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a b s t r a c t

Erosion wear is a common failure mode in the oil and gas industry. In the hydraulic fracturing, the
fracturing pipes are not only in high-pressure working environment, but also suffer from the impact of
the high-speed solid particles in the fracturing fluid. Beneath such complex conditions, the vulnerable
components of the pipe system are prone to perforation or even burst accidents, which has become one
of the most serious risks at the fracturing site. Unfortunately, it is not yet fully understood the erosion
mechanism of pipe steel for hydraulic fracturing. Therefore, this article provides a detailed analysis of the
erosion behavior of fracturing pipes under complex working conditions based on experiments and nu-
merical simulations. Firstly, we conducted erosion experiments on AISI 4135 steel for fracturing pipes to
investigate the erosion characteristics of the material. The effects of impact angle, flow velocity and
applied stress on erosion wear were comprehensively considered. Then a particle impact dynamic model
of erosion wear was developed based on the experimental parameters, and the evolution process of
particle erosion under different impact angles, impact velocities and applied stress was analyzed. By
combining the erosion characteristics, the micro-structure of the eroded area, and the micro-mechanics
of erosion damage, the erosion mechanism of pipe steel under fracturing conditions was studied in detail
for the first time. Under high-pressure operating conditions, it was demonstrated through experiments
and numerical simulations that the size of the micro-defects in the eroded area increased as the applied
stress increased, resulting in more severe erosion wear of fracturing pipes.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Erosionwear caused by solid particles has garnered widespread
attention due to the fact that it is a crucial cause of material failure
in many industries. In the oil and gas production, the particles
entrained by the flowing liquid or gas constantly impinge upon the
pipe walls at a particular angle and velocity, causing erosion wear
damage to the pipeline system, particularly in elbows, valves, and
tees. The severe erosion damage may lead to equipment failure and
n), hanlihong@cnpc.com.cn

y Elsevier B.V. on behalf of KeAi Co
fluid leakage. Hydraulic fracturing is an important measure to in-
crease production. During the hydraulic fracturing operation, the
ceramic proppants entrained in the high-pressure fracturing fluid
are transported from the ground to the downhole to keep the
cracks open, thus helping oil or gas to flowmore freely. In this case,
the fracturing pipes carrying the high-pressure sand-laden fluid are
subjected to the high-speed impact of solid particles within the
tube, in addition to significant stress caused by high operating
pressures (sometimes exceeding 100 MPa) (Yang and Gao, 2022;
Josifovic et al., 2016). Beneath these coupling working conditions,
vulnerable components in the pipe system, such as elbows, tees,
and valves, are susceptible to extremely severe erosion wear that
may shorten their service life (Wang et al., 2020; Yao et al., 2023;
Zhang et al., 2019). Once the pipe ruptures due to erosion damage,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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the high-pressure fluid flowing in the pipe fittings leaks, posing a
serious threat to personnel safety and equipment integrity.

The severity of erosion wear is non-linearly affected by
numerous factors, and the relationship between these factors is
nonlinear. Although not all the factors that affect erosionwear have
been identified, for slurry erosion, the main factors can be catego-
rized into four categories: impact conditions (such as impact ve-
locity, impact angle, impact level, and wet/dry conditions), particle
characteristics (such as shape, size, hardness, and composition),
slurry characteristics (such as concentration, temperature, viscos-
ity, corrosivity, and flow pattern), and target material characteris-
tics (such as hardness, toughness, corrosion resistance, and yield
strength) (Parsi et al., 2014; Javaheri et al., 2018;Wang et al., 2019b).
Among these factors, flow velocity and impact angle are considered
to be the most critical. Yoganandh et al. (2013) conducted orthog-
onal erosion tests on four influencing factors, including flow ve-
locity, impact angle, slurry concentration, and particle size. The
results showed that the contribution of flow velocity and impact
angle to the erosion wear of the materials was 60% and 21%,
respectively. In regard to impact velocity, the higher the impact
velocity of a particle, the higher its kinetic energy when impacting
the target material (Parsi et al., 2014; Huang et al., 2008; Nguyen
et al., 2014; Al-Bukhaiti et al., 2007; Abedini and Ghasemi, 2014).
Sufficient experimental studies have shown that there is a power
function relationship between the erosionwear rate and the impact
velocity (Akbarzadeh et al., 2012; Oka et al., 2005; Ahlert, 1994;
Alam et al., 2016):

ERfðupÞn (1)

where ER is the erosion wear of target material, up represents the
particle impact velocity, n is a power exponent. The value of n is an
empirical coefficient that varies considerably with the properties of
impacting particles and the target materials, and the value of this
coefficient generally varies between 1.7 and 2.6 for ductile metallic
materials (Oka et al., 2005; Sapate and RamaRao, 2003; Islam et al.,
E
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2016).
In terms of impact angle, most studies have found that for

ductile materials, the erosion wear rate increases first and then
decreases with the increase of impact angle (Al-Bukhaiti et al.,
2007; Liu et al., 2021; Zhang et al., 2021). It has been observed
that the impact angles causing the most severe erosion wear
generally occur between 20� and 40� (Abedini and Ghasemi, 2014;
Abbade and Crnkovic, 2000; Zhang et al., 2016). The relationship
between impact angle and erosion wear rate can be approximately
expressed by a higher order polynomial (Ahlert, 1994; Veritas,
2007; Zhang et al., 2007; McLaury and Shirazi, 2000).

Although numerous experimental studies have been committed
to investigating the influential mechanism of various parameters
on erosive wear, almost all erosion tests in the existing literature
were carried out at approximately atmospheric pressure without
considering the effect of applied stress. However, in the oil and gas
field, almost all equipment must be subjected to applied stress
caused by internal pressure or external load during the service
period, such as the fracturing pipes. Surprisingly, only a few related
studies involving high applied stress have been conducted. Cao
et al. (2022) conducted two-phase gas-solid particle jet erosion
tests on 316L stainless steel under different tensile stress and
different erosion angles. They found that in the elastic range, the
erosion rate manifests a rising trend with the increase of stress.
Wang et al. (2022) proposed a testing method for free fall coarse
particle stress-erosion, and the erosion behavior of stainless steel
SS304 under different loads and impact angles was experimentally
studied. Through this method, the stress-acceleration effect of
stainless steel SS304 has been found. In addition, in our previous
studies, we carried out the experimental studies of solid particle
erosion that took into account tensile stress and found that it may
play a crucial role in aggravating the erosion wear rate (Sun et al.,
2015; Yang et al., 2021). Based on the stress-erosion tests data,
some researchers have established the fit model about the stress-
accelerated erosion (Yang et al., 2021; Xu et al., 2022; Wang et al.,
2019a). Although the exacerbating effect of applied stress on the
rosion chamber
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Table 1
Mechanical properties and nominal chemical composition of AISI 4135 steel.

(a) Mechanical properties of AISI 4135 steel

Density, kg/m3 Yield strength, MPa Tensile strength, MPa Elastic modulus, GPa Brinell hardness Reduction of area Extensibility

7850 835 985 207 229 45% �12%

(b) Nominal chemical composition of AISI 4135 steel

C Si Mn Cr Mo P S Ni Cu

wt% 0.33e0.38 0.15e0.35 0.70e0.90 0.80e1.10 0.15e0.25 �0.035 �0.040 �0.030 �0.030

131
195

20 40 64

11

4×R12 4×Φ10

4

Fig. 2. Schematic representation of the testing specimen. (unit: mm).
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erosion wear of ductile metals has been observed, the erosion
mechanism of stress-erosion of the target material has not been
effectively revealed yet, which makes it difficult for researchers to
grasp the erosion behavior of pipe steel for hydraulic fracturing
under complex coupling conditions, and may lead to flaws in
fracturing pipes design and maintenance.

In addition to experimental studies, many researchers were
committed to the implementation of numerical simulation to
Table 2
Mechanical properties and nominal chemical composition of the ceramsite sand.

(a) Mechanical properties of ceramsite sand

Density, kg/m3 Average size, mm Sphericity

1800 400 0.9

(b) Nominal chemical composition of ceramsite sand

Al2O3 SiO2 Fe2O3 TiO2

wt% 65.82 14.94 9.43 3.88

(a)

1 mm

Fig. 3. SEM micrographs of the impacting particles before a
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analyze the erosion mechanism. At present, most studies focus on
the analysis of erosion prediction based on computational fluid
dynamics (CFD) methods. Duarte and Souza (2017) performed
numerical simulations of gas-solid erosion of elbows and analyzed
the effect of structural parameters on erosion wear to mitigate
elbow erosion. Parsi et al. (2015, 2017) carried out a CFD simulation
of solid particle erosion in gas-dominant multiphase flow, reported
that the maximum erosion occurred at the top of elbow extrados,
and investigated the effects of particle velocity, particle distribution
and particle size on the erosion mechanism. Zhu et al. (Zhu and Qi,
2019; Zhu et al., 2015) performed a series of CFD simulations of
solid particle erosion for the pipe fittings such as elbows and tees in
oil and gas pipeline systems, analyzing the effects of flow velocity,
particle size, and structure characteristics on erosion wear. How-
ever, there were relatively few numerical simulations to study the
erosion mechanism of solid particles on target materials from the
perspective of impact dynamics. Shimizu et al. (1999, 2000) studied
the dependency on impact angle during erosion wear using a two-
dimensional single-particle impact model. Chen and Li (2003)
constructed a dynamic two-dimensional computational model
based on Newton's law of motion to simulate the surface damage of
composite materials caused by solid particle erosion. Zang et al.
(2022) carried out the numerical simulations to investigate the
wear morphology and stress distribution of a target material
Roundness Mohs hardness Breakage rate, %

0.9 8 86 MPa � 8

MnO K2O CaO Others

2.94 0.85 0.77 1.37

(b)

1 mm

nd after the test. (a) Before the test, (b) after the test.
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Fig. 4. Geometric model and computational grid division.

Table 3
Mesh-independence test: the maximum Von Mises stress (impact angle ¼ 30�; impact velocity ¼ 20 m/s; applied stress ¼ 0).

Mesh Number of refined elements Number of coarse elements Total number of elements Von Mises stress, MPa Percentage change

M1 49392 277200 326592 638.9 /
M2 105903 328104 434007 738.8 13.52%
M3 183708 372960 556668 817.7 9.65%
M4 282807 411768 694575 864.5 5.41%
M5 403200 444528 847728 881.0 1.87%
M6 1552887 793800 2346687 889.2 0.92%
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subjected to rotating particle impacts. They found that the rotation
of particles impacting a material can significantly affect the
magnitude and pattern of impact wear. Hadavi et al. (2016a, 2016b)
developed a high-speed impact model of SiC particles using
coupled EFGeSPH technique and investigated the effects of inci-
dent angle, velocity and abrasive size on the erosion damage, and
well predicted the fragmentation and fracture of impacting parti-
cles during the erosionwear. From the existing literature on particle
impact dynamics, it can be seen that the current research in the
field is mainly devoted to the impacting particle properties, such as
impact velocity, impact angle and particle rotation, etc. However,
few studies have combined the erosion damage micro-mechanics
obtained from numerical simulations with the erosion character-
istics obtained from experimental studies to reveal the complex
erosion mechanism in detail. In addition, the erosion mechanics
analysis mentioned in the current literature only considered the
contact effect between the impacted particles and the target ma-
terial, and no study has yet considered the stress state of target
material when subjected to particle impact. Therefore, to date there
is no study that analyzes erosionwear involving applied stress from
the perspective of micro-mechanical. Until now, the complex
erosion behavior for fracturing pipes has been a largely under
researched domain.

Consequently, in this study, the experimental investigation of
solid particle erosion on AISI 4135 steel for fracturing pipes was
carried out. Additionally, according to experiments parameters, a
particle impact dynamic model of erosion wear was developed
using the ABAQUS software. The effects of impact angle, particle
velocity and applied stress on the erosion wear were comprehen-
sively analyzed through experiments and numerical simulations.
Furthermore, the erosion mechanism of pipe steel under complex
fracturing conditions was revealed based on microstructure
2782
characterization and surface deformation micro-mechanics.

2. Experimental method

2.1. Experimental setup

All experiments were carried out on a novel slurry jet erosion
testing system, which can exert controllable tensile load to the
testing specimen during the erosion wear. The schematic diagram
of the erosion testing apparatus is shown in Fig. 1. The whole
erosion testing system included the erosion chamber, hydraulic
servo system, solid-liquid mixing tank (approximately 120 L),
slurry pump, recirculation pipeline (DN50) and control&data
acquisition cabinet. The erosion chamber is the critical component
of the whole erosion testing system, consisting of servo cylinder
(MOB, Taiking Hydraulic Co., Ltd., China), testing specimen, spray
nozzle and tension senor (SES, Transform Technology Co., Ltd.,
China). Both sides of the specimen were connected with a servo
cylinder and a tension sensor respectively, which can be continu-
ously to tensile stress during the erosion tests. In addition, an angle
adjustment device was installed on one side of the specimen, so
that the orient angle of specimen can be adjusted between 0� and
90� with the incoming slurry jet direction.

2.2. Materials

The target material utilized in this study was AISI 4135 steel, a
widely used pipe steel for hydraulic fracturing due to its superior
mechanical properties. The mechanical properties and nominal
chemical composition of this alloy steel are presented in Table 1.
Fig. 2 illustrates the geometric schematic of the specimen used for
the erosion tests. The spherical ceramsite sand was served as the
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erodent in all the experiments, as it is commonly used in actual
hydraulic fracturing conditions. The mechanical properties and
nominal chemical composition of the ceramsite sand are shown in
Table 2. Prior to the test, use a fine sieve with specific mesh size to
sieve the ceramic sand particles to a size range of 300e500 mm. The
SEM micrographs of the impacting particles before and after the
test are shown in Fig. 3, indicating that due to the high hardness
and non-friable of the ceramsite sand, the shape and size of the
particles did not change significantly before and after the test.
20 μm

20 μm

(a)

(c)

Fig. 6. SEM micrographs of the eroded region at different impact angles. (a) impact angle
velocity ¼ 15 m/s, applied stress ¼ 0 MPa).
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2.3. Experimental procedure

During the test, the solid particles were thoroughly mixed with
water in the solid-liquid mixing tank at a particle concentration of
10% (in wt%). The resulting sand-laden fluid flowed through a
pipeline and impacted the testing specimen via a nozzle. In the
experiments, a boron carbide nozzle with an inner diameter of
8 mm was selected, and the outlet portion included a 77 mm long
straight cylindrical passage to minimize the dispersion effect of the
slurry. The distance between the nozzle outlet and the specimen
was 20 mm. The impact angles of particles were respectively set as
15�, 30�, 45�, 60� and 90�. The flow velocities of impact slurry flow
were measured by two flow meters (8800 Series, Rosemount Co.,
Ltd., USA), where the values were set as 5, 10, 15, 20 and 25 m/s,
respectively. After impacting the testing specimen, the sand-laden
fluid returned to the solid-liquid mixing tank to complete a closed-
loop cycle. To ensure a constant particle concentration during the
test, we regularly detected the particle concentration through the
sample port at the solid-liquid maxing tank. When there was a
decrease in particle concentration, we promptly added appropriate
solid particles to the solid-liquid mixing tank to maintain a particle
concentration of 10%. The testing specimen was subjected to axial
tensile stress while being eroded by slurry flow, the tensile stresses
were obtained by dividing the tensile force by the cross-sectional
area of the testing specimens (160 mm2), and the applied stresses
were set as 0, 100, 300, and 500 MPa, respectively. All experiments
were repeated independently at least three times and the experi-
mental period was 60 min. The laboratory temperature was be-
tween 25 and 30 �C. In order to improve the accuracy of
experimental data, each specimen was ultrasonically cleaned and
dried by hot air blower before and after the test. Mass of each
specimen was measured accurately in a high-precision electronic
20 μm

20 μm

(b)

(d)

¼ 15� , (b) impact angle ¼ 30� , (c) impact angle ¼ 60� , (d) impact angle ¼ 90� (flow
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balance (MS104TS/02, Mettler Toledo Inc., Switzerland) with a
minimum resolution of 0.1 mg. The erosion rates were defined by
the ratio of the mass loss of specimens (in mg) to the mass of
impacting solid particles (in g). The ceramsite sand and water were
replaced after each test.
3. Finite element analysis

The erosion phenomenon can be simplified as the repeated
impact of a single particle on the target material, resulting in the
target material experiencing large stress-strain states during dy-
namic erosion. The simulation of particle impact dynamics in this
paper is based on ABAQUS software due to its excellent ability to
calculate nonlinear mechanics. Fig. 4 provides the schematic rep-
resentation of the erosion model along with the corresponding
computational mesh. The target material was set to a geometric
size of 1000 mm � 1000 mm � 500 mm, and a spherical particle with
a diameter of 400 mm impacted and contacted the target surface in
the initial state. A mesh-independence test was conducted to select
the appropriate mesh size for simulation, and the comparison of
the maximum Von Mises stress of target material with the six
representative grids is summarized in Table 3. It can be noted that a
maximum difference of 13.52% exists between M1 and M2, and a
minimum difference of 0.92% is present between M5 and M6.
Considering the balance of accuracy and CPU time saving, M5 was
selected as the computational mesh to be employed in all simula-
tions, in which the number of elements was 847728.

The target material utilized in this simulation was AISI 4135
steel, which was consistent with the material used in the experi-
ment. The stress-stain relationship of the target material can be
described by the CSA-Z662-15 (2015) model, which was proposed
by the Canadian oil and gas pipeline standard and widely used as a
material model to represent the elastic-plastic mechanical prop-
erties of pipe steel (Yang et al., 2022; Zhu and Leis, 2005; Liu et al.,
2784
2016; CSA-Z662-15, 2015). This model is a simple elastic-plastic,
strain-hardening and strain-rate-hardening model that can be
used to meet the needs of advanced dynamic simulations and dy-
namic material characterization, such as the erosion of high-speed
particles. The mathematical expression of CSA-Z662-15 model is
shown in Eqs. (2) and (3).

ε¼ s

E
þ
�
0:005� sy

E

�� s

sy

�n*

(2)

n*¼ 3:14
1� sy

st

(3)

where ε and s represent strain and stress respectively; sy and st
represent yield stress and tensile stress respectively, which can be
seen in Table 1 of the manuscript; E represents elastic modulus,
which is 2.07 � 106 MPa; n* denotes the material hardening
coefficient.

In the present study, erosion phenomenon is considered as the
repeated impact of particles on the target surface, resulting in
erosion damage of target material. Johnson-Cook damage model
can be used to describe the complex failure behavior of the target
material under particle impact, which comprehensively considers
the effects of mechanical hardening, viscous strain rate and thermal
softening (Jonhson and Cook, 1985). The mathematical expression
of Johnson-Cook model is shown in Eq. (4).

ε
pl ¼

�
d1 þ d2e

d3ðsp=seÞ �ð1þ d4 ln εÞð1þ d5tÞ (4)

where ε
pl is the equivalent plastic strain rate; sp and se represent

principal stress and equivalent stress respectively; t represents the
material temperature; according to the experimental results in
related literature (Wang et al., 2017), d1ed5 are empirical constants
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with values of d1 ¼0.35, d2 ¼ 2.67, d3 ¼ 4.33, d4 ¼ 0.02, and d5 ¼1.6.
4. Results and discussion

4.1. Effect of impact angles on erosion

Fig. 5 depicts the erosionwear rate of the specimens at different
impact angles. The flow velocity was set to 15 m/s and the speci-
mens were not subjected to applied stress. It is evident that the
erosion rate increased as the impact angle increased from 15� to
30�, reaching a maximum value at an impact angle of 30�

(4.994e�03 mg/g). The erosion wear rate was then noted to
decrease gradually until the impact angle reached 90�

(2.551e�03 mg/g).
Fig. 6 displays the SEM micrographs of the eroded region of the

target material at different impact angles. At low impact angles of
15� and 30�, the entire region was covered with narrow furrows.
The lips observed on both sides and the front end of the furrows
were essentially metal accumulations caused by particle extrusion.
These fragile lips can be prone to reach critical strain hardening
under the repeated impacts of subsequent particles, leading to
detachment from the material surface. The furrows formed at an
impact angle of 30� were shorter but deeper than those formed at
an impact angle of 15�. At the intermediate impact angle of 60�, the
furrows generated by the oblique impact of solid particles became
significantly shorter compared to those at lower angles. In addition,
the number of furrows decreased sharply, accompanied by some
indentation craters. At the high angle impact of 90�, a ridge-like
metal build-up can be formed around the indentation craters due
to repeated vertical impacts and crushing of the impacting parti-
cles. Under successive particle impacts, micro-cracks tended to
appear on the accumulated metal, which may be gradually devel-
oped and interconnect, leading to the formation of lamellar frag-
ments that may then be dislodged under subsequent particle
impacts.

In order to analyze the mechanical behavior during the evolu-
tion of erosion wear, we carried out particle impact dynamics
simulations at different impact angles. Fig. 7 illustrates the equiv-
alent contact stress nephograms of the surface and sub-surface of
target material at three impact angles (30�,60� and 90�). Upon the
particle's contact with the target material, the stress on the worn
surface would radiate in an approximately circular pattern in the
subsurface layer beneath the contact surface. The stress level
decreased gradually with the distance from the contact surface, and
the maximum stress occurred in the contact area where the target
material was impacted by the particle. The impact process of a solid
particle on the target material was very short. At the initial
moment, the particle impacted the target material, after which the
worn surface started to be subjected to contact stress. For different
impact angles, at the impact angles of 30� and 60�, the stress-
affected area inclined in the direction of the horizontal compo-
nent of the impacting particle's movement. However, at an impact
angle of 90�, the stress-affected area was symmetrical due to the
horizontal component of impact velocity of the particle was zero.

The distribution of equivalent contact stress in XYZ directions for
different impact angles is shown in Fig. 8. The equivalent stress was
found to be extremely high in the near-surface region, exceeding
the yield strength of the material, indicating the possibility of
fracture damage in this region. At an impact angle of 30�, the kinetic
energy component in the X direction caused the particle to plow
over the material surface, resulting in relatively large contact stress
Fig. 8. Variations in equivalent stress of target material at different impact angles (flow
velocity ¼ 15 m/s, applied stress ¼ 0 MPa).
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in the horizontal direction of the target material. This led to plastic
flow of metal on the target surface along the flow direction,
resulting in the formation of narrow furrows (as shown in Fig. 6(b)).
Combining the micrographs of the erosion area and the micro-
mechanical analysis, it can be inferred that at the low angles
(impact angle �30�), the failure mode of erosion wear was mainly
micro-cutting. Compared to the 15� impact, the 30� impact results
in a shorter length of the furrow, but a significant increase in depth.
At an impact angle of 60�, the contact stress decreased in the X
2786
direction but increased in the YZ directions, resulting in a weak-
ening of the furrows and a gradual appearance of indentation
craters on the surface (as shown in Fig. 6(c)). Therefore, at the
medium impact angles (30� < impact �60�), the erosion mecha-
nism varied from micro-cutting to plastic deformation with the
increase in impact angle. The erosion rate of the target material
gradually decreases as the impact angle increases, which may due
to the more significant surface work-hardening effect with
increasing plastic deformation. At the high impact angles, although
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the increase in the vertical kinetic energy component at higher
impact angles leads to an increase in the contact stress of the target
material in the Z direction, the contact stress of the target material
in the XY direction gradually decreases. At an impact angle of 90�,
the contact stress in the Z direction reached the maximum value
and wasmuch higher than that in the XY directions. In this case, the
plastic deformation of the target material due to plastic extrusion
dominated the failure mode of erosion wear, resulting in the
disappearance of furrows and the entire eroded area being covered
by indentation craters (as shown in Fig. 6(d)). In this case, the
erosion rate of the target material reaches a minimum.

Erosion wear is characterized by the accumulation of damage
resulting from repeated particle impacts on the target material. In
the present study, we investigated the synergistic effect of multiple
particles impacts on erosion wear. Fig. 9 illustrates the erosion
deformation of the target material in the Z direction for different
particle impact times at 30� and 90� impact angles. It can be seen
that the deformation of the target material gradually increased as
the number of particle impacts increased. In addition, the SEM
micrographs of the cross-section of the eroded specimens and the
corresponding deformation nephograms were obtained, as shown
in Fig. 10. It can be seen from the comparison figures that the
microstructural characterizations at two typical impact angles were
in good agreement with the simulation results. As previously dis-
cussed, the failure modes dominating the erosion wear at 30� and
90� impact angles were different. Specifically, the low-angle
20 μm

(a) (b)

Fig. 12. SEM micrographs of the eroded region at different flow velocities. (a) Flow velocity
applied stress ¼ 0 MPa).
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impacting particles induced micro-cutting, leading to the forma-
tion of furrows in the erosion region, and the accumulation of metal
resulted in the formation of a lip in front of the furrow. In contrast,
the high-angle impacting particles induced plastic extrusion,
leading to the formation of indentation craters in the eroded region.
4.2. Effect of flow velocities on erosion

During the hydraulic fracturing, the flow velocity of fracturing
fluid varies greatly with different operation stages. We conducted
the erosion wear experiments involving different slurry flow ve-
locities to investigate the effect of flow velocities on erosion
severity of pipe steal for hydraulic fracturing. Fig. 11 shows the
variety of erosion wear rate with flow velocity. The impact angle
was set to 30� and the specimens were not subjected to applied
stress. It can be clearly demonstrated that the effect of flow velocity
on the erosion wear was significant, and the erosion wear rate
increased rapidly with the increase of flow velocity. The relation-
ship between erosionwear rate and flow velocity can be fitted by a
power function, and the value of the power exponent was 2.053,
which was consistent with the corresponding value for ductile
metals.

Fig. 12 shows the SEM micrographs of the eroded region of the
target material at different flow velocities, the impact angle was set
to 30�. The eroded surface can be observed covered with furrows at
different flow velocities. At a low flow velocity of 10 m/s, the size of
the furrows was relatively small (see Fig. 12(a)). With the increase
of flow velocity, the impacting particles have higher kinetic energy.
As a result, when the particles with a higher flow velocity ploughed
through the specimen surface, the sliding distance of the abrasive
particles was longer, and the penetration depth was deeper. Thus, it
was clearly evident that particles with higher flow velocity caused
longer and deeper furrows. From the variety of the microstructure
of eroded region at different flow velocities, it can be inferred that
higher flow velocities lead to more severe erosion wear, which is
consistent with the erosion test results.

Fig. 13 shows the equivalent contact stress nephograms and
distribution of equivalent contact stress of the target material at
different impact velocities (10, 15 and 20 m/s). From the distribu-
tion of equivalent contact stress of the target material in the XYZ
directions at three impact velocities, it can be seen that with the
increase of impact velocity, the value and influence range of the
equivalent contact stress of the target material in all three di-
rections gradually increased. Accordingly, the volume deformation
area of the target material increased due to the increase of the
contact stress level and the influence range. Therefore, the higher
velocity particle impacting the material surface can plow a longer
distance and form a deeper furrow, which can be confirmed from
20 μm 20 μm

(c)

¼ 10 m/s, (b) flow velocity ¼ 15 m/s, (c) flow velocity ¼ 20 m/s (impact angle ¼ 30� ,



Fig. 13. Variations in equivalent stress of target material at different impact velocities
(impact angle ¼ 30� , applied stress ¼ 0 MPa).
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the SEM micrographs (see Fig. 12). In addition, the contact time
between the particle and the target material decreased with the
increase of the impact velocity. Therefore, an increase in impact
velocity may result in more particles causing erosion damage to the
target material in the same time. According to the relevant research
of Hutchings (1981), in the process of particle impact target ma-
terial, about 85%e90% of the particle kinetic energy gradually
transforms into internal energy, resulting in the plastic deformation
of target material. Moreover, about 1%e5% of the particle kinetic
energy transforms into elastic wave energy, so that the bouncing
particles can only retain about 1%e10% of the initial kinetic energy.
Therefore, the impact particles with higher velocity consume more
kinetic energy during the erosion, thus causing more serious
erosion wear on the target material. From this, it can be concluded
that the impact particles with higher velocity consume more ki-
netic energy during the erosion, thus causing more serious erosion
wear on the target material. By analyzing the erosion mechanism at
different particle impact velocities, the strong correlation between
impact velocity and erosion severity can be well explained.

4.3. Effect of applied stress on erosion

During hydraulic fracturing, the fracturing pipes are inevitably
subject to high stress caused by the high-pressure condition. Fig. 14
shows the variation of erosion wear rate at different applied stress.
The flow velocity was set to 15 m/s and the impact angle was set to
30�, 60� and 90�. It can be seen from the figure that the erosion
wear rate increased significantly with increasing applied stress.
Compared with other angles, the increase in erosionwear rate with
increasing stress level was most pronounced at the impact angle of
30�. This exacerbating effect of the applied stress on erosion wear
may explain why fracturing pipes under high pressure are more
prone to erosion damage than the normal pressure pipes. There-
fore, the high internal pressure of in-service fracturing pipes would
lead to a reduction in the erosion resistance of the pipe wall,
resulting in more serious erosion wear. In addition, stress concen-
tration exists in the erosion wear area of the pipe fitting, leading to
further severe erosion wear of the fracturing pipes.

In order to analyze the erosion mechanism under different
stress states, the SEM micrographs of eroded area of the target
material at different applied stress were obtained, as shown in
Fig. 15. It can be seen that there was a significant difference in the
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microstructure of the target material in the eroded area with and
without the applied stress. After the application of external tensile
stress, the furrows generated by particles impact in the eroded area
became more obvious, and it can be observed that the width and
depth of the furrows gradually increased with the applied stress.
From these microstructure properties, it can be inferred that the
erosion resistance of the material decreased with the increase of
the applied stress.

Furthermore, the particle impact dynamics simulations
involving applied stress were carried out to analyze in detail the
erosion mechanism with the consideration of stress state from the
perspective of micromechanics. Based on the experimental condi-
tions, the target material was subjected to the tensile stress along
the Y direction when the particle impacted. In the erosion process,
the particle impact anglewas set to 30� and the impact velocity was
set to 15 m/s. Figs. 16 and 17 show the deformation nephograms of
the surface and sub-surface of target material in Y direction and Z
direction under different stress levels, respectively. It can be seen
form these figures that as the applied stress increased, the width
and depth of the furrows caused by particle impact gradually
increased, which was consistent with the microstructure charac-
teristics reflected by the SEM micrographs (Fig. 15).

Figs. 18 and 19 show the distribution of erosion deformation of
the target material in Y direction and Z direction under different
stress, respectively. It can be seen from Fig. 18 that the metal near
the center of the target material was squeezed to both sides under
particle impact, and the value and range of the erosion deformation
increased significantly with the increase of applied stress. There-
fore, the width of the furrow formed by single particle impact was
relatively large under high applied stress. In addition, it can be seen
from Fig. 19 that the surface and sub-surface of the target material
were displaced downward under particle impact, and the resulting
2789
erosion pit depth increased significantly with the increase of
applied stress. According to the SEM micrographs and micro-
mechanical analysis of eroded area of the target material at
different applied stress, it can be inferred that under the combined
action of particle impact and applied stress, the influence region
under multiple-stress was formed at the intersection of particles
and target material. In this region, the stress state can be analyzed
based on the rheological spring-slider theory (Dowling, 2012; Iwan,
1967). When particles impact, the plastic strain occurred in the
metal due to slip transmission of grain boundaries. Interestingly,
the plastic strain of elements in this region increased with the
applied stress, resulting in an increase in the volume deformation
of the target material. This explains why the size of the furrows
increased evidently with a rise in stress levels under the action of
stress-erosion. Therefore, it can be deduced that when the spec-
imenwas in a higher tensile stress state, the particles impinging on
the target material can penetrate the surface more easily, leading to
a decrease in the erosion resistance of the material with increasing
applied stress.
5. Conclusions

The aim of this study was to reveal the erosion mechanism of
pipe steel for hydraulic fracturing under the high-stress and
multiphase flow coupling conditions. A series of erosion tests were
carried out on AISI 4135 steel, and the effects of impact angle, flow
velocity and applied stress on erosion wear were investigated
comprehensively. Then the numerical simulations of particle
impact dynamics were conducted. By combining the experimental
studies and numerical simulations, the erosion mechanism of pipe
steel under fracturing conditions were analyzed in detail. The
following conclusions can be drawn.
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(1) Based on the erosion experimental results, the varieties of
erosion wear rates of AISI 4135 steel with three critical influ-
encing factors under fracturing conditions were obtained. The
erosion rate increased first and then decreasedwith the increase
of impact angle, and the maximum and minimum erosion rates
occurred at 30� and 90� impact angles. With the increase of flow
velocity, the erosion rate increased as a power function. More-
over, the erosion ratewas observed to increase significantlywith
the applied stress increased when other conditions remain un-
changed, indicating that the erosion resistance of fracturing
2790
pipes may be weakened under high-pressure operation
condition.
(2) A particle impact dynamic model of erosion wear was
developed according to the experimental parameters. Then the
evolution process of particle erosion under different impact
angles and impact velocities was analyzed. After the target
material was impacted by the particle, a contact stress affected
zone with approximate circular shape appeared. With the
change of the impact angle, the components of the contact
stress at target material changed greatly, resulting in a large
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difference in the microstructure of the eroded area. With the
increase of solid particle impact velocity, the range and stress
level of the contact stress affected zone increased significantly,
which can explain the strong correlation between impact ve-
locity and erosion wear.
(3) The erosion mechanism of the target material under the
coupling effect of particle impact and applied stress has been
studied for the first time from the perspective of micro-
mechanical. Combined with the SEM micrographs and the
deformation micro-mechanics of erosion damage, it can be
concluded that the influence region under multiple-stress was
formed at the intersection of particles and target material, and
the width and depth of the furrows caused by particles impact
gradually increased with the applied tensile stress. Through the
revelation of the stress-erosion mechanism, it can be known
that the erosion rate of the fracturing pipes is affected by the
huge stress caused by the high internal pressure. It is worth
noting that the external areas of the high-pressure elbows for
2791
hydraulic fracturing suffer a relatively high erosion rate under
the coupling of particle impacts and huge circumferential stress.
Therefore, a pre-stressed state can be formed on the outside of
the elbow to effectively reduce the erosion wear.

Noted that in hydraulic fracturing, the actual loads on fracturing
pipelines may be pulsating, and the steel used for fracturing pipe-
lines is subjected to fluctuating stress coupled with particles
erosion. Therefore, in the future research, it is necessary to consider
the erosion tests and finite element simulations involving fluctu-
ating stress, and analyze the formation mechanism of erosion pits
and possible fatigue cracks in this case from the micro-mechanical
point of view.
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