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Effect of Impact Angle on Erosive Abrasive Wear of
Ductile and Brittle Materials
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Abstract—Erosion and abrasion are wear mechanisms reducing
the lifetime of machine elements like valves, pump and pipe systems.
Both wear mechanisms are acting at the same time, causing a
“Synergy” effect, which leads to a rapid damage of the surface.
Different parameters are effective on erosive abrasive wear rate. In
this study effect of particle impact angle on wear rate and wear
mechanism of ductile and brittle materials was investigated. A new
slurry pot was designed for experimental investigation. As abrasive
particle, silica sand was used. Particle size was ranking between 200-
500 um. All tests were carried out in a sand-water mixture of 20%
concentration for four hours. Impact velocities of the particles were
4.76 m/s. As ductile material steel St 37 with Vickers Hardness
Number (VHN) of 245 and quenched St 37 with 510 VHN was used
as brittle material. After wear tests, morphology of the eroded
surfaces were investigated for better understanding of the wear
mechanisms acting at different impact angles by using Scanning
Electron Microscope. The results indicated that wear rate of ductile
material was higher than brittle material. Maximum wear rate was
observed by ductile material at a particle impact angle of 30° and
decreased further by an increase in attack angle. Maximum wear rate
by brittle materials was by impact angle of 45° and decreased further
up to 90°. Ploughing was the dominant wear mechanism by ductile
material. Microcracks on the surface were detected by ductile
materials, which are nucleation centers for crater formation. Number
of craters decreased and depth of craters increased by ductile
materials by attack angle higher than 30°. Deformation wear
mechanism was observed by brittle materials. Number and depth of
pits decreased by brittle materials by impact angles higher than 45°.
At the end it is concluded that wear rate could not be directly related
to impact angle of particles due to the different reaction of ductile and
brittle materials.

Keywords—Erosive wear, particle impact angle, silica sand, wear
rate, ductile-brittle material.

1. INTRODUCTION

ROSION wear is the removal of the material from the

target after many cycles of impacting particle to the
surface in a particle-liquid medium. Erosion failure analysis
was investigated first by Finnie [1], [2] and Bitter [3], [4].
Erosion wear has a dominant affect in pump, pipes, valves and
sharp corners in the fluid transportation systems. To reduce
the effect of wear, different methods are applied like; using
suitable materials, new processing techniques and modified
surface treatments and coatings [5], [6]. Many parameters are
effective on erosive wear such as liquid type, solid particle
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size and shape, amount of solid particles in the liquid, particle
impact speed and attack angle, medium temperature [7]-[10].
Also material properties; hardness and toughness of material
have a major role on wear of the material [11], [12]. To
determine the effect of different parameters on erosion wear,
several test methods are developed [13]-[15].

Effect of impact angle on wear rate and wear mechanism is
very important. Different researchers have investigated the
effect of impact angle on wear rate and wear methodology
[16], [17]. Neilson et al. [18] developed an equation
emphasizing the relation between wear rate and attack angle of
the particle. Desale et al. [19] observed that maximum wear
rate of a ductile material is between 15°-30° impact angle
which decreases continuously with further increase of the
attack angle up to 90°. Desale et al. [20] investigated
aluminum (90 VHN) and stainless steel (210 VHN) and
observed maximum wear rate at angle as 15° and 22.5° impact
angles for aluminum and 304L steel, respectively. According
to different scientists [21]-[23], maximum wear rate of ductile
materials were observed by particle impact angles between 15°
and 40°, while brittle materials such as glass, showed a
maximum wear rate at 90°.

According to [24], by the impact of particles normal to the
target surface, deformation wear is produced and by particle
velocity parallel with the surface is defined as cutting
(microploughing) wear. Beside impact angle, material
properties; hardness and toughness have also a strong effect on
wear mechanism [23]-[25]. Unfortunately very limited studies
were carried out to investigate effect of material hardness on
erosion wear rate and mechanism. Oka [26] performed
experiments to different materials to estimate wear rate by
using sand blast type erosion test rig, by reaching velocities up
to 130 m/s, but this impact velocities are not realistic values.
Only maximum velocity of 20 m/s is reached in pumps or
valves where erosion-corrosion is observed. Researches on the
effect of both attack angle and hardness of metal materials on
wear rate simultaneously has been investigated very limited
[23]. Clark et al. [27] concluded that by increase of material
hardness, not only wear rate increased, but also deformation
wear rate increased with increase of impact angle by using test
environment as diesel oil. But [27] used Pyrex glass as brittle
test material and not hard metal, which is not a realistic
approach because metallic materials are widely used in pumps
and pipes.

The aim of the presented research is to investigate the effect
of impact angle and metallic material hardness on wear rate
and mechanism. The investigated materials were non-heat
treated and quenched St 37.
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II. SLURRY TANK AND MIXTURE DESIGN

To determine the effect of different parameters on erosive-
abrasive wear mechanism, a test tank was designed, which has
a diameter of 242 mm. The set-up consists of three baffles, a
propeller, two specimens and a holder. The function of the
propeller is to prevent precipitation of the hard particles during
the rotation of the propeller at the bottom of the tank and to
suspend the particles homogenously in the liquid-solid
mixture. The propeller is fixed close to tank surface to prevent
accumulation of the sand at the bottom of the tank. Baffles are
added to prevent rotational movement of the hard particles.
This will cause an upwards movement of the particles
resulting in suspension inside the liquid, which causes a
secondary flow. This secondary flow causes a homogenous
liquid-solid mixture, which is desired for a realistic test
analysis. Samples are fixed on the holder and their position
can be changed to determine the effect of impact angle on
specimen surface. The main dimensions of the test set-up can
be seen in Fig. 1.
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Fig. 1 Main dimensions of the set-up

Test analyses were carried out at 700 rot/min. As wear
specimens St 37 steel was used. To increase the hardness of St
37, material was heated up to 850 °C and then quenched.
Shimadzu microhardness tester with a Vickers indenter was
used for determining the microhardness (HVN) of the
materials. Hardness values of non-heat treated and quenched
St 37 were measured as 245 HVN and 510 HVN, respectively.
The specimen sizes were 20 mm x 35 mm and the thickness is
4 mm. Specimens were polished with up to # 1000 emery
paper and alumina. Wear specimens are cleaned with tap
water, rinsed in acetone and dried with hot air blower before
and after each test. Mass loss of the wear specimens before
and after 4 hour tests is measured by an electronic balance
having least count of 0.01 mg. All tests were carried out in
20% weight concentration of hard particle-water mixture. As
hard particle, silica sand was used. Particle average size of
silica sand was 350 um. To eliminate the effect of rounding of
sand particles and decreasing wear effect, the slurry was
changed ever one hour. The mixture is rotated by using a
drilling machine having potentiometer and electronic speed
control and the rotation velocity is also measured by a
tachometer. Particle impact velocity is 4.76 m/s.

III. RESULTS

A.Wear Rate

To determine the effect of hardness on wear rate, non-heat
treated St37 (VHN 240), quenched C45 steel (VHN 850) and
quenched and heat treated C45 at 400 °C for one hour (VHN
450) were used. Average particle size was 650 pm. The wear
rate of the specimens can be seen in Fig. 2.
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Fig. 2 Effect of material hardness on wear rate

In Fig. 2 it can be seen that wear rate decreases with
increase of material hardness. St 37 (240 VHN) showed
lowest wear resistance. By increasing hardness value from 240
to 850 VHN, wear rate decreased almost eight times.

To determine the effect of impact angle on wear rate of
ductile and brittle materials, tests were performed. The mass
loss of the wear specimens measured after 4 h exposure at
4.76 m/s velocity for different particle impact angles on wear
rate can be seen in Figs. 3 and 4.
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Fig. 3 Effect of impact angle on wear rate of non-heat treated St 37
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Fig. 4 Effect of impact angle on wear rate of quenched St 37
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In Figs. 3 and 4 it can be seen that effect of impact angle on
wear rate of different materials indicates different
characteristics. From Fig. 3 it can be concluded that wear rate
of non heat treated St 37 increased with impact angle and
reached maximum value at 30°. By further increase of impact
angle, wear rate decreased and reached minimum value at 75°.
Interesting is to examine that wear rate decreases slightly with
increase of impact angle after 30°. By quenched St 37, wear
rate increased by increase of attack angle and reached
maximum value at 45°. By further increase of impact angle,
wear rate of heat treated St 37 decreased sharply. From Figs. 3
and 4 it could be concluded that by an increase of material
hardness, wear rate decreases and maximum wear rate impact
angles increases. This statement is in accordance with [22],
[23].

B. Wear Surface

To determine the wear mechanisms at different impact
angles on ductile and brittle materials, scanning electron
microscope (SEM) views of worn surfaces were analyzed. The
SEM photographs at different orientation angles can be seen in
Figs. 5-9. By worn surface investigation, impact angles of
maximum and minimum wear rate values of the analyzed
materials are considered.

In Figs. 5-7, SEM images of worn surfaces of ductile
material at impact angles of 30° and 75" can be seen. In both
specimens craters, formed by the abrasive particles can be
clearly seen. The number of craters in worn surface of particle
impact angle of 30° is more compared with specimen with a
particle attack angle of 75°. On the contrary, the depth of the
craters in specimen with impact angle of 30° is less compared
with specimen with a particle attack angle of 75°. Ploughing
worn mechanism is detected in worn surface of particle impact
angle of 30°, which is typical for ductile materials at low
impact angles. Microchip formation at impact angle of 30° can
be clearly seen in Fig. 5 (b) (white arrow), which are typical
marks of low impact angles of ductile materials. Microcracks
on the surface were detected by ductile materials as can be
seen in Fig. 7 (white arrows). These cracks are nucleation
centers for crater formations.

In Figs. 8 and 9, SEM images of worn surfaces of brittle
material at impact angles of 45 and 75° can be seen. In both
specimens, pits formed by the abrasive particles can be clearly
observed. The number and depth of the pits in worn surface of
particle impact angle of 45° is more compared with specimen
with a particle attack angle of 75°. Crack formation on brittle
material surface is not detected. Deformation mechanism is
detected in worn surface of particle impact angle of 75°, which
is typical for brittle materials at high impact angles.

Fig. 5 SEM observations of non-heat treated St 37 samples at impact
angle of 30° (a) x400, (b) x3000 magnification

Fig. 6 SEM observations of non-heat treated St 37samples at impact
angle of 75° a) x400, b) x6000 magnification
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Fig. 7 SEM observations of non-heat treated St 37samples at impact
angle of (a) 30° (x1600 magnification) and (b) 75° impact angles
(x1500 magnification)

Fig. 8 SEM observations of quenched St 37 samples at impact angle
of 45° a) x200, b) x6000 magnification

Fig. 9 SEM observations of quenched St 37 samples at impact angle
of 75° a) x200, b) x6000 magnification

IV. CONCLUSION

The aim of the presented research was to investigate the
effect of impact angle of hard particle and metallic material
hardness on wear rate and mechanism. The investigated
materials were non-heat treated (245 VHN) and heat treated-
hardened St 37 (510 VHN). The results indicated that wear
rate of ductile material was higher than brittle material.
Maximum wear was observed by ductile material at a particle
impact angle of 30° and decreased by further increase of
impact angle. On the contrary, wear rate increased by brittle
materials by an increase in impact angle and reached
maximum value at 45° and decreased by increase of attack
angle. Number of craters in ductile material worn surface of
particle impact angle of 30° is more compared with specimen
with a particle attack angle of 75°, but the depth of the craters
in specimen with impact angle of 30” is less compared with
specimen with a particle attack angle of 75°. Ploughing worn
mechanism is detected in worn surface of particle impact
angle of 30°, which is typical for ductile materials at low
impact angles. Microcracks on the surface were detected by
ductile materials, which are nucleation centers for crater
formation. The number and depth of pits in worn surface of
particle impact angle of 45° in brittle materials was more
compared with specimen with a particle attack angle of 75°.
Crack formation on brittle material surface was not detected.
Deformation mechanism was detected in worn surface of
particle impact angle of 75°, which is typical for brittle
materials at high impact angles. At the end it is concluded that
wear rate could not be directly related to impact angle of
particles due to the different reaction of ductile and brittle
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materials. This study will be developed by investigating the
effect of both impact velocity and impact angle of ductile and
brittle materials on wear rate.

ACKNOWLEDGMENT

Authors thank Muhammed Bekin for his technical support.

(1

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]
(18]

[19]

[20]

[21]

[22]
[23]

[24]

REFERENCES

I. Finnie, “Erosion of surfaces by solid particles,” Wear, vol. 3, 1960,
pp. 87-103.

1. Finnie, “Some observations on the erosion of ductile metals,” Wear,
vol. 19, 1972, pp. 81-90.

J.G.A. Bitter, “A study of erosion phenomena—~Parts 1,” Wear, vol. 6,
1963, pp. 5-21.

J.G.A. Bitter, “A study of erosion phenomena—~Parts II,” Wear, vol. 6,
1963, pp. 169-190.

M. Dorfman, “Wear-Resistant Thermal Spray Coatings”, Sulzer
Technical Review, vol. 2, 2002, pp. 14-17.

W. Tabakoff, “Erosion resistance of superalloys and different coatings
exposed to particulate flows at high temperature,” Surface and Coatings
Technology, vol. 120-121, 1999pp. 542-547.

M. Adamiak, “Effect of Abrasive Size on Wear, Abrasion Resistance of
Materials”, InTech, 2012, pp. 167-184.

C. Katsich, E. Badisch, Manish Roy, G.R. Heath, and F. Franek,
“Erosive wear of hardfaced Fe—Cr—C alloys at elevated temperature,”
Wear, vol. 267, 2009, pp. 1856-1864.

A. K. Jha, R. Batham, M. Ahmed, A. K. Majumder, O. P. Modi, S.
Chaturved, and A. K. Gupta, “Effect of impinging angle and rotating
speed on erosion behavior of aluminum”, Trans. Nonferrous Met. Soc.
China, vol. 21, 2011, 32-38.

D. Lopez, J.P. Congote, J.R. Can, A. Toro, and A.P. Tschiptschin,
“Effect of particle velocity and impact angle on the corrosion—erosion of
AISI 304 and AISI 420 stainless steels,” Wear, vol. 259, 2005, pp. 118-
124.

P. Doubek, and J. Filipek, “Abrasive and erosive wear of technical
materials,” Acta Univ. Agric. et Silvic. Mendel. Brun., vol. 3, 2011, pp.
13-22.

P. Kulu, R. Tarbe, and A. Vallikivi, “Abrasive Wear of Powder
Materials and Coatings,” Materials Science (Medziagotyra). vol. 11,
2005, pp. 230-234.

I. Fort, “On hydraulic efficiency of pitched blade impellers,” Chemical
Engineering Research and Design, vol.8-9, 2011, pp. 611-615.

M.S. Patil, E. R. Deore, R. S. Jahagirdar, and S. V Patil, “Study of the
Parameters Affecting Erosion Wear of Ductile Material in Solid-Liquid
Mixture,” in Proc. of the World Congress on Engineering 2011, London,
UK, 2011.

F. Franek, E. Badisch, and M. Kirchgassner, “Advanced Methods for
Characterisation of Abrasion/Erosion Resistance of Wear Protection
Materials,” FME Transactions, vol. 37, 2009, pp. 61-70.

S.A. Romo, J.F. Santa, and J.E. Giraldo, A. Toro, “Cavitation and high-
velocity slurry erosion resistance of welded Stellite 6 alloy,” Tribology
International, vol. 47, 2012, pp. 16-24.

L. Fuyan, and S. Hesheng, “The effect of impingement angle on slurry
erosion,” Wear, vol. 141, 1991, pp. 279-289.

J.H. Neilson, and A. Gilchrist, “Erosion by a stream of solid particles,”
Wear, vol. 11, 1968, pp. 111-122.

G. R. Desale, B. K. Gandhi, and S.C. Jain, “Improvement in the design
of a pot tester to simulate erosion wear due to solid-liquid mixture,”
Wear, vol. 259, 2005, pp. 196-202.

G. R. Desale, B. K. Gandhi, and S.C. Jain, “Effect of erodent properties
on erosion wear of ductile type materials,” Wear, vol. 261, 2006, pp.
914-921.

H. Mcl. Clark, and K. K. Wong, “Impact angle, particle energy and mass
loss in erosion by dilute slurries,” Wear, vols.186-187, 1995, pp. 454-
464.

I. Finnie, J. Wolak and Y. Kabil, Erosion of metals by solid particles, J.
of Materials, vol. 2, 1967, pp. 682-700.

A. Levy, Solid Particle Erosion and Erosion-corrosion of Materials,
ASM International, 1997.

A.J. van Riemsdijk and J.G.A. Bitter, “Erosion in gas-solid systems”,
5th World Petroleum Congress, New York, 1959, pp. 43-57.

[25] T. Hejwowski, “Erosive and abrasive wear resistance of overlay
coatings,” Vacuum, vol. 83, 2009, pp. 166-170.

[26] Y.I. Oka, H. Olmogi, T. Hosokawa, M. Matsumura, “The impact angle
dependence of erosion damage caused by solid particle impact,” Wear,
vol. 203-204, 1997, pp. 573-579.

[27] H.Mcl. Clark, R. B. Hartwich, “A re-examination of the ‘particle size
effect’ in slurry erosion”, Wear, vol. 248, 2001, pp. 147-161.

1642



