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Abstract—After 15 min ultrasonic cavitation, the cavitation
damages on mild carbon steel (Q235) and silica glass were
distinguished from each other due to their different physical
properties and failure modes. Q235 steel usually suffered
plastic deformation under cavitation and had distinctively
distributed pits on the surface due to its good toughness, which
looked like craters with sunken center and raised smooth
margin. While the damage on silica glass surface was irregular
with sharp edges, which was resulted from the good hardness
and brittle property of glass. The cavitation erosion of silica
glass began with nano scaled cavities, and expanded through
cracks on the free surface around cavities, then finally ended
with large-area collapse of material. Additionally, simplified
have been calculated to discuss the

numerical models

formative factor of multiple damage types.

Keywords—cavitation damage; Q235 steel; silica glass; failure

mode; COMSOL

I. INTRODUCTION

The rapid alteration of underwater pressure in high-rate
flow areas may lead to cavitation [1]. This common event is
generally responsible for the occurrence of micro damages
or cavitation erosion, which usually appears on treated
surfaces of repeated application and causes an undesirable
reduction of the lifetime of engine components dealing with
fluids involved for industrial or engineering applications
(ships propellers, pumps, valves, turbines, nozzles, etc.) [2,
3]. Metallic materials (steel or metal alloys), Non-metallic
materials (polymer materials or glasses) with different
physical properties or structures have usually been used in

the manufacture of hydraulic components because of their
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different performance advantages.

However, all these materials have to suffer from damage
in multiple types due to mechanical impaction during
cavitation erosion. Chen et al. had found three kinds of
erosion pits (e.g. complete, incomplete and thermal pits) on
40Cr steel surface and explained their formations by the
simulation of a bubble collapse process [4]. What’s more,
they had also investigated the brittle fractures appeared on
the medium carbon steel surface at the incubation stage of
cavitation erosion [5]. While Matthieu et al. analyzed the
phenomena and mechanisms of acoustic cavitation erosion
on two glasses, soda lime and fused silica, and pointed out
that the correlation between chemical durability and erosion
resistance was not obvious [3]. So although numerous
researches about cavitation erosion on different material
surface have been done, the formative factors of different
erosion types on materials remain uncertainty.

Here, in this work, the cavitation erosion characters of
two typical materials, e.g. ductile material: mild carbon steel
(Q235) and brittle material: silica glass (SiO,), were
(SEM),

metallographic microscope. Also, a numerical method was

analyzed by scanning electron microscope
adopted to further investigate the formative factors of these

different damages.

II. EXPERIMENTAL SCHEMATICS
The experiments of cavitation erosion on mild carbon
steel and silica glass samples were performed in an
ultrasonic vibration system, as shown in Fig. 1. The horn
with a diameter of 15 mm vibrated axially in a frequency of
20 kHz and amplitude of £ 6 pum. The samples were

mounted on the install table facing the tip of the vibration
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Fig. 1. Experimental setup and samples: (a) ultrasonic cavitation system;
(b) samples; (c) sample sizes.
horn at a certain separation distance of 5 mm.

The carbon steel (Q235) and silica glass surfaces were
polished respectively to a surface roughness (Ra) of 36.67
nm = 10 nm and 1.62 nm + 1 nm, which was tested by an
optical profiler (Wyko NT9100). The properties of these
two materials were shown in Table 1. During the experiment,
cavitation bubbles, whose collapses near a solid surface can
cause cavitation erosion, were generated at the tip surface of
vibration horn and directly moved toward the surface of the
samples. After 15 min, the samples were taken out to clean
and dry. Thereafter, the damages were observed under
scanning electron microscope (SEM, FEI-FEG650) and
metallographic microscope (ZEISS-Axio Imager A2m).

III. NUMERICAL MODEL
According to some references, an ultrasonic cavitation
bubble with a maximum radius of 50 um usually generated
a micro-jet with a diameter of 10 um [6, 7]. So in this model,
the impact of the micro-jet was simplified as an
Also,

considering the time hysteresis effect from periphery to

instantaneous load, just like Fig. 2(a) shows.

center caused by the round head of micro-jet [8], the load
area was divided into five sections (P;-Ps, as displayed in
Fig. 2(b)) uniformly to add the same impact load in different
times.

The impact load was given by the well-known Water

Hammer Pressure Pywy = pr- cL* Viet [9] and the Bemoulli

TABLE I.  LIST OF MATERIAL PROPERTIES
Material
Property (Unit)
Carbon steel (0235) Silica glass

Density (kg/m?) 7858 2203
Young’s modulus (GPa) 200 66.13
Poisson’s ratio 0.25 0.17

Initial yield stress (MPa) 235 —

[sotropic tangent modulus (MPa) 6100 —

(a)

10pm - ’ - ‘ ~_ Load area

Micro-jet

Ny

Load area

= P T,
o Py 1600
P
v P 800
<« P T T

(1] 3
0 10 20 30 40 50| s
Time (ns)

—_
<
—
=
=4

0

=]
=]
S

>

4 500
e ;
SN KE
Fixed bottom face ="

(Fixed Constraint) Unit: pm y
500

Load pressure (MPa)
o
>
=
-

]
=] =3
o

-

0 200 400 600 800 1000
Time (ns)

Fig. 2. Simplified numerical model: (a) schematic diagram of micro-jet
impact; (b) detailed view of impact area; (c) impact load curves; (d)
sample mesh.

Stagnation Pressure Py = (pr- vjetz)/2 [10], where vj is the
striking velocity of jet (here vj; was set as 1040 m/s [11-14]),
pu is the density of liquid and ¢ is the sound speed in liquid.
What’s more, the duration 7 of Water Hammer Pressure, the
time 7' for Water Hammer Pressure to attenuate to the
Bemoulli Stagnation Pressure, and the duration 7, of
Bemoulli Stagnation Pressure, could be evaluated by
=d/2cy, T = 3d/2cy [15] and 7=27+7 [16], where d is the
diameter of jet. Then, the load curves were derived in Fig.
2(c) and used to simulate the striking process of micro-jet
on sample surface in the software COMSOL Multiphysics.
The sample in the model was simplified as a thin cylinder to
reduce calculation and meshed into a total element number
of 53, 326, as shown in Fig. 2(d), and its bottom face was
fixed without any rotation or translation to consistent with
the experimental condition. Additionally, the time step was
set as 1 ns for the first 52 ns, and increased to 50 ns after
that.

IV. RESULTS AND DISCUSSIONS

A. Cavitation Erosion on Carbon Steel Surface

Fig. 3 shows the surface profiles of carbon steel after
cavitation under metallographic microscope and SEM. The
colorful and even overlapping circles, which actually called
erosion pits and iridescent rings on Fig. 3(a) indicated that
the cavitation erosion experiment was success. A detailed
view of erosion pit and iridescent ring was shown in Fig.
3(b) and (c).

The carbon steel used in this experiment was Q235, an
elastic-plastic metal. This material would experience two

deforming stages when it suffered an increased impact



within a short time, as shown in Fig. 4, which gave the
numerical results about the formation process of an erosion
pit on steel surface. The elastic deformation was the main
type in the first deforming stage (from Fig. 4(a) to Fig. 4(b)),
and then plastic deformation occurred when the impact load
was higher than the material’s yield stress (Fig. 4(c)). In the
process of cavitation, the impact load of micro-jet induced
by bubble collapsing was far more than steel’s yield stress.
When it struck on metal surface, the micro crystal structure
of material in impact area would badly crack and shift in an
instant [5]. However, because of the steel’s good toughness,
the central material had to be pushed to peripheral region
instead of peeling off. That’s why the pits distributed
distinctively and looked like craters with sunken center and
raised smooth margin (Fig. 3(b) and Fig. 3(c)).

Moreover, the nanometer particles found around erosion
pit in Fig. 3(b) indicated that the impact area had suffered
an instantaneous very high temperature during cavitation
damage, which led to the melt but rapid crystallization of
surrounding metal [17]. Additionally, the heat damage of
steel could also be proved by the iridescent ring in Fig. 3(c).
The ring is the production of high-temperature oxidation on

steel [18], which differed from the damage types of other

materials under cavitation erosion.

Fig. 3. Surface profiles of Q235 steel after cavitation: (a) Whole view of
damages under metallographic microscope; (b) erosion pit under

SEM; (c) iridescent ring area around a pit.
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Fig. 4. Numerical results about the formation process of erosion pit on

Q235 steel surface.

B.  Cavitation Erosion on Silica Glass Surface

Compared with Q235 steel, silica glass was much easier
to be damaged in cavitation because of its good hardness
but poor toughness, which contributed to a high brittleness
index (hardness/toughness) [3]. High brittleness index
usually leads to a transformation of damage types from
ductile to brittle. While the common feature of brittle
damage was the stripping of material and expanding
irregular cracks, which could explain that it is easy for silica
glass to generated nano scaled cavities under the impact of
cavitation micro-jet, as shown in Fig. 5(a). These cavities
were combined through irregular cracks and expanded to
break a certain area [19]. It can be found in Fig. 5(b) that the
shape of damage on silica glass was irregular with sharp
edges and the free surface around the damage area was
serious affected by generating cracks. Finally, the glass
surface collapsed in large scale (Fig. 5(c)), and its surface
roughness decreased (Fig. 5(a)), which would lead to more
Additionally,

simulation about the formation of a cavity at the initial stage

serious cavitation erosion. a numerical
of cavitation damage on silica glass surface was also carried
out in Fig. 6. A little elastic deformation of silica glass could
be observed due to its slight elastic characteristic, while the

formed pit in the final result was so shallow that an enlarged

picture had shown the details. The raised part around the pit

500pm

Fig. 5. SEM photos for surface profiles of silica glass after cavitation: (a)
Whole view of cavitation damages, a cavity is enlarged in red box;
(b) detailed view of local damage; (c) surface collapse.
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Fig. 6. Numerical results about the formation process of damage on silica
glass surface (the raised part in red dotted box would peel off in real

damage process).



in final result presented by the red dotted box would peel off
in the real damage process, which meant the formation of a

cavity.

V. CONCLUSION

Ultrasonic cavitation experiments and corresponding
numerical methods have been carried out on the surface of
mild carbon steel (Q235) and silica glass. The results
distinguished the damage types of the tested materials and
revealed that the formative factor was due to the failure
modes of materials with different physical properties under
transient and enormous local load. For steel, the pits
distributed distinctively and looked like craters with sunken
center and raised smooth margin, which was due to the good
toughness of steel and plastic deformation during cavitation
erosion. While, the irregular damage with sharp edges on
silica glass began with nano scaled cavities, and expanded
through cracks on the free surface around cavities, then
finally ended with large-area collapse of material. This
damage type was results from the good hardness and brittle
character of glass. An understanding of the damage types
and mechanism in the typical materials will help facilitate
the development of metallic or non-metallic materials able

to resist cavitation erosion in many potential applications.
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