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ABSTRACT

Failure of oil and gas pipeline due to solid particles entrainment has been a great concern to the petroleum industry. Erosion is
the gradual material removal of pipeline materials due to solid particle impingement and results in unacceptable damage to the
pipeline steel material surface. Because this process is difficult to investigate during operation, laboratory simulation test
provides some insight. In this study, series of erosion tests were carried out to investigate the influence of particle velocity and
impact angle on the erosion mechanism of AISI 1018 steel. Sand blaster erosion machine was used as the test equipment while
the particle velocity and impact angle were ranged from 20 to 80 m/s and between 30 and 90° respectively. The results showed
that at 90° impact angle, ploughing mechanism was operative, while material removal through low angle cutting was the
dominant mechanism at lower impact angle during the erosion of AISI 1018 steel. Mainly, embedment of aluminium oxide
particles on the target steel surface, micro—cutting, low angle cutting, pitting and ploughing were observed for low impact angle
tests. It was suggested that scratches, cuttings and ploughing observed on some failed oil and gas pipeline steels could be
attributed to erosion mechanism. Copyright © 2015 VBRI Press.
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Introduction

Oil and gas transportation steel pipeline has been
considered one of the effective means of transporting
petroleum products from one region to another [1, 2].
Steels are used as medium for transporting those petroleum
products as they are required to withstand high pressure,
stress and environmental conditions [3, 4].However,
erosion of the steels has been a major form of failure
experienced in the oil and gas industry and is often caused
by the impingement of solid particles on the pipeline’s
surface [5].Material removal due to solid particle erosion is
believed to be a series of impact events that occur in
pipelines and cause extensive damage due to change in the
solid-liquid flow direction. The erosion of steel surface by
stream of solid particles has been an issue of concern for
decades due to high material loss and maintenance costs [6,
7]. Unfortunately, there is no universal model that can
effectively predict all erosion situations [8-10], and
development of a reliable and effective model for solid
erosion process still remains a challenge.

Several attempts have been made to understand the
effect of different parameters, such as temperature, impact
velocity, particles size, angle of attack and microstructure

of both the impinging and eroding surface on the solid
particles erosion process [11-17].However, each parameter
behaves peculiar to each process and is often complex due
to interrelated variables involved [18-24].Among these
parameters, the particle velocity and impact angles play
critical role in the erosion process [25-28]. Lindsley et al.
[27] investigated the effect of particle velocity on erosion
rate of two alloys of 70-30 brass and Fe-C martensite
using an erosion tester. Their results revealed that erosion
rate is dependent on velocity. The results also showed that
while martensite material was eroded by cracking
mechanism, brass material exhibited plastic deformation
mechanism.

Matsumura et al. [29] conducted erosion tests of 304
stainless steel in order to investigate the effect of surface
damage at different impacting angles due to impinging
silica sand particle. Peak erosion rate was found between
30 and 50° for pure iron and 304 stainless steel. Finnie et
al. [6]also reported that peak erosion and wear rate
occurred between 15° and 40° for ductile materials. On the
other hand, Stachwick et al. [30] showed that for brittle
materials, erosion and wear rate increase with increasing
impact angle reaching the peak at 90°. Bukhaiti et al. [25]
investigated the effect of impingement angle on slurry
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erosion behaviour of AISI 1017 steel and high-chromium
white cast iron. Interestingly, their result revealed that
different mechanisms occur at different impinging angles
for the two different tested materials. Recently, Islam et al.
[17] conducted erosion tests on APl X42 steel material
using aluminium oxide as impact solid particle. The result
showed that at low abrasive feed rate, erosion rate
decreases with increasing impact angle. Increased particle
velocity resulted in increased erosion rate.
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Fig. 1. (a) The external view and (b) internal view of the sand blaster
erosion machine.

Based on the study carried out on different steel
materials by several authors, erosion of steel materials can
be classified according to their response to solid particle
impingement at different impinging angles [25, 26, 28, 31,
32]. Ductile materials belong to the group that plastically
deformed with maximum erosion rate at low impact angle,
while brittle materials fracture with maximum erosion rate
at normal impact angle. Despite several studies on the
effects of impact angle and velocity on the solid particle
erosion of these groups of materials [19, 23, 33-35] effort is
still required to understand the erosion mechanism of
material removal by solid particles. Many studies were
done to explain the erosion mechanism of carbon steel
materials used in transporting oil and gas is limited in
literature. Further study on the effect of particle velocity on
the erosion mechanism trend of AISI 1018 steel with
respect to impact angle becomes necessary. The objective
of this study is to explore the solid particle erosion
mechanisms by which materials are removed from the
target of AISI 1018 steel surface at various velocities and
impact angles. The novelty of this study is to use sand
blaster erosion machine to investigate the effect of solid
sand particle velocity and impact angle on the erosion
mechanism of AISI 1018 steel used in the transportation of
oil and gas. The outcome of the study will provide a better
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understanding of the underlining mechanism responsible
for failure of AISI 1018 steel used in the petroleum
industry. This will enhance the application of better erosion
control measure to reduce erosion of the steel pipeline
materials.

Experimental
Test equipment

An in-house built type dry sand blaster erosion tester shown
in Fig. 1 was used to study the erosion behaviour of AISI
1018 steel impinged with aluminium oxide particles at
room temperature. The equipment was designed to impinge
the targeted sample surface with solid particles at different
velocities under controlled erosion conditions. The erosion
test facility consists of abrasive feed meter which acts as
the reservoir tank and controls the feed rate of solid
particles. Air flow meter, pressure gauge and specimen
chamber are components incorporated in the design of the
equipment.

Material

The aluminium oxide was used as received from Magnum
Engineers, Peenya Industrial Estate, Bangalore, while the
AISI 1018 steel material was supplied by Hebei Yineng
Pipeline Group Co., Ltd., Shandong, China. The AISI 1018
steel samples used in these tests were cylindrical in shape
of 15.8 mm diameter and 4.7 mm thickness. Prior to each
test, the AISI 1018 steels were ground using 240, 320 and
600-grit silicon carbide papers, and subsequently polished
using 1, 0.3 and 0.05um gamma aluminium suspension.
The chemical composition of the materials used in this
study is given in Table 1.

Table 1. Chemical compositions of target material and impinging solid
particles.

Material Specimen Chemical composition

Fe C Mn P S Si
98.98 0.18 0.60 0.04 0.05 0.15
Aluminium Impinging solid Al,O3 TiO, SiO, Fe MgO Alkali

oxide particles 99.5 0.099 0.05 0.08 0.02 0.30

AIS11018 steel Target material

Scanning electron microscope (SEM) was used to
characterise the morphology of the initial surface of the
AISI 1018 steel and aluminium oxide samples used in this
study. Fig. 2(a) and (b) show the microstructure of the
AISI 1018 steel and average size of erodent aluminium
oxide particles used in these tests, respectively.

Fig. 2. Micrographs of: (a) AISI 1018 steel and (b) aluminium oxide
particles size distribution.
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Test procedure

The test equipment used to carry out the erosion tests is in
accordance with specification of ASTM standard G76 [36].
Particle velocity was determined as a function of pressure
using double disc method detailed elsewhere [37], while the
feed rate of the solid particles was determined by
measuring the weight of the abrasive particles coming
through the nozzle per unit time.

The aluminium oxide particles were forced through a
nozzle by using a compressed air stream that caused the
erodent to impinge the AISI 1018 steel surface at different
velocities. The AISI1018 steel specimens were kept at
impact angles of 30 and 90° for the two different test
conditions. The stand-off distance between the steel
specimen and nozzle was kept constant at 3mm to enhance
uniform distribution of the aluminium oxide solid particles
stream [38]. The test machine was turned on for several
minutes before each test with objective to stabilize the feed
rate before each test. The AISI 1018 steel specimen is
mounted on the specimen holder facing the nozzle as
displayed in Figure 1(b). The dry erosion tests were run at
10, 300, and 600secondsfor each of the tested impact angle
and velocity. Specimens were weighed before and after
each test using a digital balance with accuracy of 0.00001g
to calculate the difference in weight loss.

Results

The results of AISI 1018 steel subjected to aluminium solid
particles at four different velocities of 20, 40, 60 and 80m/s
and impact angle of angles of 30 and 90° are presented in
this section. The two angles were selected to investigate the
behaviour of the AISI1018 steel at both low and high
impact angles. The results obtained from SEM
characterization of the eroded AISI 1018 steel surfaces are
also shown and discussed.

Weight loss and erosion rate investigation

Fig. 3 shows the weight loss of AISI1018 steel after
impinging with aluminium oxide particles at different
velocities and angles. The results indicate that impinging
the AISI1018 steel surface at 30° and different velocities
(Fig. 3a), led to increasing weight loss compared with
impinging the specimens at 90° (Fig. 3b). It is evident that
weight loss of AISI 1018 steel at 30° is much higher than
that at 90° impact angle at the same testing velocities and
time, showing the influence of impact angle in material
loss.
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Fig. 3. The weight loss of AISI 1018 steel material at different velocities
for: (a) 30° and (b) 90° impact angles.

Adv. Mater. Lett. 2015, 6(7), 653-659

Advanced Materials Letterg

Fig. 4 shows the erosion rate results for the four
velocities at two different tested angles. The erosion rates
were measured from the slope of the weight loss vs. time
curves. It can be seen that the erosion rates of all AIS1 1018
steels increased with increasing particle velocity for the two
impact angles when the AISI 1018 steels were impinged
with aluminium oxide solid particles. The results also show
that the erosion rate of AISI 1018 steel impinged at 30° is
higher than that impinged at 90° (Fig. 4).
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Fig. 4. The erosion rate vs particle velocity for (a) 30° impact angle and
(b) 90° impact angle.
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Fig. 5. Typical micrographs of AISI 1018 steel at 80m/s, 600s: (a) at 30°
and (b) at 90°.

General characterization of the eroded AlISI 1018 steel
surfaces

Scanning electron microscope was used to show the entire
eroded surface and to identify the general erosion
behaviour of the AISI 1018 steel impinged by aluminium
oxide particle. The lower magnification images of AISI
1018 steel at 30and 90°impact angles for 600 seconds test
duration at 80m/s are shown in Fig. 5. The 80m/s and 600
seconds test condition was selected to display the extent of
damage caused by impinging aluminium oxide particles on
the AISI 1018 steel surfaces at the peak impact velocity and
maximum test duration.

Fig. 5 (a) shows that the shape of eroded AISI 1018
steel surface at 30° impact angle is elliptical. This occurred
as a result of divergence of high particle stream on the
target steel surface at high velocity. On the other hand, Fig.
5(b) displays the surface scar of the eroded AISI 1018 steel
impinged by aluminium oxide particle at 90°.The shape of
the scar observed on the eroded surface appears circular as
displayed in Fig. 5(b).
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Erosion mechanism characterization at 20m/s and different
angles

Fig. 6(a) displays the results of the tests conducted at
20m/s and 30° impact angles for 10seconds. Micro cutting
of the AISI 1018 steel surface and embedment of
aluminium oxide particles on the targeted steel surface is
evident. As the test duration was increased to 300 seconds
under the same impact angle and velocity condition, the
severity of the micro cutting mechanism increased as can be
seen in Fig. 6(b). Increasing the test duration to 600
seconds showed further increase in the severity of the
cutting action observed on the AISI 1018 steel surface [Fig.
6(c)].

The SEM micrographs of the study conducted at 90°
impact angles, show ploughing of the AISI 1018 steel
surface for the tests performed at 20m/s for 10 seconds
[Fig. 6(d)]. Evidence of increasing ploughing mechanism
as the test duration was increased to 300 seconds was also
observed as shown in [Fig. 6(e)].It could also be seen that
the ploughing has started building up in size at some point
along the ploughing [Fig. 6(e)]. [Fig. 6(f)] presents the
result obtained when the test duration was increased to 600
seconds at the same velocity and angle. It could be seen
that ploughing observed at this test condition has increased
in width of up to 20um [Fig. 6(f)].

Fig. 7. SEM micrographs of 40m/s at 30° for: (a) 10s, (b) 300s (c) 600s
and at 90° for: (d) 10s, (e) 300s and (f) 600s.

Fig. 6. SEM micrographs of 20m/s at 30° for: (a) 10s, (b) 300s and (c)
600s.

Fig. 8. SEM micrographs of 60m/s at 30° for: (a) 10s, (b) 300s (c) 600s
and at 90° for: (d) 10s, (e) 300s and (f) 600s.

Erosion mechanism characterization at 40m/s and different
angles

The eroded surface of AISI 1018 steel at 30° impact angle

Fig. 6. SEM micrographs of 20m/s at 90° for (d) 10s, () 300s and (f) for 80m/s and 10 seconds duration is shown in (Fig. 7(a)).
600s. The feature observed at this test condition is typical of

]
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micro cuttings that almost cover the entire steel surface
(Fig. 7(a)). As the test duration was increased to 300
seconds under the same velocity, multiple ploughing and
pitting of the steel surface were obvious (Fig. 7(b)). When
the test duration was increased further to 600 seconds,
similar features to that seen at 300 seconds test were
observed (Fig. 7(c)). It implies that the mechanism did not
change when the test duration was increased from 300 to
600 seconds in these tests, but increased in severity of the
prevailing mechanism.

Fig. 7(d) shows the ploughing mechanism observed
when the test was carried out at 60m/s and 90° impact angle
for 10 seconds. At this test conditions, ploughing of the
AISI 1018 steel surface was evident (Fig. 7(d, e and f)). It
is also interesting to observe that the number of ploughing
observed on the steel surface has increased in number as
the test duration was increased to 300 seconds. When the
test duration was further increased to 600 seconds at the
same 90° impact angle, multiple ploughing which are
bigger in sizes compared to the tests conducted at 300
seconds were evident (Figure 7(f)).

Erosion mechanism characterization at 60m/s and different
angles

Fig. 8(a) presents the damage that occurred on AISI 1018
steel surface at 40m/s and 30° for 10 seconds. Crater
formations of up to 15um in size were observed (Fig. 8(a)).
The SEM micrographs of the eroded specimens at 40m/s
and 30° for 300 seconds show embedded aluminium oxide
particle features (Fig. 8(b)). When the test duration was
increased to 600 seconds under the same velocity and
impact angle, ploughing of the steel surface was observed
to be active erosive mechanism for the tests conducted at
this conditions (Fig. 8(c)). The micrographs show that the
AISI 1018 steel surface is abraded and ploughed (Fig.
8(c)).

The SEM micrographs of eroded AISI 1018 steel
surface at 40m/s and 90° impact angle for different test
durations are shown in (Fig. 8(d-f)). Ploughing mechanism
is evident at this test conditions. There is also a distinct
trend in the overall mechanism as the test duration is
increased. Ploughing of about 20 um in width was observed
on the AISI 1018 steel surface at 10 seconds test duration.
It is interesting to note that the number of ploughing
increased when the test duration was increased to 300
seconds. Multiple ploughing of up to 12pm in width that
intersect at certain point was seen at this test condition (Fig.
8(e)). Evidence of increased width in the observed
ploughing was found when the test duration was increased
to 600 seconds (Fig. 8(f)).

Erosion mechanism characterisation at 80m/s and different
angles

The topographies of the eroded surface of specimens under
various velocities at 30° impact angle are shown in Fig. 9.
Severe plastic deformation and low angle cutting were the
dominating features observed on the steel surface tested at
60m/s and 30° for 10 seconds (Fig. 9(a)). At longer test
duration (300 seconds), multiple low angle cuttings,
accompanied with embedded aluminium oxide particles
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were observed (Fig. 9(b)). The embedded aluminium oxide
particle is plastically deformed as the test duration was
increased to 600 seconds (Fig. 9(c)). Low angle cutting
features, bigger in size also appeared as the test duration
was increased (Fig. 9(c)). (Fig. 9(d)) shows that the
ploughing mechanism is evident on the steel surface after
eroded with aluminium oxide particle at 80m/s and 90° for
10 seconds. At longer test duration of 300 seconds under
the same velocity and angle, multiple ploughing of the steel
surface was also evident (Fig. 9(e)). At 80m/s, and 90°
impact angle for 600 seconds, evidence of continuous
multiple ploughing due to repeated aluminium oxide
particles bombardment of the AISI 1018 steel surface was
observed (Fig. 9(f)).

Fig. 9. SEM micrographs of 80m/s at 30° for: (a) 10s, (b) 300s (c) 600s
and at 90° for: (d) 10s, (e) 300s and (f) 600s.

Discussion

The high erosion rate of AISI 1018 steel at 30° impact
angle compared to 90° impact angle as the particle velocity
was increased (Fig. 3), is typical for ductile material
behaviour and is in agreement with reports by many
authors[25, 26, 32]. Micro cutting and metal cutting
features observed on the eroded surfaces at 30° impact
angle and at lower velocity [Fig. 6(a-c) and Fig. 7(a-c)]
suggest that material removal is the primary erosion
mechanism at those test conditions. The materials removal
mechanism observed at 30° impact angle and lower
velocity is in agreement with the observation of Juan et al.
[39], who reported similar erosive mechanism of AISI 1018
steel surface at low impact angle. Other authors [17, 26]
have reported that micro cutting and repeated plastic
deformation followed by metal cutting are associated with
material removal mechanisms in ductile materials as
observed in this study [Fig. 6(a-c)].Material removal from
the target AISI 1018 steel surface through micro cutting,
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pitting and ploughing became more prevalent as the
velocity was increased to 40m/s at 30° impact angle. Crater
formation is a feature of repeated particle impact, where the
rate controlling step might be associated with the property
of the target steel material [26]. At 60m/s and 30° impact
angle, crater formation, embedment of aluminium oxide
particle on the steel surface and micro-ploughing were
observed [Fig. 8(a-c)]. Similar observation has been
pointed out in other studies [9, 17]. This could be as a
result of increasing particle velocity and low bombarding
kinetic energy. Such a phenomenon was also pointed out by
other researchers [25, 31]. Under this condition, the
aluminium oxide particles are embedded into the steel
matrix [Fig. 9(b)]. It has also been reported [40, 41] that
metal removal under low impact angle and high velocity
conditions occurs by low angle metal cutting process as
observed in this study [Fig. 9(a-c)]. As the particles
velocity was increased to 80m/s at 30° impact angle, the
eroded metal surface is cut in “disc-shape” by the
bombarding aluminium oxide particles. It is also well
known that one surface impact on another during a repeated
contact, the contact induces an alternating subsurface shear
stress and plastic strain. On repeated contact, subsurface
plastic strain is built up with increasing cycles resulting in
formation of pits on the surfaces, as seen at 80m/s and 30°
of this study.

In respect of the tests performed at 90° impact angle,
evidence of ploughing in all the tests conducted at lower
velocities indicate that ploughing mechanism is the
operative erosion mechanism [Fig. 6(d-f) and Fig. 7(d-f)].
On the other hand, the SEM results of AISI 1018 steel
surfaces [Fig. 8(a-c) and Fig. 9(a-c)] conducted at higher
velocity of 90° impact angle [Fig. 8(d-f) and Fig. 9(d-f)]
provide evidence that multiple ploughing of the steel
surface were the prevailing erosion mechanisms at higher
velocity test conditions. Evidently, ploughing mechanism
was observed as prevailing erosive mechanism for the
entire test conducted at 90° impact angle, as shown in
Fig.6, 7, 8, and 9.Increase in particles velocity did not
change the ploughing mechanism observed at high impact
angle tests. It is believed that increase in the impact angle
could have resulted in decrease in the ploughing
mechanism as previously pointed out by other authors [25,
41, 42], where it was revealed that impact angle has
significant impact on the erosion mechanism of solid
particles. It is also believed that at higher impact particles
velocity, the elastic strain energy is high and may exceed
the strain energy of the target materials[8, 31]. Under this
condition, plastic deformation of the target surface results
in micro cutting and ploughing of the target surface. For
stream particle erosion process, the impinging and
reflecting aluminium oxide particles may collide and the
direction of the impinging particles may change[43, 44], as
seen in this study. When the impact angle is increased
under this condition, the sliding component of the particles
velocity may as well plough the target surface depending on
the rotation of abrasive particles after impact on the target
surface[9, 31]. This observation was supported by recent
study of Al-Bukhaitiet al. [25], where ploughing
mechanism of AISI 1017 steel was observed on the target
steel surface between impact angle of 15 to 75°which is in
close agreement with the observation of this study. It could
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then be inferred that ploughing mechanism seen at 90°
impact angle is influenced by material property.

In the current work, as the particles velocity is increased
at the 90° impact angle, the dominant erosion mechanism of
ploughing intensified with increase in the width and number
of ploughings found on the AISI 1018 steel surface. This
highlights the effect of impact angle and associated
mechanism as the particle velocity is increased. The
concept of increasing ploughing mechanism at higher
impact angle has been discussed [25].However, this is the
first investigation using AISI 1018 steel against aluminium
oxide particle under this test condition, which suggests the
possibility of an optimal velocity and material property in
the erosion mechanism trend of AISI 1018 steel. This result
also suggest that the erosion mechanism of AlSI1018 steel
in oil and gas transportation pipeline could be strongly
influenced by increased velocity and material property and
should be considered as important factors in the erosion of
oil and gas pipelines.

Conclusion

The study of the effect of particles velocity and impact
angle on the erosion behaviour and mechanisms of AIlSI
1018 steel has led to the following conclusions:

1. The weight loss and erosion rate of AISI 1018 steel
increases with increasing particle velocity for the impact
angles considered in this study. The increase in weight
loss and erosion rate is attributed to increasing particle
penetration rate as the velocity increases.

2. SEM examinations clearly showed that ploughing
mechanism occurred at different particles velocity of
90° impact angle. It was assumed that ploughing
mechanism observed at 90° impact angle may be
influenced by the material property.

3. Examination of the eroded AISI1018 steel surface
impinged at different angles and velocities revealed that
low angle metal cutting was the prevailing mechanisms
at low impact angle and higher speed, while ploughing
was the operative mechanism at higher impact angle.

4. The ploughing erosion mechanisms of AISI 1018 steel
observed may be responsible for the failure of oil and
gas steel pipeline and further study will consider
selection of appropriate coating to reduce the erosion of
the steel pipeline materials.
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