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 A B S T R A C T 

This study focused on determining the mechanical behavior and wear 
resistance of a carbon steel pipeline, API 5L-X52, subjected to solid particle 
erosion. It analyzed the erosion rate and mass loss when impacted at 
different angles of incidence. Erosion by solid particles is a common failure 
mode in various industries, especially mining, marine, oil and gas, leading 
to significant cost losses. In the oil and gas industry, pipelines serve as vital 
conduits for material transportation and are most susceptible to different 
types of erosion. Test materials, API X-52 steel and abrasive particles, were 
characterized using techniques such as SEM and EDS to determine their 
chemical composition and physical properties. Several tests were 
performed at a particle velocity of 24 m/s and room temperature, with the 
angle of incidence ranging from 15° to 90°, using an erosive tribometer 
designed based on the ASTM G-76 standard. The erosion rate and mass loss 
were calculated and evaluated to understand the mechanical behavior 
and wear process, along with profilometry analysis of the wear scars on 
each specimen. The wear behavior and the angle of incidence exhibiting 
the most severe wear were also determined. 
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1. INTRODUCTION 
 
Wear and its mechanisms are a complex 
phenomenon; these depend on several factors 
such as the environmental conditions, 
mechanical properties of the materials, operating 
parameters, among others. Among the different 
wear processes, erosive wear is widespread in 
industry, where material is removed from the 
surface of the mechanical elements by the 
repetitive impact of hard particles at certain 
speed, causing premature deterioration of the 

components [1]. Some of the most affected 
industry processes involved material 
transportation, such as the mining and oil and gas 
industry, as are pipelines, pipe joints, and elbow 
sections; these elements suffer a deterioration in 
their life cycle due to erosion wear on critical 
sections [2,3]. 
 
On solid particle erosion (SPE) the kinetic 
energy of the moving particles is transferred to 
the surface, these impacts generate a surface 
contact force and cause deformation or 
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remotion of material from surface layer of the 
mechanical element, this could experience two 
mean types of wear degradation – deformation 
and cutting [4], which are related to mechanical 
behavior and the angle of incidence at which 
hard particles impact the surface.  
 
The two mechanical behaviors observed in SPE 
are ductile and brittle. In the first one, the mean 
wear mechanisms are cutting, ploughing, and 
flake formation; in the second one are plastic 
deformation, cracking, and fatigue [5,6]. The 
principal difference between these two 
mechanisms can be observed when they are 
compared to the erosion rate at different angles 
of incidence. With ductile material the major 
erosion rate is obtained with low angles of 
incidence between 30° and 60°, and whit brittle 
material, the major erosion rate is obtained at 
90° [7,8]. 
 
Research has been conducted to analyze the 
effect that SPE has on pipeline sections as well 
as in elbows sections of different materials 
across various applications. Chen et al. [9] 
conducted experiments on gas production, 
analyzed the effect of erosion on pipe walls, and 
included corrosion in their analysis. Salaman et 
al. [10] performed simulations to identify the 
most affected zone inside elbow section due to 
erosion. Singh et al. [11] examined the 
reduction in wall thickness of a pipeline caused 
by erosion and sand concentration on its lower 
section. Some materials used for pipelines 
include API carbon steel, which is widely 
employed in the oil and gas industry for 
transporting liquids and gases over long 
distances due to its chemical and mechanical 
properties [12,13]. Several studies have been 
carried out to analyze the effect of SPE on API 
pipelines, including the use of slurries, erosion-
corrosion assessments and CFD simulations 
[14-17]. 
 
The mechanical behavior of the carbon steel 
API 5L-X52 and the wear resistance to erosion 
by solid particles is the main objectives for this 
study; to achieve this aim, some specimens are 
tested with different angles of incidence using 
an erosive-tribotester, and the erosion rate and 
mass loss of each specimen are determined 
according to the angle tested. The angles of 
incidence range from 15° to 90° to compare the 
different wear mechanisms. 

2. EXPERIMENTAL DETAILS. 
 
2.1 Erosive wear tribometer 
 
A tribometer manufactured by the Tribology Group 
of the Instituto Politécnico Nacional, based on some 
parameters of the ASTM G76 [18], was used to carry 
out the experimental tests. It uses a compressor to 
accelerate the hard particles throughout the 
tribometer. An analogue gauge was implemented to 
keep pressure constant throughout all the tests. A 
venturi tube is used to mix the air with the hard 
particles before the nozzle. This tribometer design 
uses a goniometer to establish the angle of 
incidence as it works. Figure 1 shows a schematic 
diagram of the tribometer. 
 

 
Fig, 1. Tribometer schematic diagram. 

 
The velocity of the hard particles was calculated 
using the double disk method an implementing 
the relation expressed in equation (1), proposed 
by Ruff & Ives [19]. The results of this method 
were compared with a high-speed camera to 
check them. Different particle velocities were 
evaluated, but finally, the particle velocity 
selected to work with in the tests was of 24 m/s. 

𝑉 =
𝐿 ∗ 𝜔

𝜃
                                 (1) 

Where: 

V= Particle velocity [m/s] 

L= length separation between discs [m] 

ω= angular velocity [rad/s] 

θ= angular displacement [rad] 
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2.2 Test materials 
 
The test material selected for this study was a 
carbon steel pipeline section, an API 5L-X52, 
commonly used for oil and gas transportation in 
this industry, due to its chemical resistance and 
some physical properties [20]. The chemical 
characterization of it was made by Scanning 
Electron Microscope (SEM) using a JEOL model 
JSM 7800 microscope, and with Spectroscopy of 
X-ray Diffraction. Table 1 shows its chemical 
composition and some physical properties useful 
for these tests as hardness and density.  
 
Table 1. Physical and chemical properties. 

Carbon steel API 5L X-52 Alumina 

Physical properties 

Density 7.72 g/cm3 Density 3.9 g/cm3 

Yield 
strength  

420 MPa Hardness 2,000 HK 

Hardness 474 HV Particle size 93 µm 

Equivalent  
weight  

18.62 gr Shape Sharpened 

Chemical properties 

Chemical composition Chemical composition 

Fe C Mn Si Al O 

91.83 6.57 1.34 0.25 57.57 42.43 

 

Figure 2 shows an image obtained with an optical 
microscope Zeiss Axiovert 25, here boundary 
limits of grains and phases of the material can be 
observed. Pearlite and ferrite are the principal 
phases; these phases are typical of a carbon steel. 
Figure 3 shows an image obtained with SEM 
analysis where some microstructure features can 
be seen. The X-ray diffraction analysis shows a 
crystallography card of a carbon steel with body-
centred cubic system (BBC). 
 

 
Fig. 2. Phases and boundary limit grains of API 5L-X52, 
optical microscope image at 20X. 

 

Fig. 3. Microstructure features of API 5L-X52, SEM 
image at 2,000X. 
 

The hard particles used were oxide of 
aluminium (Al2O3) due to their physical 
properties such as hardness and the irregular 
and sharpened shape of the particles as well as 
their inert property under aggressive 
conditions of pressure and temperature. It was 
characterized in the same way as the tested 
material; their chemical composition and 
morphology were obtained with SEM analysis; 
its morphology and size can be observed in 
figure 4a. The hardness of the particles was 
found with a nanoindentation study. To know 
the particle size distribution, a laser particle 
size distribution technique was done using a 
Beckman Coulter model LS 230 analyser; the 
results obtain with this technique are shown in 
figure 4b. The properties of the erodent 
particles are listed on table 1 as well. 
 

 
 

Ferrite 

Pearlite 

a) 
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Fig. 4. Features of hard particles, a) morphology, b) 
particle size distribution.  

 
2.3 Test conditions 
 
All the tests were performed at room 
conditions based on the standard for erosion 
test by solid particles the standoff distance 
between the nozzle and the specimen holder 
was established as 10±1 mm, the outer 
diameter of the nozzle employed was of 6.1 mm 
with a length-to-diameter ratio of 20:1 as 
specified in the standard, it always be take care 
that the inner diameter of the nozzle was not 
reduced more than 10%. Specimens were 
machined in a rectangular shape of 30x35 mm 
with a thickness of 3 mm, all of which were 
polished until reaching a roughness of 0.59 µm 
of Ra, cleaned in an ultrasonic bath, and weight 
before every test. These were carried out 
cumulatively, which means that the test begins 
with an initial exposition time of 120 s, 
doubling time every repetition until it reaches 
a total exposure time of 960 s. This method was 
implemented for every angle of incidence, 
15°,30°,45°,60° and 90°. The mass flow ratio 
was estimated with the conditions listed in 
table 2. Erosion rate (ER) was evaluated with 
the equation (2), dividing the difference in 
mass of the specimen at the beginning and 
finish of each test by the amount of erosive 
material used. 

𝐸𝑅 =
∆𝑚

𝑚𝑎

                                  (2) 

Where: 

ER= Erosion rate 

Δm= Mass difference of every sample after each test [g] 

ma= Abrasive mas used in each test [g] 

Table 2. Test Conditions. 

Specimen dimension 30mmx35mm 

Thickness 3mm 

Roughness (Ra) 0.59 µm 

Nozzle diameter 6.1mm 

Test temperature Room temperature 

Test time 120s, 240s, 480s and 960s 

Angle of incidence 15°, 30°, 45°, 60° and 90° 

Average particle velocity 24 m/s 

Air pressure 30 PSI 

Particles mass flow ratio 101±2 g/min 

 
3. RESULTS AND DISCUSSION. 
 
3.1 Mass loss by incidence angle 

 
Figure 5 shows the mass loss according to the 
angle of incidence at which the specimen is 
attacked. It can be observed how mass loss 
depends on the angle of incidence, showing that 
the lowest value of mass loss is reached when the 
sample is set at 90° concerning the particle flow, 
and that with smaller angles of incidence a higher 
mass loss was obtained. These results are by the 
requirements of use of the material to resist 
impacts in the elbow section. It was obtained that 
the higher mass loss value is reached with 
incidence angles of 30° and 45°, indicating that 
the material could be prone to wear the duct 
walls or elbows sections in some specific cases 
under certain conditions. With these results can 
be deduced that the material tends to show a 
ductile behaviour more than fragile one [8,21]. 
 

 
Fig. 5. Mass loss according to the angle of incidence. 
 

3.2 Erosion rate evaluation 
 
The ER is affected in the same way as the mass 
loss by the angle of incidence being handle, in 
this case the ER decrease inversely with the 
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angle of incidence, as the angle increase the ER 
decrease, having the highest value as well at 
30° and 45°, this confirms the material exhibits 
a ductile behaviour as other authors mention 
[1,22]. Ductile material tends to suffer more 
from cutting and ploughing as result of erodent 
particles sliding over the surface, having a lot of 
plastic deformation despite of the shape of the 
erodent [23]. One thing that could affect these 
results is the rebounding factor since, whit low 
angles of incidence, the rebounding effect is 
lower than at a higher angles of incidence; 
therefore, a greater amount of hard particles 
impact on the surface when low angles are use 
and this causes a higher erosion rate and mass 
loss. Figure 6 shows the dependence of the ER 
on the angle of incidence use it. 
 

 
Fig. 6. Erosion rate according to the angle of incidence  
 
Additionally, it was checked how the ER changes 
over time. It was found that this value peaks right 
at the beginning of the tests, regardless of the 
angle of incidence; it is at the start of the test 
when the erosion rate is highest. After this point, 
the ER tends to stabilize over time. This 
behaviour was observed along all tests and can be 
seen in figure 7. 
 

 

Fig. 7. Erosion rate over the time. 

3.3 Profilometry analysis 
 

A profilometry analysis was performed using a 
Mitutoyo profilometer model CV-500. It was 
observed how the wear progression of the scars 
related to the ER, and what impact the geometry of 
the scar, depth, and distance has on mass loss, 
depending on the angle of incidence. It was found 
that the length of the scar increase gradually as the 
angle of incidence decreases, beginning from a scar 
length of 12 mm approximately at 90° until 
reaching a length greater than 25 mm at 15°. The 
depth of the scars remains almost constat along the 
test, except for the depth at 15°, where it only 
reaches a depth of 0.05 mm approximately. The 
depth of the scar is not necessarily related to the ER, 
in this case, the deepest scar was obtained at 60° 
with a depth of 0.164 mm, while the highest value 
of ER was obtained between 30° and 45°, with a 
depth of around 0.140 mm. So, the geometry of the 
scar, depth, and length, is what defines the effect of 
it in the mass loss. In figure 8 the wear scars of each 
angle of incidence after each test can be observed. 
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Fig. 8. Profilometry analysis of the scar wear after 960 
s at, (a) 90°, (b) 60°, (c) 45°, (d) 30° and (e) 15°. 
 

Figure 9 shows a schematic diagram of how scars 
on the specimen evolve according to the angle of 
incidence at which it is impacted. In this case, 
beginning from a high angle and transitioning to 
a lower one. It can be observed how the scar goes 
from a circular shape to a long oval as the angle of 
impact decreases. 
  

  
 

  
 

  

Fig. 9. Erosion scars evolution diagram at different 
angles of incidence (a) 90°, (b) 45° and (c) 15°. 
 

3.4 Erosive wear mechanisms 
 
Analysing the wear mechanisms involved in the 
erosion phenomenon is difficult because 
different wear mechanisms interact 
synergically with one another, which makes it 
difficult to identify each mechanism by itself. 
Despite this, some mechanisms predominate 
and stand out over others, especially when the 
specimen is strike with specific angles of 
incidence. When a specimen is impacted at high 
angles of incidence almost all kinetic energy in 
the particles is transferred to the surface, in 
most of the cases penetrating it, causing plastic 
deformation, protrusion and fracture on the 
surface of the material as well as fracture of the 
particles; in this situation several particles 
become embedded in the material due to the 
angle of incidence causing an increase in the 
resistance of the material to subsequent 
impacts. Some of the most common wear 
process involved in erosion at 90° to lose 
material are protrusions, displacement of 
material, fracture, and the formation of lips or 
ridges; also cutting could be observed. In figure 
10a some of these mechanisms are pointed out, 
exhibiting the mean wear mechanisms at high 
angles of incidence, figure 10b shows the 
particles embedded after the test, these 
particles create a protective layer on the 
surface for upcoming impacts limiting the 
erosion capacity of the particles and adding 
weight to the sample, this phenomenon 
decrease barely the erosion rate for the test 
performed. 
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Fig. 10. Samples impacted at 90°, (a) worn surface and 
(b) particles embedded in the material. 

 

 
 

 
Fig. 11. Samples impact at 15°, (a) worn surface and 
(b) embedded particles in the material. 

 
When the specimen is struck at low angles of 
incidence, the mechanisms involved in removing 
material are different; among them, one of the 
most prominent mechanisms is ploughing and 

cutting [24,25], characterized by the grooves 
formed when the hard particles collide and slide 
over the surface, causing this phenomenon.  
 
When particles impact at low angles, the kinetic 
energy of these is divides into its two 
components, the y-axis and the x-axis 
components. The y-axis focuses on penetrating 
the surface, while the x-axis is responsible for 
sliding the particle over the surface. As the 
particles collide and slide over the surface, 
these displace material ahead and to the sides 
from the impact zone, forming what is called as 
dimples and the so call flakes [26], which are 
removed with the subsequent impacts causing 
remotion of material, leading into loss of 
weight or are flattened leading to plastic 
deformation of the surface. Some of these 
mechanisms are pointed out in figure 11a. In 
figure 11b can be observed how some particles 
are embedded in the material, fewer than those 
observed at 90°, and in this case, the particles 
embedded are bigger because these do not 
fracture upon impacting the surface, adding 
little mass weight to the samples when low 
angles of incidence are used. 
 
 
4. CONCLUSIONS. 
 
1. It was concluded that the erosion rate is 

strongly related to the behaviour of the 
material, in this case, a ductile behaviour, 
obtaining the highest erosion rate when low 
angles of incidence are used to impact the 
samples. With these experiments, the 
erosion rate with the highest value was 
reached at 30°. 

2. The performance of this material against 
erosion wear was evaluated, and concluded 
that, according to his behaviour this material 
has better performance when it is impacted 
with high angles of incidence, these results 
are consistent with the specifications of the 
material since the use of it requires impact 
resistance, specifically in elbow sections 
where the wear is higher. 

3. One thing to pointed out is that despite of the 
angle of incidence at which the hard particles 
impact the specimens, there was an initial 
erosion rate; this was higher at the beginning 
of the test, the first 120s; after this time, the 
erosion rate decrease and tends to stabilize.  
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This phenomenon could be attributed to the 
repetitive impact of particles that causes 
plastic deformation, slightly hardening the 
surface of the material, increasing the wear 
resistance to and some particles get 
embedded on the surface, forming a 
protective layer to subsequent impacts. 

4. It was found that the principal wear 
mechanisms on the test with higher erosion 
rate were ploughing, flake formation, ridges, 
and plastic deformation; all this mechanism 
work together to remove material from the 
surface. These mechanisms cause higher 
mass loss at low angles of incidence. 
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