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Abstract— The present work is a study of the effect of
specimen shape for different specimen types and test duration
times on the erosion process. Erosion changes the surface
geometry of the parts, components of machines that will affect
the performance and efficiency of the parts to be lower than
design and may cause failure. Experimental test was carried out
using a specially designed test-rig to investigate the effect of
specimen shape for Stainless steel 304, and steel 37 coated with

Ni-Cr thin film (38 um) in material erosion. The test-rig is based
on Specimens rotate in slurry pot, sand in water, with a
controlled speed to simulate a required relative velocity between
slurry and specimens. Sand particles concentration with water
was of 40 wt. %. The sand particle maximum size was 550 pm.
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Results were investigated using weighting with sensitivity up
to 0.0001gm and SEM examination. Results showed that there
are different erosions on the cylindrical surface according to the
impact direction. Also the impact angle has a great effect on the
weight loss, for stainless steel 304, the maximum weight loss
around 470 impact angle. Coating steel 37 showed a maximum
wear in coating for the cylindrical shape at positions with angles
between 40 o and 600 with the velocity direction.

I. INTRODUCTION

ear may occur due to corrosion, which is caused

by chemical reactions. Other three major

categories of wear in which most situations can
be abrasive, adhesive, and erosive. [1]

Erosion is a type of wear which is defined as the
progressive volume loss of material from a target surface.
Thus erosion can be a serious deteriorating effect in many
engineering systems, including hydraulic machines, hydraulic
systems, pipelines and valve handling gases, aerospace
components, and liquid impellers. The damage occurs at
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individual microscopic strikes, where many repeated strikes
may cause material loss. [2]

Slurry erosion is the progressive damage created on solid
surfaces by the impact of solid particles carried by a liquid
stream. Slurry erosion is a serious problem for the industries,
which deals with the liquids having solid particles entrained in
them. When such a mixture of liquid and solid particles
termed as slurry come in contact with the machine element,
the removal of material takes place from the surface making
the component redundant from the surface. [3, 4, 5, and 6]

Cavitation erosion usually involves an attack on the
surface by gas or vapor bubbles, creating a sudden collapse
due to a change in pressure near the surface.

A marine pump impeller made from stainless steel 304 has
been reported failure at root cause after 2-year service in high-
velocity sand containing seawater. The failure was identified
as erosion—corrosion for this case is defined as acceleration or
increase in the rate of materials deterioration caused by the
combined actions of electrochemical corrosion and
mechanical wear processes [7]

In general wear may cause significant surface damage
which is usually thought as gradual deterioration. The main
feature in wear failure are:

@ Removal of material and reduction of dimension as a
mechanical action

(b)  Wear takes place as a result of plastic deformation and
detachment of materials over a period of time. [8]

Parameters affecting Erosion Wear are the angle of
impingement and the other listed parameters illustrated
schematically in Figure (1). These are the parameters which
can control the erosive wear. [9].

Particle

Particle velocity

Figure (1) Physical and material parameters for
controlling erosive wear.

These quantities are largely determined by the flow
conditions and many practical examples may be found where a
change in flow conditions has greatly increased or decreased
erosion. Where the wear is due to abrasion and/or erosion, it
can only be minimized by controlling the affecting parameters.

Finally, parameters affecting erosion wear can be divided
into three groups, properties of target material, erodent
properties, and Test parameters

a) Properties of target material; Chemical composition,
Microstructure, Surface Mechanical properties, Surface
roughness

b) Erodent properties, Shape, Size, Hardness, Type of
erodent and Particle flux

c) Test parameters; Angle of impingement, Particle

velocity, Temperature, Particle flux (mass per time),
Erosion media (air or water), Time duration.

Clearly, the site of impact is subjected to extremely high
stress, strain, and strain rates, and there is now evidence that
local heating can be generated by the impact energy.
Oxidation can therefore be induced; the erosion of a surface
by abrasive particles in an inert fluid should depend on the
number of particles striking the surface, their velocity and
their direction relative to the surface. [9, 10, and 11]

In Erosion process there is a transfer of kinetic energy to
the surface. With the increase in kinetic energy of the particles
impacting at the target surface, it leads to increase in the
material loss due to erosion. It depends on the predominant
impact angle of particle impingement with the material surface
and it will vary from 0 to 90 degrees. Impact angle depend on
both fluid particle and particle —particle interaction. This type
of wear can be practically found in slurry pumps, angled pipe
bends, turbines, pipes and pipefitting, nozzles, burners etc.
The material loss due to erosion increases with the increase in
kinetic energy of the particles impacting at the target surface.
[3].

Imrek et al. [12] studied the effects of erodent impact
angles on erosive wear at different external tensile load. The
study shows that increase the applied tensile loads on the
specimen, erosive wear increases. Due to the stress increase in
the cross section of the specimen causes changes in the atomic
lattice and this increased erosive wear. Results show that the
impact angle affecting the erosion rate, the maximum erosive
wear rate lies between 200 and 300. and the maximum erosion
rate was obtained at 300 impinging angle. However; as the
angle increases the erosion rate was seen to decrease.

Pramod et al (2015) [3] investigate the mean particle size
of 655 um was collected as the material retained between the
two sieves of 600 um and 710 pm sizes. The target material is
Aluminum alloy 6063 and the solid particles are Quartz (IS
Sand), particle size is 655 pum, solid concentration is 10% by
weight in water fluid. The test time is 60 min. It was found
that the test taken for different angular positions it is observe
that the maximum weight loss is occur at 300 angle of impact
and it decreases as angle is decreases respectively that is due
to the target material (AA6063) is ductile material.

Abd-Elrhman et al. (2013) [13] investigated the influence
of carburizing on the slurry erosion behavior of AISI 5117
steel. They utilized a whirling-arm rig. They investigated the
microstructure and hardness profile of the surface layer.
Scanning electron microscope (SEM) images at different
locations were used to characterize the slurry damage process.
The study also focused on studying the erosion wear resistance
properties of AISI 5117 steel after carburizing. The tests were
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carried out with particle concentration of 1 wt. %, and the
impact velocity of slurry stream was 15 m/s. Silica sand had a
nominal size range of 250 — 355 um. The results showed that,
carburizing process of steel increased the erosion resistance
and hardness compared with untreated material for all impact
angles. The erosion resistance of AISI 5117 steel increases by
75%, 61%, 33%, 10% at an impact angle of 30 deg, 45 deg,
60deg, and 90deg, respectively. Treated and untreated
specimens behaved as ductile material, and the maximum
mass loss appeared at impact angle of 45 deg. They concluded
that chipping of the former impact sites by subsequent impact
particles plays an important role in developing erosion.

Abd-Elrhman et al. (2014) [14] described erosion
technique to investigate the influence of impact angle on the
erosion process of AISI 5117 steel. They investigated the
number of impact sites and their morphologies at different
impact angles. Scanning electron microscope (SEM)
examination and image analysis were performed. The tests
were carried out with concentration of 1 wt. %, and the impact
velocity of slurry was 15 m/s. Silica sand with nominal size
range of 250—355 um, was used as an erodent, using whirling-
arm test rig. The results showed that the number of craters,
increases with the increase in the mass of erodent for all
impact angles. The effect of impact angle based on the impact
crater shape was divided into two regions; the first region for 6
< 60 deg and the second region for 6 > 75 deg. The shape of
the craters was related to the dominant erosion mechanisms of
plowing and micro-cutting in the first region and indentation
and lip extrusion in the second region. In the first region, the
length of the tracks decreased with the increase of impact
angle. The calculated size ranges were from few micrometers
to 100 um for the first region and to 50 um in the second
region. Chipping of the former impact sites by subsequent
impact particles played an important role in developing
erosion.

Amarendra et al (2012) [15] modified a slurry pot tester for
cavitation and slurry erosion. A test setup and tests were
conducted in a conventional slurry pot having a circular
section of diameter 282 mm and height of 286 mm, with four
baffle plates Specimen holder fastened to spindle of the tester
through a connecting rod. The spindle was driven by a 3 kW
motor through stepped cone pulley capable of delivering 500,
900 and 1400 rpm speeds. They concluded that cavitation
inducer is adapted in the conventional slurry pot tester to
induce cavitation damage along with the slurry erosion. With
present test setup, 240% more erosion for brass is observed as
compared to slurry erosion alone. It is observed that testing
with the cavitation inducers together with the slurry resulted in
synergistic wear. This laboratory test method is ideal for the
study of combined effects of particle and cavitation erosion.

Bazanini et al. (2008) [16] studied cavitation erosion wear
of metallic specimens using the new compact rotating disk
device The device consists of a water chamber in which a
metallic disk rotates. On the disk surface are located the cavity
inducers, that may be holes or protruding pins, and the
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specimens as well. The disk is fixed on the shaft and may be
detached to switch the specimens. A glass cover is mounted on
the chamber to visualize the flow and the bubble formation
inside.

The purpose of the device is to create the bubbles that will
be responsible for the erosion of the specimens fixed on the
disk surface and close to the inducers. To prevent vibration
problems, the holes and the specimens are situated on opposite
radial positions of their reciprocals.

Murugan et al. (2015) [17] investigated the effect of
impingement angle and standoff distance using water jet on
Naval brass, they concluded that Naval brass eroded high at an
angle of impingement of 30-450. It shows that naval brass
erosion takes place in a ductile mode. Lower angle
impingement produces rough surfaces whereas high angle
impingement produces craters and surface cracks. While
changing the standoff distance no improvement was observed
in naval brass erosion.

I1. TEST-RIG DESCRIPTION

The test rig is a mechanical stirrer with accurate rotation
control which has been designed and constructed to be used as
slurry erosion tester or cavitation erosion for some sections.
Figure (2) gives a schematic drawing for the test rig showing
its main components.

Figure (3) shows actual test rig photo. It is mainly
comprised of seven units; namely driving unit (1), power
transmission element (2), Jaws unit (3), rotating unit for
holding specimens (4), cylindrical tank (5), base frame (6).

3],
5 i u
4 [V
6 Riuyil

Figure (2) Test Rig schematic drawing
main components.

showing its

1) Driving unit

2) Power transmission elements

3) Jaws unit

4) Rotating unit for holding specimens
5) Cylindrical tank

6) Base frame

7) Protection cover
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Figure (3) Photo of the actual test rig

The driving unit (1), as shown in Figures (2, 3) is consists
of a 3-phase induction motor (1hp.,1400rev./min.), which
controlled by inverter with type LSIS (SV-iC5 ). The inverter
is control the output motor speed to be changing from zero
r.p.mto 1800 r.pm.

The power transmission elements consist of drive timing
pulley with 20 teeth is fixed on the motor shaft and drive
another driven pulley with 40 teeth with a timing belt. Then
the specimens can rotate at any required speed from 0.0 up to
900 r.p.m.

Jaws unit consists of three jaws adjusting to hold or leave
the rotating specimens shaft with maximum diameter of 16
mm.

Specimen holding arrangement was designed and
fabricated to hold flat specimen by taking suitable dimensions
according to experimental needs by using this slurry erosion
tester. Maximum length for holder arm is 150 mm, the
maximum rotating diameter is 320 mm. Experiments can be
carried out for investigating the wear characteristics of various
materials which are subjected to slurry erosion. To be sure the
slurry concentration in the fluid is the same, the end of the
rotating rod must contain a blower or the specimen itself
works as a blower, as the present work. Figure (4) shows
specimens which were hold with arms and rotating shaft.

1- Rotating shaft

2- Plate specimen
3-Cylindrical Specimen
4-Cylindrical Support arm
5- Plate support arm

6- Locking nut M 16

7- Bolt with nuts

8- Bolt with nuts

Figure (4) Specimens holding are with arms and rotating shaft.

I11. PREPARATION FOR TEST

Investigate particles sizes and particles shapes as shown in
Figure (5) using a scanning electronic microscope (SEM)
which used to investigate the slurry erosive surface.

Figure (5) photographic for the particles shapes and sizes

Weight the particles and fluid using balance with

sensitivity 1 gm to prepare the slurry concentration in water.
The test specimens were Stainless steel 304 and thin

coated steel 37. The specimens shape were two types; plate

and cylindrical

a) Plate Specimen dimensions (Stainless steel 304), 0.7 £ 0.1
mm thicknesses, 20 £ 1 mm width, and 100 £ 2 mm Long.

b) Cylinder specimen (Stainless steel 304), 12.5 £ 0.1 mm
outer diameter ,840 + 2 mm Length and 1.8 + 0.1 mm
thickness.

¢) Cylinder specimen (steel 37 chromium coated), 12.5 + 0.1
mm outer, diameter, 840 £ 2 mm Length, and 1.8 £ 0.1
mm thickness.

Each specimen is identified and measured its weight by
using accurate balance with sensitivity of (0.0001 g).
The test conditions were;

a) Test temperature: 25 Co.

b) Slurry (sand) medium: water

¢) Slurry concentration: 40 wt%.

d) Slurry (sand) particle size: between 120 pumm and 550

M mm,

The test procedure to be followed to calculate the erosion
wear of different specimen materials for the present test rig
were as follow:

1) Cutting each specimen at the required dimensions
without affecting the microscopic structure or surface
finish of it.

2) Specimens were cleaned.

3) Identify and weight each specimen.

4) Holding the specimens on the rotating shaft.

5) Mixing the required particles and water as required
concentration of slurry.

6) Put the rotating shaft with specimens in slurry and cover
the cylindrical tank.

7) Fixed the rotating shaft in the jaw unit very well.

8) Start the motor to rotates at low speed until the slurry to
be homogenous with liquid.
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9) Adjust the motor speed to obtain desired test speed. IV. TEST RESULTS

10) Running the test for required duration test time. A)The First Test Group Results

11) Stop the test and removing the specimen from the First test was carried out for different Impact angles,
specimen holder. ) stainless steel 304 plate specimens.

12) Cleaning and drying the specimen very well. The specimens rotate with speeds 200 r.p.m

13) Weighing the specimen after test to measure the (corresponding impact velocities 2.3 m/s). Test duration
weight loss with the same balance and record the new time was 3 hours: the maximum test time was 18 hours.

specimen weight after test.
14) Microstructure test for the specimens using SEM and
photographic the surface

Effect of impact angle on
weight loss with different time
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Figure (6): The weight loss in sand 40 wt. % with different impact angles and time where the impact velocity is 2.3 m/s

0.014 - Effect of cylinder material on
weight loss
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Figure (7): The weight loss in sand 40 wt. % with different material types (Stainless steel 304, and coated steel 37).
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The weight loss is measured using an electronic
balance with sensitivity 0.0001 gm and their morphologies
at different impact angles were investigated using scanning
electron microscope (SEM) examination

Figure (6) illustrates the variation of weight loss
against impact angles at different test duration time. As
shown, for different test duration time, the weight losses
increasing with increase the impact angle up to 420, and
the weight loss decrease with impact angle between 500
and 90o.

B) The Second Test Group Results

Second test were carried out with two types of cylinder,
one made from Stainless steel 304, another made from
steel 37 with a thin coated layer. The test for both types is
the same sand concentration 40 wt. % and the test speeds
wear 200 r.p.m (corresponding impact velocities 2.3 m/s).
Test duration time was 3 hours; the maximum test time
was 18 hours.

The specimen weight is measured using an electronic
balance with sensitivity 0.0001 gm and their morphologies
at different impact angles were investigated using scanning
electron microscope (SEM) examination.

Figure (7) illustrates the variation of weight loss
against test duration time for two different material
specimens; coated Steel 37 Specimens, and stainless steel
304 specimens. As shown the first the weight loss from
Steel 37 Specimens stage are small compare with stainless
steel 304 specimens, up to 8 hours, but after that weight
losses increase for steel 37 much more than stainless steel
304. Also the weight losses are three stages in both
samples.

s

Flow Direction
A

B B

D D

Figure (8): Visual inspection of coated steel 37 shown the sight
direction and flow direction, the velocity is 2.3 m/s

s ——

Figure (8) shows a visual inspection of coated steel 37
shown the sight direction and flow direction, the velocity is
2.3 mfs.

figures are for The Scanning Electron Microscope for plate
specimens and cylinders using SEM Model Quanta 250
FEG (Field Emission Gun).

1) Plate Specimens after 9 Hours

The next Figures (9), (10) are SEM photographs for
plates specimens were tested up to 9 hours, the impact
angles were 330, and 900 respectively. The Figures shows
that wear for impact angle 330 is higher slurry erosive
wear rate than impact angle 900. But for impact angle 900
the photographs show much more plastic deformation on
material surface.

Figure (9), SEM for plate specimen, 9 hours, Impact angle 330

Figure (10), SEM for plate specimen, 9 hours, Impact angle 900

Figure (11), SEM for plate specimen, 18 hours, Impact angle 490

2.Plate Specimens after 18 Hours

The next Figures (11), (12) are SEM photographs for
plates specimens were tested up to 18 hours, the impact
angles were 490, and 900 respectively. The Figures shows
that wear for impact angle 490 is higher slurry erosive
wear rate than impact angle 900.

Figure (12), SEM for plate specimen, 18 hours, Impact angle 900

3.Cylinder Specimens Coated Steel After 9 Hours and 18
Hours
The next Figures (13), (14) are SEM photographs for
coated steel 37 cylindrical specimens who were tested up
to 9 hours, and 18 hours respectively.

C)The Specimens Scanning Electron Microscope photographs

All specimens are tested at velocity of 2.3 m/s, sand
particle in water with concentration 40 wt. %. The next
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The Figures shows that wear is increase with increase immediately before impact. The effect of impact angle on

test time. erosion rate of stainless steel 304 is studied, and results are
shown in Figure (6). It is evident from the figures that

4. Cylinder Specimens, st. 304 after 9 Hours and 18 Hours impact angle has significant influence on erosion; it can be
The next Figures (15), (16) are SEM photographs for divided into three different regions. The first region from
which stainless steel 304 cylindrical specimens were tested 200 up to 44o, it shows that increasing the impact angle

up to 9 hours, and 18 hours respectively. The Figures result in increasing the weight loss. The second region
shows that wear is increase with increase test time. shows that the maximum erosion is occurring at an impact

angle between 450 and 49 o. The third region, it is clear
that the weight loss with increasing the impact angle from
500 up to 900. So it is concluded that this is “ductile mode
of erosion wear”.

Also it is clear from SEM photograph the effect of
different impact angles on the surface of specimens.
Figures (9), (10) are SEM photographs for plates
specimens were tested up to 9 hours, the relative velocity
was 2.3 m/s, using sand particles maximum size 550 pum
with water 40 wt.%. And the impact angles were 330, and
900 respectively. The Figures shows that wear for impact
angle 330 is higher slurry erosive wear rate than impact
angle 900. That is due to impact angle 330 get good angle
for cutting and separate small parts from surface, but for

impact angle 900 the photographs show much more plastic
deformation on material surface due to particles impact
' perpendicular to surface without weight loss.
Figures (11), (12) are SEM photographs for plates
specimens which were tested up to 18 hours, the impact

angles were 490, and 900 respectively. The Figures shows
that wear for impact angle 490 is higher slurry erosive
wear rate than impact angle 900. That is due to impact
angle 490 get very good angle for cutting and separate
small parts from this material surface than angle 330, but
for impact angle 900 the photographs show much more
plastic deformation on material surface and small wear in
the surface more than 9 hours’ test.
Figure (14), SEM for cylindrical specimen, coated However, control impact angle can reduce the slurry
St. 37, 18 hrs. erosive wear rate when understanding the material
behavior with the slurry properties.
: wor . . Figure (8) shows a visual inspection of coated steel 37
e showing the sight direction and flow direction, the velocity

Figure (15), SEM for cylindrical specimen, St. St. 304, 9 hrs. is 2.3 m/s. The test duration time was 18 hours with sand

. . . particles with concentration of 40 wt. %in water. The

figure shows the position in cylinder cross section and the
Figure (16), SEM for cylindrical specimen, St. St. 304, 18 hrs.

Figure (13), SEM for cylindrical specimen, coated St. 37, 9 hrs

B)Effect of Specimen Geometry Cylinder on Erosion.

direction of impact particles in slurry pot, it is clear that
position A, C, and B are simulating impact angles 900,00,
and angle between 900 and 0o. The specimen is for coated
steel 37 is selected with light coated layer in order to show
the erosion in coated material with different position by
visional inspection. Also it is clear that there is a color
V. DISCUSSION OF RESULTS difference_ be_tween pqsitions D, and F, that position F ha}s

start cavitation erosion due to pressure drop at this
A)The Effect of Impact Angle position.

The impact angle is the angle between the eroded Figures (13), (14) are SEM photographs for coated
material surface and the direction of the particle steel 37 cylindrical specimens were tested up to 9 hours,
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and 18 hours respectively. Figure (7) shows that wear is
increase with increase test duration time. At this case the
wear is from coated surface and cylinder material.

C)The Effect of Material

The test was carried out with two types of cylinder, one
made from Stainless steel 304, and the other made from
steel 37 with a thin coated layer. The test for both types is
the same sand concentration 40 wt. % and the test speeds
wear 200 r.p.m (corresponding impact velocities 2.3 m/s).
Test duration time was 3 hours; the maximum test time
was 18 hours. Figure (7) illustrates the variation of weight
loss against test duration time for two different material
specimens; coated Steel 37 Specimens, and stainless steel
304 specimens. As shown first the weight loss from Steel
37 Specimens stage are small compare with stainless steel
304 specimens, up to 8 hours, that is due to plastic
deformation and cracks in the coated surface. After that the
weight losses increase for steel 37 much more than
stainless steel 304 due to wear in both coated and steel 37.
Also the weight loss for both types of materials are the
same, first less weight loss but plastic deformation and
cracks on surface, next stage weight the wear is increase
with time, next wear is increased slightly due to the
increase in surface hardening as a result of particle impact
energy.

Also Figures (6) and (7) show in general that the
increasing in duration time result in increased weight loss.
The effect of duration time is mean lifetime of actual parts,
which suffer from erosion that is mean according to the
required lifetime and maintenance cost.

VI. CONCLUSION

The previous experimental results investigate the effect of
the test duration time, the impact angle, and shape of material
type on erosion.

For the same testing conditions, it is concluded that: -

1) Impact angle has a great effect on erosion, control impact
angle can reduce the slurry erosive wear rate when
understand the material behavior with the slurry properties.

2) There is different erosion on the cylindrical surface
according to the impact direction on the surface.

3) Both, the material properties or the coated layer can reduce
the weight loss according to their hardness.

4) For slurry pipe elbow it is preferred to design the elbow
angle to avoid maximum wear rate according to the ductile
or brittle elbow materials and flow conditions.

5) The test time affecting the erosion rate, it can design a part
for erosion resistance according to the required lifetime for
it with easy and fast replace.
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