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The water-jet technique started by Bridgman can cut metal and alloys without harmful gas and fume. How-
ever, while this technique is convenient to cut metals and alloys, in the case of coated pipe, water jet
induces the degradation of coatings on the pipes, and may facilitate structural failure, leakage, and loss of
products. While there are many reports on the effect of water jet on cut metals and the damage of metallic
materials, research on the effect of water impingement on the epoxy coatings has been little studied. In this
work, we therefore control the velocity of water jet, distance between nozzle and specimen, and water tem-
perature, and discuss the effect of water impingement on the epoxy coatings. Increasing water velocity and
water temperature and reducing nozzle distance increased the degradation rates of three epoxy coatings
were increased. Among three test parameters — water velocity, nozzle distance and water temperature,
water temperature was relatively effective to increase the degradation rate of epoxy coatings.
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1. Introduction

Many facilities in power plants, ships, marine plants, and
the like used seawater as cooling water. Although seawater
is very useful in many fields, it may induce the corrosion
of metals and alloys. In particular, it is well known that
carbon steel and low-alloy steels experience severe
corrosion problems [1-4]. Chloride ion in seawater is one
of the very aggressive ions to attack metal and alloys, and
increases in dissolved oxygen and temperature stimulated
the internal corrosion of pipings [5-7]. In addition, because
of the use of seawater as cooling water, scale on the heat
exchanger can be formed by chloride, etc., and thus there
are much leakage from piping by corrosion [8].

To solve the corrosion and leaks problem, internally
coated pipes have been used [9-11]. When coatings are
applied, they can prevent the contact of pipe with
seawater, thus protect the pipe from corrosion and
increase its lifespan, and therefore reduce the cost of
maintenance [12]. Among interior coated piping, rubber-
lined and epoxy-coated piping have been extensively
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used in many industrial fields. Rubber lining offers good
performance to corrosion, heat, and wear, while epoxy
coating shows good adherence and formability, and high
chemical and corrosion resistance [13]. Epoxy materials
have been extensively used to protect the structure for
several reasons [14-16]. However, these kinds of
coatings may suffer damage because of cavitation, water
impingement, and variation of temperature and pressure
in long-term operation [17-20]. There are many reports
of the damage of rubber-lined or epoxy-coated pipes,
even after a short period of use [21-23]. Cavitation
damage can occur in areas showing high variation of
velocity and pressure of fluid used in hydraulic turbine,
elbow of pipe, propeller in ships, pump impeller, etc.
[24]. Fluctuation in pressure results in the formation and
collapse of vapor, exerts repetitive impact near the
surface, and finally induces cavitation degradation [25].
Fluid collision with the surface is important in many
fields, and may induce severe erosion, as shown in the
steam turbine [26]. When cavitation properties by solution
temperature were tested for the three kinds of epoxy
coatings, in addition to the cushioning effect, the reason
that the cavitation degradation rate reduced with solution
temperature was partly related to the brittle fracture and
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Table 1. Chemical composition of the experimental epoxy coatings

Coating wt.% C o Si Ti

Mg Al K Ca Zn

Matrix 26.6 72.02 0.52 0.86

A

Compound - 46.51 33.22 -

7.84 1.48 241 4.89 2.79

Matrix 26.51 72.03 0.91 0.55

Compound - 45.41 33.11 -

6.59 1.58 2.99 5.72 2.72

Matrix 26.78 72.26 0.57 0.39

Compound 5.11 56.9 37.99 -

water absorptivity of the epoxy coatings, and the water
density, but was little related to the shape and
composition of the compound in the coatings, or the
phase transition of the epoxy coating [20].

Research on the water-jet effect started by Bridgman has
been conducted, and this technique can cut metal and alloys
without harmful gas and fume [27]. While this technique
is convenient to cut metals and alloys, in the case of coated
pipe, water jet induces the degradation of coatings on the
pipes, and may facilitate structural failure, leakage, loss of
products, etc. [28]. Although there are many reports on the
effect of water jet on the cut metals and the damage of
metallic materials, little research has been conducted on the
effect of water impingement on the epoxy coatings.

In this work, therefore, we control the velocity of water
jet, the distance between nozzle and specimen, and water
temperature, and discuss the effect of water impingement
on the epoxy coatings.

2. Experimental Methods

2.1 Materials

Three kinds of epoxy coating were used, with
specimen made by each manufacturer, and named ‘A
coating’, ‘B coating’, and ‘C coating’. The specimen
was disc type, and of 32 mm diameter. Table 1 shows
the chemical composition of the specimen, which was
analyzed by EDS (Energy Dispersive Spectroscope,
Tescan, Brno, Czech Republic).

2.2 Water Impingement Test

Fig. 1 shows a schematic of the water impingement
tester (Jet Erosion Tester, R&B, Korea) that was
fabricated according to ISO 16925 standard [29]. The
test solution was tap water, and the test temperature was
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Fig. 1. Schematic of the water impingement tester

(15, 30, & 45)°C. We controlled the water velocity
(water pressure) as (80, 113, & 139) m/s at (2, 4, & 6)
MPa, and varied the distance between the specimen and
the nozzle as (10, 30, & 60) mm. Tests were performed
for (30, 60, & 90) min at each condition, and its
degradation rate was calculated by weight loss.

2.3 Surface Analysis

Surface appearance was analyzed using a digital
camera and SEM (MIRA3XMH, Tescan, Brno, Czech
Republic). Chemical composition was measured using
EDS. The surface of the specimen was coated using
osmium and the center area and the boundary of the
water-impinged area were analyzed.

3. Results and Discussion

3.1 Surface appearance and components of the specimen
Fig. 2 shows the surface appearance by digital camera

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.5, 2022
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Fig. 2. Surface appearance, SEM image, and EDS on Si of
the epoxy coatings before test

and SEM image of the surface and Si distribution by
EDS of the three epoxy coatings before test. The shape
of strengthening materials of A and B coatings is plate-
like, while the shape of C coating is granule-type. The
A coating consists of glass flake of (3 ~ 4) um thickness
and (0.4 ~ 3.2) mm width in polyester epoxy resin as a
high-performance thermoset vinyl ester; A coating
shows good performance to wear and erosion, and thus
this coating has been used for erosion-resistant and
corrosion protection. The B coating consists of acrylic
glass flake in iso-phthalic polyester, and its maximum
temperature is restricted to under 60 °C. On the other
hand, the C coating consists of ceramic compound in
an epoxy resin [30].

3.2 Effect of water impingement velocity on the degra-
dation of epoxy coatings

Fig. 3 shows the effect of water impingement velocity
on the surface appearance of epoxy coatings using tap
water at 30 °C. The distance between the nozzle and the
specimen was 30 mm. The approximate water impinged
area was of 11 mm diameter. The water impingement
velocity was controlled as (80, 113, & 139) m/s at (2,
4, & 6) MPa, respectively, and the test time was 90 min.
In the case of A and B coatings, increased water pressure
induced the degradation of the surface, and revealed
some pores in the coatings. On the other hand, little
degradation of the surface appearance of C coating was
observed on a digital photograph.
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Fig. 3. Effect of water impingement velocity on the surface
appearance of epoxy coatings using a tap water at 30 °C and
a nozzle distance of 30 mm

Fig. 4 shows the effect of water impingement time
and velocity on the degradation of epoxy coatings using
tap water at 30 °C, as described in Fig. 3. Fig. 4a, b, &
¢ show the effect of test time under (80, 113, & 139)
m/s at (2, 4, & 6) MPa, respectively, on the degradation
rate. At low velocity, the rates were similar to each other,
but with increasing water velocities, the rates of the three
coatings show different resistance. Fig. 4d shows the
degradation rate after test for 90 min, and regardless of
water velocities, the rate of C coating was the lowest
among the three epoxy coatings.

Fig. 5 shows the surface appearance of A coating after
water impingement test for 90 min using tap water at
30 °C, and a nozzle distance of 30 mm. Fig. 5a shows
the center area, while Fig. 5b shows the boundary area
by water impingement. At low velocity, the surface
appearance was similar to that of the specimen before
test, as shown in Fig. 2, but increasing the water
velocities, glass flakes, including epoxy resin, were
detached and new internal components were revealed.
Fig. 6 shows the EDS result on Si of A coating (the
specimen was the same in Fig. 5) after water
impingement test for 90 min using tap water at 30 °C,
and a nozzle distance of 30 mm. Glass flake of the center
area including the boundary area was detached even at
low water velocity. At high water velocity, the
distribution of the glass flake was similar to that of the
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Fig. 4. Effect of water impingement time and velocity on the degradation of epoxy coatings using a tap water at 30 °C and a
nozzle distance of 30 mm; (a) 80 m/s at 2 MPa, (b) 113 m/s at 4 MPa, (c) 139 m/s at 6 MPa, and (d) degradation rate after test
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Fig. 5. Surface appearance of A coating after water impingement test for 90 min using tap water at 30 °C, and a nozzle distance
of 30 mm: (a) Center area, and (b) Boundary area

specimen before test, as shown in Fig. 2. 30 °C, and a nozzle distance of 30 mm. Fig. 7a shows
Fig. 7 shows the surface appearance of B coating after the center area, while Fig. 7b shows the boundary area
water impingement test for 90 min using tap water at by water impingement. The surface appearance was
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Fig. 6. EDS result on Si of A coating after water impingement test for 90 min using tap water at 30 °C, and a nozzle distance of

30 mm: (a) Center area, and (b) Boundary area
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Fig. 7. Surface appearance of B coating after water impingement test for 90 min using tap water at 30 °C, and a nozzle distance

of 30 mm: (a) Center area, and (b) Boundary area

damaged even at low water velocity, and on increasing
the water velocities, glass flakes, including epoxy resin,
were detached, and the interior components were
revealed. Fig. 8 shows the EDS result on Si of B coating
(the specimen was the same in Fig. 7) after water
impingement test for 90 min using tap water at 30 °C,
and a nozzle distance of 30 mm. Glass flake of the center
area, including the boundary area, was detached, even
at low water velocity. At high water velocity, the
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distribution of the glass flake was similar to that of the
specimen before test, as shown in Fig. 2.

Fig. 9 shows the surface appearance of C coating after
water impingement test for 90 min using tap water at
30 °C, and a nozzle distance of 30 mm. Fig. 9a shows
the center area, while Fig. 9b shows the boundary area
by water impingement. The surface appearance was little
changed even at high water velocity, except for newly
emerging pore on the center area. Fig. 10 shows the
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Fig. 8. EDS result on Si of B coating after water impingement test for 90 min using tap water at 30 °C, and a nozzle distance of

30 mm: (a) Center area, and (b) Boundary area
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Fig. 9. Surface appearance of C coating after water impingement test for 90 min using tap water at 30 °C, and a nozzle distance

of 30 mm: (a) Center area, and (b) Boundary area

EDS result on Si of C coating (the specimen was the
same in Fig. 9) after water impingement test for 90 min
using tap water at 30 °C, and a nozzle distance of 30 mm.
The distribution of ceramic compounds was the same,
regardless of water velocity.

3.3 Effect of the distance between nozzle and specimen on

the degradation of epoxy coatings
Fig. 11 shows the effect of nozzle distance on the
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surface appearance of epoxy coatings after water
impingement test for 90 min using tap water at 30 °C
and water velocity of 139 m/s. The diameter of the water-
impinged area was approximately (6, 11, & 15) mm at
a nozzle distance of (10, 30, & 60) mm, respectively. In
the case of A coating, when the nozzle distance
decreased, the pores emerged, and the damage depth
increased. In the case of B coating, similar damage was
observed to the A coating. However, little damage was

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.5, 2022
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Fig. 10. EDS result on Si of C coating after water impingement test for 90 min using tap water at 30 °C, and a nozzle distance

of 30 mm: (a) Center area, and (b) Boundary area
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Fig. 11. Effect of nozzle distance on the surface appearance
of epoxy coatings after water impingement test for 90 min
using tap water at 30 °C and water velocity of 139 m/s

observed at the close nozzle distance in the case of C
coating.

Fig. 12 shows the effect of test time and water
impingement distance between the nozzle and specimen
on the degradation rate using tap water at 30 °C and
water velocity of 139 m/s. At the nozzle distance of
10 mm, the difference of degradation rate was larger
than those of other nozzle distances, but increasing the
nozzle distance, the difference was reduced. Fig. 12d
shows the effect of the nozzle distance on the rate after

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.5, 2022

90 min test; among the three epoxy coatings, C coating
showed higher resistance to the water impingement
environment.

Fig. 13 shows the effect of nozzle distance on SEM
images (center area) after water impingement test for 90
min using tap water at 30 °C and water velocity of 139 m/
s. In the case of A and B coatings, big holes were formed
at the nozzle distance of 10 mm. However, small pore
was observed in C coating. Fig. 14 shows the effect of
nozzle distance on Si strengthener by EDS (center area)
after water impingement test for 90 min using tap water
at 30 °C and water velocity of 139 m/s. In the cases of
A and B coatings, the glass flakes were detached, and
the Si distribution was non-uniform. However, in the
case of C coating, the Si distribution was similar to that
of the specimen before test, as shown in Fig. 2.

3.4 Effect ofimpingement water temperature on the deg-
radation of epoxy coatings

Fig. 15 shows the effect of water temperature on the
surface appearance of epoxy coatings after water
impingement test for 90 min using tap water at a nozzle
distance of 10 mm and water velocity of 139 m/s. In
the case of A and B coatings, the increased water
temperature deeply impacted the surface appearance,
and the coatings were greatly detached. In particular, its
impact was highest at 45 °C. However, in the case of C
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Fig. 12. Effect of test time and water impingement distance between the nozzle and the specimen on the degradation rate using
tap water at 30 °C and water velocity of 139 m/s: (a) 10 mm (b) 30 mm (c) 60 mm, and (d) degradation rate after test
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Fig. 14. Effect of nozzle distance on Si strengthener by EDS (center area) after water impingement test for 90 min using tap

water at 30 °C and water velocity of 139 m/s
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Fig. 15. Effect of water temperature on the surface
appearance of epoxy coatings after water impingement test
for 90 min using tap water at a nozzle distance of 10 mm
and water velocity of 139 m/s

coating, the surface appearance was little affected by the
water temperature.

Fig. 16 shows the effect of water temperature on the
degradation of epoxy coatings after water impingement

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.5, 2022

test for 90 min using tap water at a nozzle distance of
10 mm and water velocity of 139 m/s. At the water
temperature of 15 °C, the difference of degradation rate was
relatively small, but increasing the water temperature
greatly increased the difference. Fig. 16d shows the
effect of water temperature on the rate after 90 min test,
and among the three epoxy coatings, C coating showed
higher resistance to the effect of water temperature. In
particular, the degradation rate of C coating was almost
constant in the test temperature range.

Fig. 17 shows the effect of water temperature on SEM
images (center area) after water impingement test for 90
min using tap water at a nozzle distance of 10 mm and
water velocity of 139 m/s. In the case of A and B coatings,
a deep cavity by water impingement was formed.
However, in the case of C coating, some pores emerged,
but there was little damage in the range of test temperature.
Fig. 18 shows the effect of water temperature on Si
strengthener by
impingement test for 90 min using tap water at a nozzle
distance of 10 mm and water velocity of 139 m/s. In the
case of A and B coatings, the glass flakes were detached,

EDS (center area) after water
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Fig. 18. Effect of water temperature on Si strengthener by EDS (center area) after water impingement test for 90 min using tap

water at a nozzle distance of 10 mm and water velocity of 139 m/s

and the Si distribution was non-uniform. However, in the
case of C coating, the Si distribution was similar to that
of the specimen before test, as shown in Fig. 2.

In summary, in the case of A and B coatings, the
surface appearance was severely degraded, and the glass
flake did not reveal good performance as a strengthening
component in the water impingement test. However, in
the case of C coating, ceramic compound in the epoxy
resin showed the best performance, as discussed in the
cavitation test [19,20]. We have reported that their
resistance was closely related the flexural strength,
tensile strength, wear resistance, and pull-off strength of
the coating [19,20]. In addition to the mechanical
properties of the coating, small and polygonal compounds
were also effective for the cavitation resistance of C coating
[19,20]. Based on the observations described above, the
water impingement mechanism of epoxy coatings was
proposed. Figure 19 shows the degradation steps of
epoxy coatings by water impingement test in tap water.
Step 1 is the epoxy resin failure stage. Step 2 is the
strengthening component failure stage, and in this stage,
the compound or the matrix or the interface of the matrix
and compound, depending upon the components used

CORROSION SCIENCE AND TECHNOLOGY Vol.21 No.5, 2022
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Fig. 19. Schematic of the failure mechanism of epoxy
coatings by water impingement test: (a) A and B coatings,
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w W

in the coatings, were partly damaged.

4. Conclusions
In this work, three kinds of epoxy coatings from three

different companies were used, and the water impingement
properties of the coatings were evaluated in tap water
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at different temperatures, controlling the water velocity
and nozzle distance. We found that:

Increasing water velocity and water temperature and
reducing nozzle distance increased the degradation rates
of the three epoxy coatings. This behavior is related to
small and polygonal compounds being effective for the
water impingement resistance of epoxy coatings, in
addition to the mechanical properties of the coating.

The increase in degradation rate of A and B coatings
by increasing water velocity was higher than that of C
coating; the increase in degradation rate of A and B
coatings by reducing nozzle distance was faster than that
of C coating; the increase in degradation rate of A and
B coatings by increasing water temperature was greater
than that of C coating. Among the three test parameters,
water temperature was relatively effective to increase
the degradation rate of epoxy coatings.
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