through. For the
simulations presented in this paper, 90% of the plastic work
was assumed to convert into the heat, and no heat
dissipation was included because of the very short time
scale of the cavitation bubble loading, a few tens of us. The
temperature, &, can then be obtained by integrating
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where op is the stress tensor, and gup is the effective
plastic strain tensor.
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Figure 19: Stress-strain relations of polyurea at different
strain rates obtained from Split Hopkinson Pressure Bar
experiment.



3.3 Synthetic Cavitation Loading

Even though fluid-structure coupled simulations are feasible
(Chahine, Kalumuck, & Duraiswami, 1993; Chahine, 2014;
Chao-Tsung Hsiao, Jayaprakash, Kapahi, Choi, & Chahine,
2014; Chao-Tsung Hsiao & Chahine, 2015), it is difficult in
such simulations to vary systematically the impact pressure
magnitude and duration. In order to study the effect of
magnitude of the impact loads systematically, synthetic
loading was considered in this paper. Previous numerical
and experimental studies (Jayaprakash, Chahine, & Hsiao,
2012; Singh, Choi, & Chahine, 2013; Chahine, 2014; Choi,
Jayaprakash, Kapahi, Hsiao, & Chahine, 2014) indicate that
the pressure peaks in the cavitation fields can be represented
well with a Gaussian function in space and time. Figure 20
illustrates that an experimentally recorded pressure pulse
under a cavitating jet can be well fitted using a Gaussian
pressure pulse. The same can be also observed under
ultrasonic and hydrodynamic cavitation conditions (Singh
etal., 2013).

Thus, in this paper, an idealized time and space varying
impact pressure loading, P(r,t), is considered and has the
following expression:

P(r,t) = P (A0 g (A" (6)

where Pg is the amplitude of the pressure pulse, 4t is the
characteristic loading duration, and Ar is the characteristic
radius of the loading footprint.
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Figure 20: Magnified view of a pressure signal peak
measured in the intense cavitation field due to a cavitating
jet (red curve), and representation of a single cavitation
event using a Gaussian function (blue curve) (Singh et al.,
2013).

Based on the typical load ranges in previous numerical and
experimental studies of cavitation erosion (Jayaprakash,
Choi, et al., 2012; Singh et al., 2013; Hsiao, Jayaprakash,
Kapahi, & Choi, 2014), the following values were used in
this paper: Py between 50 MPa and 500 MPa, At = 0.1 ps,
and Ar =100 pm.

3.4 Material Response

The response of the material to the cavitation loading is
shown in Figure 21 for five selected loading amplitudes: 50,
100, 200, 400, and 500 MPa peak values. The pit shapes at
each pressure amplitude and the corresponding temperature
distribution inside the material under the pit are shown. For
all amplitudes, the pit radius is about the same and is about
150 um. This is in the same order as the radial extent of the
pressure load, Ar = 100 um. At low amplitude impulsive
pressures, the pit shape is shallow, but the high temperature
rise region is narrow and deep right under the pit. For
higher amplitude impulsive pressures, the pit is deeper, but
the high temperature rise region remains close to the surface
and spreads along the surface of the pit.

Figure 22 shows the value of the maximum temperature rise
for these simulations as a function of the impulsive pressure
amplitude. The temperature rise increases monotonically as
the amplitude of the pressure load increases. For the 500
MPa amplitude load, the maximum temperature rise was
predicted to be 28°C.

3.5 Cavitation Damage Mechanism

From this study, a hypothetical description of the major
mechanisms of cavitation damage on polyurea is as follows.
Polyurea is a viscoelastic material with strength sensitive to
temperature. The material deforms substantially locally
when exposed to microscopic pressure loads in a cavitation
field. The work associated with the plastic deformation is
absorbed by the viscosity of the material, and the resulting
heat accumulates due to slow conduction and this increases
the temperature in the material. Formation of numerous
micro pits, heating of the material underneath each pit, and
repeated cavitation bubble load thus increases the
temperature of the bulk material. As the temperature
increases, this polymeric material becomes soft and flows
pushed away by the mean stagnation pressure of the jet. The
material deforms into a deep crater and the flowed material
bulges out of crater rim and can be easily torn away by
shearing action of the jet flow.

4 CONCLUSIONS

Cavitation erosion tests were conducted on polyurea
coatings of two different compositions and various
thicknesses using cavitating jets. The polyurea coating
eroded relatively fast at cavitating jet pressures higher than
700 psi. The damage was in the form of a crater with the
material pushed out forming a ridge around the crater with
strong evidence of plastic flow.
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Figure 21: Numerically computed deformation of polyurea
by a cavitation bubble collapse for synthetic impact load
amplitudes of (a) 50, (b) 100, (c) 200, (d) 400, and (e) 500
MPa peak values. Load radial extent, 4r = 100 pm, and
duration, 4¢ = 0.1 ps. Color contours represent the
temperature rise from the initial temperature.
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Figure 22: Maximum temperature rise in polyurea due to a
cavitation bubble collapse versus impact load, radial extent,
Ar =100 um and duration, At =0.1 ps.

Thinner coating resisted cavitation better than thicker
coating. The material resistance to cavitation erosion
increased significantly at low temperatures. This behavior is
very different from that of metals and may be explained by
the viscoelastic nature of the polyurea.

In order to understand the response of polyurea to cavitation
loading, numerical simulations were conducted with
synthetic loads similar to the loading from single cavitation
bubble collapse impulsive loads. The simulations showed
that the polyurea material can heat up as high as 28°C under
the pits. The temperature rise increased continuously with
the amplitude of the pressure load. Accumulation of heat
from the large number of microscopic bubble loading would
increase the temperature in the bulk material in the
cavitating jet region. The material shear modulus drops as

the temperature increases. This is followed by material
plastic flow and large crater shape deformation.
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