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Abstract:

The phenomenon of cavitation erosion consists of the formation, growth, and
collapse of bubbles in liquid media. The bubbles are responsible for the
damage generated to metal and non-metal materials. Consequently, there is
a pronounced degradation on the material surface, producing a scar in the
impact area of the bubbles, and eventually the detachment of material. This
experimental work aims to determine the performance of AISI 304 stainless
steel base and coated with SiC. The SiC coating was obtained by the Chemical
Vapor Deposition technique assisted by plasma. The tests were done through
an ultrasonic cavitometer with a frequency of 28 kHz in an aqueous medium
using tap water. According to the evidence of mass loss, results indicate that
the stainless steel coated with SiC have better wear resistance than stainless
steel base. In addition, failure mechanisms as cracking, plastic deformation,
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pits and others, were identified.

1. INTRODUCTION

Cavitation erosion is the mechanical damage of
a material caused by the impulsive pressure
generated by the continuous collapse of the
bubbles [1]. The role of cavitation in machine failure
is extremely complex in many aspects [2]. This type
of wear occurs for example in propellers [3],
hydrofoils [4], pipe bends [5], pumps [6] and
hydraulic machinery [7]. The collapse of millions of
bubbles can generate fatigue fracture failure or a
form of micro fatigue cracking [8-10]. Consequently,
detachment of fragments of material occurs. The
vibratory and acoustic cavitation equipment leads
to formation and collapse of these bubbles.

Furthermore, some experimental studies show
that the pressure on the surface caused by the
bubbles collapse generate a shock wave range from
1.3+ 0.3 GPa [11,12]. Patella et al. found the
importance of the characteristics and properties of

the materials that are impacted by the bubbles [13].
Hattori et al. [14] performed cavitation erosion tests
on S15C carbon steel. They also used high purity
aluminium A1070BD-F, which is commonly used in
cavitation tests by the vibratory method where the
frequency of the oscillator was 19.5 kHz and an
amplitude of 50 um. Moreover, they conclude that
the AISI 316L steel presents poor resistance
cavitation erosion. Chiu et al. [15] studied the effect
of electrolytic hydrogen and its resistance to the
phenomenon mentioned above, modifying it with
NiTi (Nitinol, nickel-titanium alloy), which they
named NiTi-316L coated. The test was carried out
according to ASTM G32 standard using deionized
water at 23° C. The aim of this study was to describe
the effect of electrolytic hydrogen to the resistance
of cavitation erosion. Haosheng et al. [16] evaluated
the damage caused by cavitation erosion on the
surface of 40 Cr industrial steel during the
incubation stage, using a cavitometer with a
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frequency of 20 kHz and an amplitude of 6 um.
Laguna-Camacho et al. [17] carried out another
experimental study which objectives were to
accelerate the wear damage on the specimens’
surface and to simulate more realistic cavitation
erosion scenery. Damage was considerably higher
and faster when abrasive particles of SiC with a
grain size of 75 um were employed. Bakhshandeh et
al. [18] performed tests on a 17-4 precipitation
hardening stainless steel substrate coated with
electrodeposited Ni/SiC nanocomposite and Ni
nanocrystalline, finding that the main failure of the
material was due to the synergistic effect of
cavitation and corrosion.

The present experimental study determined the
damage and degradation suffered by specimens of
stainless steel AISI 304 base and coated with SiC
under phenomenon cavitation erosion using a
cavitometer. In addition, this study led to
identification of some main types of failure
mechanisms.

2. MATERIALS AND METHODS
2.1 Vibratory cavitation erosion apparatus

The vibratory apparatus or cavitometer was
manufactured at Instituto Politecnico Nacional by
the Tribology Group of SEPI- ESIME-UZ [19-21]. Fig.
la and 1b shows a cavitometer based on some
parameters of the standard ASTM G32. This
equipment converts the electrical energy into
kinetic energy using an amplifier that elevates the
electrical signal and sends it to a transducer that
produces mechanical vibration and transmits it to a
horn with a tip made of aluminium 6061.

The tip or vibratory specimen has a circular
shape 16 mm in its diameter, and 5 mm of
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thickness, its surface was prepared with a 2000 grid
abrasive paper and a separation of 12 mm between
the surface and the water was found. (see Fig. 1c).

The vibrations are generated at an ultrasonic
frequency of 28 kHz + 1 kHz, and 50 um of
amplitude, exciting the water and creating bubbles’
cloud. The stationary specimen was placed in a
specimen holder and was separated separating
from the vibratory specimen at approximately 0.5
mm of distance of 0.5 mm, (see Fig. 2).

2.2 Materials

Test specimens are made of 304 AlSI stainless
steel. Their chemical composition is show in Table 1
[22]. These specimens have a circular shape with 19
mm of diameter and 2.5 mm of thickness, their
surfaces were prepared with a 600-grid abrasive
paper and cleaned with acetone.

The SiC coating used for this experimental work
was 1 um thick. This coating was produced through
the plasma enhanced chemical vapor deposition
technique using a continuous discharge with an
electrical potential of 900 V inside a reactor
manufactured in a Pyrex glass tube of 800 mm and
150 mm internal diameter. On the other hand, the
precursor substance used is hexamethyldisilazane
(HMDS) -CHSINHSICH3, and the gas mixture was
methane (CH4 UA, ultra-high purity) and UAP argon
NH.

In addition, the samples were heated at a
temperature of 500° C using an internal resistance
located in the sample holder. The deposition time
was in a range of 15 to 60 min, and the optimal
pressure was 100 Pa. The SiC coating was deposited
on 304 AlSI stainless steel substrate, (see Fig. 3).
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Fig. 1. Vibratory Cavitation Erosion Apparatus, a) schematic diagram, b) manufactured equipment,
c) vibratory specimen
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Fig. 2. Forming bubbles in process of cavitation
erosion

Table 1. Chemical Composition of 304 AlSI
Stainless Steel

Element %
C 0.099 +0.001
Cr 16 £1
Ni 8.6 £0.20
Mn 1.19 +£0.05
Si 0.323 £0.002
Mo 0.197 £0.003
W 0.013 £0.002
Nb 0.0104 £0.0005
\Y 0.045 £0.0.003
Ti +0.0080 + 0.0003
S 0.030 £ .0001

:

Fig. 3. SiC coating a) SiC cross section SEM, b) SiC coating deposited on stainless steel 304 AlSI substrate

2.3 Cavitation erosion test

The surface roughness was measured with a
Galaxy Gr 260 rugosimeter. To evaluate the
hardness, a Vickers Hardness Tester (HV) with a
pyramidal diamond indenter LECO LM 700 was
used. The Table 2 display AISI 304 stainless steel and
AISI coated SiC mechanical properties.

Table 2. Mechanical properties of materials

AISI 304 AlSI 304
Material stainless stainless steel
steel coated SiC
Roughness
(Ra, um) 0.8 0.151
Vickers Micro-
hardness
2 +
load= 300 gf 190 700 +364

The vat was cooled using a recirculation of water
with a concentration of 4% of ethylene glycol. Then,
the media temperature test ranged from 22 — 28 C.
Total time tests were of 20 h and were removed
each hour. First, the vat was cleaned with alcohol
and acetone. Secondly, the specimen was cleaned
with alcohol and distilled water, and was dried with
a hairdryer. Each hour was evaluated weigh using a

BOECO BAS analytical balance with a 0.0001 g
precision. An Iroscope MG-64 optical microscopy
was employed to analyse the surface damage on
the specimen by cavitation erosion. Profiles of the
specimen worn surfaces were obtained using a
BRUKER Contour-X100 optical profilometer,
volumetric wear was calculated using equation (1)
and the average thickness of material eroded from
a specified surface area was calculated by mean
depth of erosion (MDE) [19], (see equation 2):

v==C" (1)
D

where m is the mass loss and p is the material
density

MDE = 2% 2)
pPA

where Aw es the measured mass loss, p is the
material density and A is the area of the specified
surface.

2.4 Results

Fig. 4, 5, 6, and 7 show the results from the
cavitation erosion tests. The progressive
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degradation on the specimen surface AISI 304 The final profiles of the specimen’s worn
stainless steel base and SiC coated are displayed in surfaces were obtained after a 20 h test is show in
Fig. 4. the Fig. 5.

.2'5%1

¢ . Damage to :
Initial surface of , . \ " crystallographic defectsp. =
material A o of the surface -

Fig. 4. Progress of surface damage in specimens during the different time intervals.
a) AISI 304 stainless steel basea)0h,b)1h,c)2h,d)3h,e)dh,f)5h,g)6h,h)7h,i)8h,j)9, k)10 h, 1) 12h, m) 14 h,
n) 16 h, 0) 18 h, p) 20 h, b) AISI 304 stainless steel coated SiCa)0 h,b)1h,c)2h,d)3 h,e)4h,f)5h,g)6h,h)7h,i)8
h,j)9h),k)10h,1) 12 h, m) 14 h,n) 16 h,0) 18 h, p) 20 h
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Fig. 5. Profiles of the specimens worn surfaces after 20 h: a) stainless steel 304 AlSI base, b) stainless steel 304 AlSI SiC
coating

For lost volume comparison between AISI 304
Stainless Steel base and AlSI 304 Stainless Steel with
SiC coating, see Fig. 6.

Whereas the main failure mechanisms identified
in stainless steel specimens were pitting, plastic
deformation fracture, and scratches, in SiC coated
stainless steel were plastic deformation, pitting,
and fissure, as displayed in Fig. 7.
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Fig. 6. Volume loss by cavitation erosion a) = AISI 304
stainless steel base, b) A SiC coating on AISI 304
stainless steel
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Fig. 7. Mechanisms wear Magnification X50. a) AISI 304 stainless stee base, b) AISI 304 stainless steel with SIC coating

3. DISCUSSION

Fig. 5 shows the damage that appeared on the
AlISI 304 stainless steel base surface during the first
hours of the process, principally in the border of
grains due to the austenitic structure that this type
of steel has [23].

After 4 h test, the material began to erode
without damaging the grains surface. However, the
damage was remarkable after 6 h when pitting
appeared at some parts of the eroded surface as
seenin Fig. 4 g.

Some pitting emerged after 6h of testing, (see
Fig. 4 g) with erosion on the stainless steel AlSI 304

coated with SiC. Then, after 8h plastic deformation
appeared in the grain edge of the SiC.

In addition, the AISI 304 stainless steel is more
ductile than the SiC coated, thus the specimen of
steel exhibited more plastic deformation than the
coating mentioned above. Nevertheless, fatigue in
the SiC coating for a long time, induced plastic
deformation. Then it broke the weakest areas and
exposure to material.

Later, after 9 hours of testing, the plastic
deformation was more severe and finally, the
material was fractured. The mean depth of erosion
was 0.13 um. Consequently, there was material
detachment in the weakest areas as the case of
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crystalline structure of stainless steel. Finally, after
10 h of testing, the erosion of the material became
progressive, reaching a mean depth of erosion of
0.69 um.

Regarding SiC coating deposited on the AISI 304
Stainless Steel, after 4 h of testing, deformations
appeared without detachment of material.
Subsequently, after 6 hours of testing, superficial
damages such as pitting appeared on the SiC
coating without exposing the stainless-steel
substrate. This produced plastic deformation.
Finally, after 20 h of testing, a complete detachment
of the SiC coating took place, and the mean depth
or erosion was 0.47 um.

The profile of the wear scar of the AlSI 304 base
stainless-steel specimen showed uniformity.
Nevertheless, small alterations caused by the
surface undulations of the metallic substrates were
observed. These undulations caused deformations
in some areas with more exposure to cavitation
erosion. This damage in the scar wear reached 5 um
depth ridges periphery of wear scar on SiC-coated
stainless-steel specimen, exhibited a profile of 1 um
of depth approximately. This last profile can be
explained by the effect of bubbles cloud that were
concentrated especially on the edge of the
vibratory specimen. For this reason, damage is
more severe. In addition, the SiC coating performed
very resistantly to cavitation erosion which was in
its incubation period where mass losses were
practically negligible and only damage appeared
due to plastic deformation.

Consequently, it was lesser the lost volume in
stainless steel specimen with coating SiC than the
lost volume of the 304 AISI stainless steel base
specimen as shown in Fig. 6.

The failure mechanisms identified in the 304 AlSI
stainless steel base were plastic deformation,
fractures, scratches, and pitting. In the case of SiC
coating, plastic deformation and pitting occurred.
Later, fracture occurred, which led to detachment
of the material of the coating.

4. CONCLUSSIONS

Stainless steel AISI 304 coated with SIC was more
resistant than the uncoated stainless steel AISI 304
exposed to cavitation erosion. The SIC coating
avoided the plastic deformation in the AISI 304
stainless steel substrate at the beginning of the test.
While the test was carried out, scratches,
deformations, and pits at the highest borders of the
grains appeared due to more concentration of
bubbles cloud and more material was lost.

At the end of the test, there appeared severe
detachment of the SiC coating appeared, and the
material was exposed to the surrounding.
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