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1. Introduction

Pipes operating in the seawater environment faces cav-
itation degradation, corrosion of the metallic component, 
as well as a deleterious synergistic effect [1-4]. Cavitation 
degradation shows the mechanism by which materials de-
teriorate by the causing of rapid change of pressure or 
high-frequency vibration in the solution, and the in-
troduction of the formation and explosion of bubbles. 
When the bubbles explode on the surface, micro-jets with 
high velocity and impact pressure including instantaneous 
high temperature can be formed [5,6] This impact energy 
and increased temperature induces cracking through plas-
tic deformation and the propagation of cracks degrades 
the surface, causing erosion and corrosion [7-9]. 

Recently, we reported the effect of ultrasonic amplitude 
on the cavitation corrosion rate of 0.42 % C carbon steel 
in 3.5 % NaCl at 15 oC [10]; The corrosion rate of the 

specimen in the stagnant test solution was 0.02 mm/y, 
but in the case of 2 h cavitation corrosion test, the corro-
sion rate was 5.72 mm/y, and as the ultrasonic amplitude 
increased, the corrosion rate was greatly increased; at the 
ultrasonic amplitude 85 μm, the corrosion rate was abrupt-
ly increased to 21.63 mm/y. 

Since the low corrosion resistance materials showed a 
very high corrosion rate, rubber lined steel pipes in a cav-
itation environment have been used for protection from 
seawater corrosion inside the pipeline. As the pipeline op-
erates for a very long time over several tens of years, 
many cases of degradation have been reported, which have 
been caused by the aging of the lining materials, such 
as cavitation erosion in high flow velocity parts including 
the narrowed cross-sectional area of valves and orifices, 
slurry abrasion, and cracking due to the degradation of 
physical properties [11-14]. In order to enhance the per-
formance of materials in a harsh and/or cavitation environ-
ment, several materials have been developed and eval-
uated; rubber [15,16], composites [17,18], metals [19], etc. 
Each composite material systems was usually evaluated 
using a modified ASTM G32 vibratory induced cavitation 
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test method. This indirect cavitation method (in this work, 
called ‘Practice B’) in which the sample was held sta-
tionary at a distance under the oscillating horn tip, gives 
a variety of flexibility in evaluating both cored composites 
and soft elastomer materials, because of the differences 
in the cavitation energy imparted to the sample, and the 
size of the cavitation area [19]. In order to rate the cav-
itation resistance of materials, a constant conditions (ex. 
20 kHz and a certain ultrasonic amplitude) have been used. 
However, while a dynamic cavitation condition can be 
generated in a real system, there have been few reports 
on the effect of ultrasonic amplitude on the cavitation re-
sistance and erosion mechanism of composites. 

In this work, three kinds of epoxy coatings were used 
and the cavitation resistance of the epoxy coatings was 
evaluated in 3.5% NaCl at 15 oC using an indirect cav-
itation method. The cavitation mechanism of epoxy coat-
ings is discussed on the basis of mechanical properties 
and the effect of ultrasonic amplitude on the degradation 
of coatings.

2. Experimental Methods

2.1 Materials

Three kinds of epoxy coating were used, and each speci-
men was made by the respective supply company. In this 
work, ‘A coating’, ‘B coating’, and ‘C coating’ are des-
ignated, respectively. All specimens for cavitation test 
have 3 mm thickness and 29 mm diameter. 

2.2 Mechanical test

Several mechanical tests for the three kinds of coatings 
were performed according to each standards as follows; 
compressive strength [20], flexural strength and modulus 
[21], tensile strength and elongation [22], Shore D hard-
ness [23], water absorptivity [24], impact test [25], wear 
test [26] for coating only and pull-off strength for epoxy 
coating/carbon steel or epoxy coating/rubber/carbon steel 
[27]. 

2.3 Cavitation erosion test

2.3.1 Test equipment and test condition

The cavitation erosion tester (R&B-RB111-CE, Korea) 
was made by a magnetostrictive-driven method and by 
modifying ASTM G32 standard [10,28]; Maximum power 
output of the tester was 1,000 W, and an ultrasonic trans-
ducer showing (20 ± 5 KHz) was used. The horn tip was 
made by super duplex stainless steel (Fe-25.8Cr-2.3Mo 
-0.2W-0.5Si-10.7Ni-0.65Mn-0.03C-0.42N), and its diam-
eter was 16 mm. The distance between the horn tip and 

specimen was 0.5mm and a freshly ground (# 2,000 SiC) 
horn tip was used in every test. Fig. 1 shows a schematic 
of the cavitation erosion tester using an indirect cavitation 
method. Test specimen having a diameter of 29 mm was 
used as-fabricated, and after installing in a test cell, cav-
itation erosion tests were performed for 2, 4, and 6 h using 
an ultrasonic amplitude of 15, 50, and 85 μm (in this 
work, the peak-to-peak amplitude was termed ‘ultrasonic 
amplitude’). The cavitation erosion rate was calculated on 
the basis of weight loss.

2.3.2 Surface analysis

Surface morphology was observed using a digital cam-
era, 3D Stereographic microscopy (HIROX, KH-7700, 
Japan), FE-SEM (TESCAN, LYRA 3 XMH, Czech 
Republic) and EDS(TESCAN, VEGA II LMU, Czech 
Republic). The surface of the specimen for the analysis 
was coated with osmium. 

3. Results and Discussion

3.1 Specimen and mechanical properties of epoxy coatings

This work used three kinds of coatings. Because each 
of the three kinds of specimens was made by different 
manufacturer, the specimen preparation procedure was 
different. Fig. 2 shows the surface appearance before 
cavitation erosion test of A coating, B coating, and C 
coating; Fig. 2a, b, c show the photos by digital camera, 
and A and B coating are ivory-colored, while C coating 
is green-colored. Fig. 2a', b', c' reveal the topography 
(magnification; ×35) on the surface of the A, B, and C 
coatings by 3D stereographic microscopy respectively. 
Every coating has a range of roughness, and the max-
imum depths of A, B, and C coatings were 110.7, 270.2 
and 53.5 μm respectively. Fig. 2a", b", c" depict the SEM 
image of A, B, and C coatings respectively. Coatings 
were composed of the matrix and the compound. A and 
B coatings (magnification; ×500) had thin and flat com-

Fig. 1 Schematic of the cavitation erosion test equipment.
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pounds, but C coating (magnification; ×2,000) showed a 
small and polygonal compound. Table 1 shows the 
chemical composition of the three kinds of coating ob-
tained from EDS analysis. The matrices were the ep-
oxy-base materials composed of carbon and oxygen, re-
gardless of the A, B, and C coating. The compounds of 
A and B coatings were composed of oxygen and silicon, 

including several elements, such as Na and Ca. On the 
other hand, the compound of C coating was composed 
of oxygen and silicon and carbon etc. (The exact chem-
ical composition could not be identified, because of each 
manufacturer’s proprietary know-how). 

Table 2 summarizes the mechanical properties of the 
three kinds of coating. Mechanical tests performed were 

Coatings wt% C O Si Ti Na Mg Al K Ca Zn Total

A
Matrix 26.6 72.02 0.52 0.86 - - - - - - 100

Compound - 46.51 33.22 - 7.84 1.48 2.41 0.86 4.89 2.79 100

B
Matrix 26.51 72.03 0.91 0.55 - - - - - - 100

Compound - 45.41 33.11 - 6.59 1.58 2.99 1.88 5.72 2.72 100

C
Matrix 26.78 72.26 0.57 0.39 - - - - - - 100

Compound 5.11 56.9 37.99 - - - - - - - 100

Table 1 Chemical composition of the three kinds of coating obtained from EDS analysis

(a) (b) (c)

(a') (b') (c')

(a'') (b'') (c'')

Fig. 2 Surface appearance before cavitation erosion test of (a, a', a") A coating, (b, b', b") B coating, (c, c', c") C coating; (a)(b)(c)
Digital camera, (a')(b')(c') 3D Topography, (a")(b")(c") SEM image.



ULTRASONIC CAVITATION BEHAVIOR AND ITS DEGRADATION MECHANISM OF EPOXY COATINGS IN 3.5 % NACL AT 15 oC

29CORROSION SCIENCE AND TECHNOLOGY Vol.20, No.1, 2021

the compression test, flexural test, tensile test, surface 
hardness measurement, water permeation test, impact test, 
wear test, and pull-off test according to each standard. 
Each test was performed 3 times and the mechanical prop-
erties were averaged. Among the properties, smaller water 
absorptivity and wear index mean better. Table 3 reveals 
the mechanical properties for each coating that were eval-
uated as excellent. The A coating shows excellent flexural 
modulus, water absorptivity, Shore D hardness, and im-
pact resistance, while B coating shows excellent com-
pressive strength and impact resistance. On the other hand, 
C coating reveals the seven kinds of excellent properties 
– flexural strength, tensile strength and tensile elongation, 
Shore D hardness, wear index, and pull-off strengths.

3.2 Ultrasonic cavitation erosion rate and its failure 
mechanism of epoxy coatings

[Effect of ultrasonic cavitation time and amplitude on 
the cavitation erosion rate]; Fig. 3 shows the effect of 

cavitation time on the cavitation erosion rate of epoxy 
coatings and carbon steel in 3.5% NaCl at 15 oC. Note 
that the rate of carbon steel was referred to our recent 
report reference [10], Fig. 3a was ultrasonically cavitated 
under the ultrasonic amplitude of 15 μm. As the cavitation 
time was increased, the cavitation erosion rate increased, 
regardless of the materials. Its rate of carbon steel was 
relatively higher than the coatings, but the resistance of 
C coating was the best. Fig. 3b shows the result under 
ultrasonic amplitude of 50 μm. As the cavitation time was 
increased, the cavitation erosion rate increased regardless 
of the materials, but the cavitation erosion rates of A and 
B coatings were higher than that of carbon steel and C 
coating revealed the best resistance. Fig. 3c depicts the 
cavitation erosion rate under ultrasonic amplitude of 85 
μm. B and A coatings revealed very high cavitation ero-
sion rate over 80 mm/y, regardless of the cavitation time. 
Since these rates were very much higher than that of car-
bon steel, these mean that A and B coating cannot protect 

Property Unit A coating B coating C coating Reference

Compressive strength MPa 73.2 95.8 81.2 ASTM D695[20]

Flexural strength MPa 35.6 59.4 94.1
ASTM D790[21]

Flexural modulus GPa 5.29 5.02 5.13

Tensile strength MPa 15.3 30.8 59.2
ASTM D638[22]

Tensile elongation % 0.34 0.71 1.61

Shore D hardness D 88 82 88 ASTM D2240[23]

Water absorptivity g/m2·day 0.43 0.93 2.6 KS F4936[24]

Impact resistance N·m 12.25 12.25 9.8 ASTM D2794[25]

Wear index mg 141 166 4 ASTM D4060[26]

Pull-off strength
[coating/carbon steel]

MPa 0.8 0.7 1.7

ASTM D4541[27]
Pull-off strength

[coating/rubber/carbon steel]
MPa 7.8 8.1 18.2

Table 2 Mechanical properties of the three kinds of coating

Coatings Excellent mechanical properties

A
1. Flexural modulus 2.Shore D hardness 
3. Water absorptivity 4. Impact resistance

B 1. Compressive strength 2.Impact resistance

C

1. Flexural strength 2. Tensile strength 
3. Tensile elongation 4. Shore D hardness 
5. Wear index 
6. Pull-off strength [coating/rubber/carbon steel]
7. Pull-off strength [coating/carbon steel]

Table 3 The mechanical properties that were evaluated as excellent for each coating
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the base metal of the pipe in this cavitation condition. 
However, C coating showed the best cavitation erosion 
resistance in this condition. 

On the other hand, Fig. 4 shows the effect of ultrasonic 
amplitude on the cavitation erosion rate of epoxy coatings 
and carbon steel in 3.5% NaCl at 15 oC. The rate of carbon 
steel was referred to the reference [10]. Regardless of cav-
itation time, as the ultrasonic cavitation amplitude was 
increased, the cavitation erosion rates of A and B coatings 
increased gradually until the amplitude of 50 μm. 
However, the cavitation erosion rates abruptly increased 
at amplitude 85 μm. In the case of carbon steel, its rate 
relatively gradually increased with the amplitude. As de-
scribed above, C coating revealed the best cavitation 
resistance. 

[Relationship between cavitation rate and mechanical 
properties]; Fig. 5 compares the relationship between the 
cavitation resistance of epoxy coatings, and the follow-
ing properties: (a) compressive strength, (b) flexural 
strength, (c) flexural modulus, (d) impact resistance, (e) 
Shore D hardness, (f) water absorptivity, (g) tensile 

strength, (h) wear index, and (i) pull-off strength for 
coating/rubber/carbon steel. Cavitation rate was de-
termined at the amplitude of 85 μm for 6 h in 3.5% 
NaCl at 15 oC as shown in Fig. 3 and 4. Fig. 5a, shows 
that there is little relationship between the compressive 
strength and cavitation resistance, because of the very 
low determination coefficient of 0.0695. Fig. 5b and 5c 
show there is close relationship between the flexural 
strength and cavitation resistance, because of the high 
determination coefficient of 0.7564, unlike flexural 
modulus. Fig. 5d shows that there is little relationship 
between impact resistance, and cavitation resistance be-
cause higher impact resistant coating revealed high cav-
itation rate. Fig. 5e shows that there is little relationship 
between Shore D hardness and cavitation resistance, be-
cause of the very low determination coefficient of 
0.3408. Fig. 5f shows that there is little relationship be-
tween the water absorptivity and cavitation resistance 
because lower water absorptive coating revealed high 
cavitation rate. Fig. 5g shows that there is close relation-
ship between tensile strength and cavitation resistance 

(a) (b) (c)

Fig. 3 Effect of cavitation time on the cavitation erosion rate of epoxy coatings and carbon steel in 3.5% NaCl at 15 oC(the 
rate of carbon steel was referred to the reference [10]); (a) ultrasonic amplitude 15 μm, (b) ultrasonic amplitude 50 μm, and 
(c) ultrasonic amplitude 85 μm.

(a) (b) (c)

Fig. 4 Effect of ultrasonic amplitude on the cavitation erosion rate of epoxy coatings and carbon steel in 3.5% NaCl at 15 oC(the
rate of carbon steel was referred to reference [10]); (a) after 2 h, (b) after 4 h, (c) after 6 h. 
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because of the high determination coefficient of 0.8066. 
Fig. 5h shows that there is close relationship between 
the wear resistance and cavitation resistance, because of 
the very high determination coefficient of 0.9981. Fig. 
5i shows that there is close relationship between the 
pull-off strength and cavitation resistance, because of the 
very high determination coefficient of 0.9999. In sum-
mary, flexural strength, tensile strength, wear resistance 
and pull-off strength were closely related to the cav-
itation resistance of the coating.

In order to compare the cavitation erosion resistance of 
the coated sample, we prepared the epoxy-coated rub-
ber-lined carbon steel, and performed the cavitation ero-
sion test on the cross section of the specimen. Fig. 6 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5 Relationship between the cavitation resistance(ultrasonic amplitude 85 μm, 6 h) of epoxy coatings and the following properties:
(a) compressive strength, (b) flexural strength, (c) flexural modulus, (d) impact resistance, (e) Shore D hardness, (f) water absorptivity,
(g) tensile strength, (h) wear index, and (i) pull-off strength[coating/rubber/carbon steel].

(a) (b) (c)

Fig. 6 Appearance of the cross section of coatings/rubber/carbon
steel after cavitation erosion test in 3.5% NaCl at 15 oC (Amplitude
85 μm, 2 hours cavitation, SEM, ×200): (a) A coating, (b) B
coating, and (c) C coating.
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shows the appearance (SEM, ×200) of the cross section 
of coatings/rubber/carbon steel after cavitation erosion 
test in 3.5% NaCl at 15 oC. The amplitude was 85 μm 
and 2 h cavitation was applied. As confirmed in the fig-
ures, the coating, and the interface between the coating 
and rubber, of A and B coatings were severely cav-
itation-eroded, but the C coating/rubber specimen showed 
excellent performance.

[Cavitation mechanism of 3 kinds of epoxy coatings]; 
Fig. 7 shows the surface appearance (digital camera) of 
a, a', a" A coating, b, b', b" B coating, and c, c', c" C 
coating after cavitation corrosion test using ultrasonic 
amplitude of 85 μm in 3.5 % NaCl at 15oC. Fig. 7a, b, 
c are for 2 h cavitation time, Fig. 7a', b', c' are for 4 
h cavitation time, and Fig. 7a", b", c" are for 6 h cav-
itation time. As the cavitation time was increased, the 
cavitated surfaces were greatly roughened, and the ex-
tent of the damaged area of A and B coatings was se-
verely larger than that of C coating. These trends co-
incided in the results of Fig. 3 and 4. Fig. 8 reveals the 
3D topography of a, a', a" A coating, b, b', b" B coating, 
and c, c', c" C coating after cavitation corrosion test us-
ing ultrasonic amplitude of 85 μm in 3.5 % NaCl at 15 
oC. When the cavitation time was 6 h, the maximum 
depths of damage of the coatings were 1780, 1850 and 
800 μm respectively. These trends confirmed the results 

       (a) (b) (c)

       (a') (b') (c')

       (a'') (b'') (c'')

Fig. 8 3D topography of (a, a', a") A coating, (b, b', b") B coating, and (c, c', c") C coating after cavitation corrosion test(amplitude
: 85 μm) in 3.5 % NaCl at 15 oC: (a), (b), (c) Cavitation time 2 h, (a'), (b'), (c') Cavitation time 4 h, (a"), (b"), (c") Cavitation
time 6 h.

(a) (a') (a'')

(b) (b') (b'')

(c) (c') (c'')

Fig. 7 Surface appearance (digital camera) of (a, a', a") A coating,
(b, b', b") B coating, and (c, c', c") C coating after cavitation
corrosion test(amplitude : 85 μm) in 3.5 % NaCl at 15 oC:
(a), (b), (c) Cavitation time 2 h, (a'), (b'), (c') Cavitation time
4 h, (a"), (b"), (c") Cavitation time 6 h.
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of Fig. 3 and 4.
Fig. 9 depicts a, a' SEM image and the distribution of 

b, b' carbon, c, c' oxygen, d, d' silicon on the surface, 
which corresponds to the cavitated area/solution ex-
posed area I(left photos) and the solution exposed area 
II/specimen hold area(right photos) of A coating after 

cavitation test using ultrasonic amplitude 85 μm for 6 h 
in 3.5 % NaCl at 15 oC. In the case of the specimen 
hold area, the appearance was almost the same as that 
of the specimen before test. In the case of the solution 
exposed area II, the compounds of the surface were 
very slightly damaged (open arrow), because the surface 
was only exposed to the solution, not cavitated, and the 
distribution of main elements was almost the same as 
those of the specimen hold area. In the case of the sol-
ution exposed area I, the compounds of the surface 
were damaged (solid arrow) because the surface was in-
directly affected by the cavitation bubbles. In the case 
of the cavitated area, the matrix and compound were se-
verely damaged and this was proved by the reduction of 
carbon and oxygen, and the no-detached compound re-
mained and this was also proved by the distribution of 
silicon.

Fig. 10 reveals a, a' SEM image and the distribution 
of b, b' carbon, c, c' oxygen, d, d' silicon on the surface 
of B coating obtained in the same condition as Fig. 9. 
In the case of the solution exposed area II of Fig. 10a', 
the surface looks like the resin-flow appearance by the 
reaction of the coating and the salt water. In the case of 
the solution exposed area I, the resin-flow surface was 
a little washed and damaged because of cavitation bubble 
near the horn tip. In the case of the cavitated area, the 
matrix was eliminated and then the compounds came to 
the front and this was proved by the reduction of carbon 
and the increase of silicon.

Fig. 11 shows a, a' SEM image and the distribution of 
b, b' carbon, c, c' oxygen, d, d' silicon on the surface 
of C coating obtained in the same condition as Fig. 9. 
As described in Fig. 2, the compound has a polygonal 
shape. In the case of the solution exposed area I, the in-
terface of the matrix and compound was damaged and 
the compounds were detached because of cavitation 
bubble near the horn tip. In the case of the cavitated 
area, the matrix and compound were detached, and the 
compound that was small and well distributed was new-
ly shown and this is proved by the distribution of 
silicon. 

Based on the observations described above, the cav-
itation erosion mechanism of epoxy coatings was 
proposed. Fig. 12 shows the degradation steps of epoxy 
coatings by ultrasonic cavitation test in 3.5 % NaCl at 
15 oC. Step 1 is the immersed stage in a stagnant 
solution. Step 2 is the initial stage of cavitation erosion 
and in this stage, the compound or the matrix or the in-
terface of the matrix and compound depending upon the 
components used in the coatings were partly damaged. 
Step 3 is the propagation stage and the coating was se-

(a) (a')

(b) (b')

(c) (c')

(d) (d')

Fig. 9 (a, a') SEM image, (b, b') distribution of carbon, (c,
c') distribution of oxygen, (d, d') distribution of silicon on the
surface(cavitated area/solution exposed area I/solution exposed
area II/specimen hold area) of A coating after cavitation test 
(amplitude 85 μm, 6 h) in 3.5 % NaCl at 15 oC. 



I. J. JANG, J. M. JEON, K. T. KIM, Y. R. YOO, AND Y. S. KIM

34 CORROSION SCIENCE AND TECHNOLOGY Vol.20, No.1, 2021

verely damaged regardless of the matrix and compound. 
Step 4 is the final stage and the thickness of the coating 
was reduced and the surface was heavily roughened, and 
the non-detached compounds remain. High cavitation re-
sistant coating had high compressive strength, tensile 
strength, pull-off strength, and wear resistance, as de-

scribed in Fig. 5. These properties could affect the re-
sistance of the initial and propagation stages in cav-
itation erosion of the coatings, and the small and polyg-
onal shape’s compound in C coating was also effective 
in terms of its resistance. 

(a) (a')

(b) (b')

(c) (c')

(d) (d')

Fig. 11 (a, a') SEM image, (b, b') distribution of carbon, (c,
c') distribution of oxygen, (d, d') distribution of silicon on the
surface(cavitated area/solution exposed area I/solution exposed
area II/specimen hold area) of C coating after cavitation test
(amplitude 85 μm, 6 h) in 3.5 % NaCl at 15 oC. 

(a) (a')

(b) (b')

(c) (c')

(d) (d')

Fig. 10 (a, a') SEM image, (b, b') distribution of carbon, (c,
c') distribution of oxygen, (d, d') distribution of silicon on the
surface(cavitated area/solution exposed area I/solution exposed
area II/specimen hold area) of B coating after cavitation test
(amplitude 85 μm, 6 h) in 3.5 % NaCl at 15 oC. 
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4. Conclusions

In this work, three kinds of epoxy coatings from three 
different companies were used, and the cavitation resist-
ance of the coatings was evaluated in 3.5% NaCl at 15 
oC using an indirect ultrasonic cavitation method. We 
found that:

1) The cavitation resistance of the coating was closely 
related to the flexural strength, tensile strength, wear 
resistance and pull-off strength of the coating. 

2) The cavitation erosion mechanism includes the initial 
stage and propagation stage; in the initial stage of 
cavitation erosion, the compound, matrix, or inter-
face of the matrix and compound, depending upon 
the components used in each coating, were partly 
damaged. In the propagation stage, the coating was 
severely damaged regardless of the matrix and 
compound. High cavitation resistance coating had 
high flexural strength, tensile strength, pull-off 
strength, and wear resistance, and thus these proper-
ties could affect the resistance of the initial and prop-
agation stages in cavitation erosion of the coatings 
and a small and polygonal shape’s compounds were 
also effective for its resistance.
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