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ABSTRACT 

Some of the problems encountered in CO2/H2S environments of oil and gas transportation have been extensively 

reported in the literature. One of the most common problems is the erosion-corrosion of the pipelines. Different techniques 

have been used to understand the solid particle erosion process and the synergic effect of erosion-corrosion phenomenon in 

oil and gas industries. However, the erosion-corrosion process is believed to be affected by some parameters and have not 

been fully detailed in the literature. This review addresses some studies done on the erosion-corrosion.                        

Fundamental understanding of solid particle erosion which is believed to be responsible for erosion of the oil and gas 

pipeline is addressed with emphasis on different parameters affecting the corrosion-erosion process. 
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INTRODUCTION  

The transportation of petroleum products is often accompany by sand particles and water which adversely affect 

the pipeline [1, 2]. Erosion-corrosion of the oil and gas pipelinehas been an increasingly problem in petroleum industry 

especially in the H2S environment. The control of erosion-corrosion problems can be expensive and time consuming due to 

the unplanned nature of stoppages and high maintenance costs. Integrity of the pipeline and the environment are of interest 

to the pipeline industry and the broader petroleum community. During erosion-corrosion process, the corrosive products 

formed on the pipeline surface in the form of oxide film is affected by mechanical action of the solid erosion process [3]. 

Removal of the oxide film particles by the mechanical action subjects the exposed area to more stresses and degradation. 

One of the common form of failure that occurs in the oil and gas industry results from CO2/H2S corrosion of the steel 

materials. This process is complex and influenced by many parameters and conditions. The general understanding of 

erosion-corrosion process is that there are electrochemical and mechanical processes involve which can affect the other. 

Different tests and models have been proposed to understand the erosion-corrosion process and variation in results have 

been found in some cases [4-7]. This could be as a result of the test conditions, environment, materials and equipment used 

in the tests. In this study, it may not be possible to provide the detail of all the erosion-corrosion studies in the literature. 

Nevertheless, a critical analysis of the relevant studies and information will be discussed to highlight the recent works that 

have been done in this area of research. The objective of this present work is to review and discuss relevant works that 

have been done on erosion-corrosion in CO2/H2S environment. The review will first introduce the basic erosion 

phenomenon, followed by corrosion-induced degradation of the surface material and mechanical properties.                       

Finally, parameters influencing erosion-corrosion process is also addressed.  

Solid Particle Erosion 

Erosion process is the material removal from the target material surface as the eroding material impinges on it and 

is influenced by the properties of the eroding particle, target material and condition of impingement. Erosion is one form of 
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material failure in oil and gas industry which is often caused by the impingement of solid particles on the pipeline surface 

due to fluid flow through the pipes [2, 8]. This is because the petroleum product contains some level of solid sand particles 

which are transported with the oil and gas [9]. Erosion of surface by stream of solid particles has been an issue of concern 

for decades [5, 10]. Material removal due to solid particle erosion is believed to be a series of essentially impact events that 

occurs in pipeline. It was reported that material removal through erosion process can involve plastic deformation and brittle 

fracture depending on the properties of the steel and impinging materials [5, 10-12]. 

Several authors have proposed different mechanisms and models for better understanding of solid particle erosion 

process [13-19].Finnie [5] considered the material removal during erosion process and proposed that while ductile material 

removal can be identified by weight loss, displacing and cutting action of the eroding particle, brittle material removal 

occurs by intersection of cracks produced from the point of impact of the eroding solid particle.  

 

Figure 1: Predicted Variation of Volume Removal with Angle for a Single Abrasive Grain. (a) Experimental Points 
for Erosion by Many Grains (∆ Copper, □SAE 1020 Steel, o Aluminium) are Plotted So that the Maximum Erosion 

is the same in All Cases. (b) Variation of Weight Loss with Quantity of Abrasive [5] 
 

Further in the study, Finnie [5]showed (Figure 1) that the predicted variation of material removal with angle for a 

single grain (1a) has the same general form as experimental data for erosion by many grains (1b). It therefore implies that 

single grain analysis may be used to predict erosion of multiple gains (Figure 1). However, the effect of microstructures of 

the surfaces, and other influencing parameters which could affect the material removal rate were not considered in the 

study. On the other hand, micromachining is expected to occur if the angle between the surface and the leading edge of the 

particle is larger [20]. In a given system, the erosive particle transported may be different depending on the nature of the 

material being transported or formed. Finnie [5] suggested that it is very difficult to define completely all the possible 

impact geometries that are likely to occur in an erosion process and their material removal mechanisms. Wada et al. [21] 

examined the combination of many erodent particles on target materials. Their analysis showed that erosion rate,                       

E, target material hardness, Ht and eroding particle material hardness, Hp are related by: 

E α������
�

                (1) 

Where: w is an empirically determined exponent; and ��and �	are hardness of target and of eroding 

particle, respectively. 

a

b
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The model proposed by Wada et al. [21] shows the importance of hardness in solid particle erosion process. 

However, the model failed to consider the effect of microstructures of the particles which may vary with the hardness for 

different materials, depending on the heat treatment. Another mathematic model was also developed by Hutchings [22] in 

evaluating erosion wear process (equation 2): 

E		 = ���
��                       (2) 

 
Where: E is mass of material removed over the mass of eroding particles; V is mean eroding particles velocity;  

H is hardness of the eroding material; P is density of material being eroded; and K is coefficient and a function of the 

particle shape, size and attack angle (10-5 and 10-1). 

The Hutching’s model was used to calculate the erosion rate of given solid process [23]. Despite applicability of 

Hutching’s model in erosion process, effects of parameters such a microstructure of the eroded and eroding material, 

temperature and other influencing parameters were not accounted for in the equation. However, the model still become of 

the useful model of erosion process. Several other investigators have shown that different mechanisms of solid particle 

erosion process occur depending on many factors which includes: particle shape, speed, steel surface and environmental 

conditions; all of which can lead to degradation of performance and failure of the oil and gas pipeline systems                        

[5, 12, 20, 24].  

Erosion of Ductile Material 

When a solid particle material strike a solid surface, the type of degradation and erosion mechanism depends 

significantly on the nature of the materials [5, 6, 10, 12, 24-28]. Dhar et al. [18]developed a computer simulation model, 

based on the rigid-plastic theory of single particle impact. In this model, the path of a single hard angular particle as it cuts 

a ductile target material was predicted. The model was proposed in relation to particle shape, orientation, angle of 

incidence and incident velocity. Catapult-type particle launcher and a high speed digital camera were used to measure the 

incident and rebound parameters for impacts of hardened steel material used as eroding material against soft aluminium 

alloy. It was observed that while ploughing resulted from forward rotating particles, machining occurred due to backward 

rotating particles, which were identified as primary erosion mechanisms. However, for ductile material impinging a ductile 

material, the mechanism may be different and was not discussed. 

Head et al. [13] developed a laboratory statistical models which predicted erosion produced by natural 

contaminants for ductile target materials. Different contaminants and target materials were used in the tests while the 

impact velocity, particles sizes and angles were selected, controlled and measured with high speed flash light source.         

The result showed that energy is transmitted from the impinging particles to the target before the actual erosion starts, and 

the energy is influenced by factors such as: the velocity, shape, angle of contact, hardness of the contaminant and 

resistance of the target to erosion. 

In another study, Finnie [12] described the crater or scratched left by solid single rigid abrasive particle that 

strikes a ductile material during erosion process. Detailed model of erosion of ductile metals was reviewed by                   

Finnie[5, 12]and Bitter [6] at oblique impact angle as shown in Figure 2. The cutting mechanism at oblique angle model 

was in agreement with the work of Hutchings[29]. However, for material of higher hardness and different microstructure, 

the material removal may be different. 
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Figure 2: The Influence of Impact Angle on the Erosion (Dimensionless), (The Dotted Curve (Curve a) for Ductile 
Metals, Whereas the Bold Curve (Curve b) is for Brittle Materials) [29] 

It was reported that cutting action depends on the shape and orientation of the erodent particles. For spherical 

particles and angular shaped particles, material removal is by ploughing mechanism [29]. Tilly[4] carried out an erosion 

test using 1l% chromium steel (H46) impacted by sieved quartz. Electron microscopes of the eroded surfaces were taken 

before and after impact tests to characterise the mechanism of erosion process. The result showed that erosion of ductile 

materials can occur in two stages. In the first stage, chip removal due to solid particle striking the material surface is 

observed, while in the second stage, the particles break up and the fragment projected radially from the primary site 

(Figure 3). 

 

Figure 3: The Influence of Impact Angle for 135 µm Quartz against H 46 Steel at 1200 ft.s-1 [4] 

Finnie’s work showed that ductile material removal mechanism occurs through impacting particles cutting chips 

from target surface in a machines process [12, 30]. However, the removed materials that strike the target material surface 

(Figure 4), may have some impact on the overall erosion mechanisms which was not addressed in Finnie, Bitter, and 

Hutchings’ models [6, 12, 23, 24, 30].However, the first stage erosion process of Tilly [4] agrees with the model proposed 

by Finnie [12]. Furthermore, the two stage erosion mechanisms shows a better understanding of the solid erosion process 

since the secondary erosion material may have some degradation on the target surface (Figure 4). 
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Figure 4: Primary Indentation Surrounded by Secondary Damage Produced by a 700 pm Quartz Particle  
Against H 46 Steel at 800 ft. Sec-1( x 200)[4] 

Nevertheless, the cutting action of the solid erosion can be in different forms depending on the orientation of the 

erodent particle as is strikes the target surface. Also, the materials involved play a vital role in the erosion process. 

Furthermore, the environmental conditions, nature of the materials and transporting medium can influence the material 

removal process. 

EROSION OF BRITTLE MATERIAL 

Matsumura et al. [3] reported that brittle corrosion products formed on the pipeline surface in the form of oxide 

scales is subsequently affected by mechanical action of the erosion process. Other authors have also examined the erosion 

behaviour of brittle material in different applications. The general agreement is that brittle particle erosion follow plastic 

indentation process[14, 16, 31, 32].Evan et al.[16] studied the fracture of different range of brittle materials by plastic 

indentation. The surface degradations were characterised by scanning electron microscopy and other surface 

characterisation techniques. A conventional mechanical test machine and a transducer were used in the test. This allows the 

onset of crack formation to be assessed and to ascertain the incidence of crack propagation during unloading. Finally, a 

cathetometer was mounted to view and follow the overall crack growth. The result showed that fractures are significantly 

different from those observed in elastic indentation fracture. The result further revealed that the lengths of the cracks 

observed depend strongly on the impression radius and the ratio of the hardness to the fracture toughness. Wada et al. [33] 

have shown in their study that hardness of target and impinging particles are important in the erosion mechanisms of brittle 

material. Shipway et al. [34] studied the impact of target and particle properties on the erosion of brittle material.           

They used four different erodent particle material sizes between 125 and 150µm, and seven different ceramic target 

materials. The result showed that the erosion mechanism was dependent of the material properties. The study further 

revealed that indentation-induced fracture occurs if the particle are harder than the target material. However, if the erodent 

particle is softer than the target material, small scale chipping mechanism was proposed to occur. 

Bousser et al. [35] also studied the effect of erodent properties on the solid particle erosion mechanisms of brittle 

materials. They used velocities between 25 and 75ms-1
. Six target brittle materials were used for two powdered glass and 

alumina as erodent materials. Characterisations of the tested and untested materials were performed before and after the 

tests. It was found that lateral fracture was primary material removal mechanism according to elastic-plastic theory of 

erosion. The result also showed that much damaged occurred when both powders were used. However, material removal 
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was more significant for softer glass powder because the glass is softer than the target material compared to the pair of 

alumina and target material. 

In another similar study, Evans et al. [36] showed that brittle material removal occur similar to indentation process 

and classified the brittle material removal into two groups[36]. The result further revealed that large round particles follow 

Hertzian cracks process and can as well result into deepwormhole-like craters, while for small angular particles, the 

damage was reported to significantly dependent on the particle’s kinetic energy (KE) and will progress from plastic cutting 

or ploughing of the surface for low energies to radial/median cracking at higher energies[36].In a similar attempt,            

Wood [17] examined some of the engineering materials used in the slurry jet impingement rig (Figure 5). 

The tests were performed under the following conditions: velocity of16.5 m/s, 90° jet impingement angle, 

2.1 wt% concentration of 135µm sand, room temperature and the test lasted for 5 h each. Considering the materials erosion 

response with the hardness, the result showed that the erosion rates of brittle engineering surfaces has a much increased 

sensitivity to hardness with erosion rate, while that of ductile materials is as predicted [37]. The conclusion from this study 

is that the selection of surfaces with high surface hardness may result in increased erosion resistance and may change from 

ductile to brittle mechanism. It therefore requires that care should be taken when selecting steel material of high hardness 

to resist sand erosion, as this may result in highly uncertain erosion rates. 

 

Figure 5: Erosion Rate for Different Engineering Materials Plotted against Hardness [17] 
Corrosion-Induced Degradation of Surface Material and Mechanical Properties 

In pipeline systems, corrosion of steel in CO2/H2S environment has been one of the major problems in the oil 

industry for decades [38-40]. The presence of carbon dioxide (CO2), hydrogen sulphide (H2S), sand particles and free 

water can cause severe corrosion problems in oil and gas pipelines. Results have shown that oxide scale film is formed 

during the corrosion process in the presence of CO2/H2S [38-40]. When both CO2 and H2S are present, iron sulphide (FeS) 

film is formed rather than FeCO3 because FeS precipitates much easier than FeCO3[1, 40]. Localised corrosion can occur 

in oil and gas pipeline when the formed oxide film does not provide enough protection of the steel surface [41, 42].             

The general knowledge of corrosion process in both H2S and CO2 is that electrons migrate to the cathode with formation of 

H2 produced at the cathode as shown in Figure 6. 
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Figure 6: Typical Corrosion Process of a Metallic Material [43] 

Corrosion in H2S Environment 

In sour environment, Sulphide Stress Cracking (SSC) of pipeline is often observed as a result of the presence of 

hydrogen sulphide (H2S)which results in failure of the system[1, 44, 45].Dean et al. [46]showed that water combines with 

H2S and iron from the steel to form Iron sulphide on the steel surface ( Equation 3). 

                                                                                                     (3) 

During corrosion process, the formed iron sulphide (FeS) on the steel surface often covers some part of the steel 

surface and as well, can increase or reduce the corrosion intensity depending on the environmental condition. Wet H2S and 

the released hydrogen atom are absorbed by the steel material and occurs mainly in oil and gas pipeline[47]. They may also 

combine to form H2 molecule that enters the internal vessel environment. Also, in the absence of the steel diffused 

hydrogen, hydrogen induced cracking (HIC) is often observed as hard phase constituents and non-metallic inclusions.  

Ziaei et al. [48] investigated the failure mood of wellhead flow control valve bodies installed in the upstream facilities in 

wet H2S environment. The valve bodies were made of A216-WCC cast carbon steel. Pits and crack were found in all the 

valves bodies after three years of operation. The result showed that the failure of the flow control valve body was as a 

result of combined action of hydrogen induced corrosion cracking (HICC) and sulphide stress corrosion cracking (SSCC). 

It was recommended that A217-WC9 cast Cr–Mo steel be used to reduce the effect of the observed failure.  

On the other hand, application of stress and residual stress can result in either sulphide stress corrosion cracking 

(SSCC) through hydrogen embrittlement or stress oriented hydrogen induced cracking (SOHIC) [49]. This was 

investigated by Mansour et al. [44] who reported that the H atom released at the cathode (equation 3) is absorbed into the 

steel surface and often combined into H2 molecules that enters the internal vessel of the material. This can result in the 

failure of the pipeline material. Sulphide stress cracking caused by the combined action of H2S corrosion and hydrogen 

embrittlement can be catastrophic in pipeline system[44]. The pit resulting from the hydrogen embrittlement initiates the 

site for sulphide stress cracking process [44, 48].A similar attempt was made by Azevedo et al. [50] showed that 25% of 

equipment failures in the petroleum refining industry are significantly in associated with hydrogen damage. Cesar et al.[50] 

studied the Failure of a seamed API 5L X46 steel tube crude oil pipeline. The result showed that the main cracking 

nucleated in the internal surface of the tube at the boundary between the heat-affected zone (HAZ) and the weld metal.  

The crack was found developing along the radial and longitudinal directions. The crack nucleation was attributed to the 

welding defects and corrosion pits. The internal surface of the tube and the observed cracking surfaces showed a deposit 

layer of Fe, O and S indicating the presence of iron oxide (Fe2O3 and Fe3O4) and iron sulphides [50]. Other studies have 

+ O+ 2+
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also reported that the chemical composition and microstructure of steel material have significant effect on their resistance 

to hydrogen induced cracking (HIC) and sulphide stress corrosion cracking (SSCC) in wet H2S environments [49, 51, 52]. 

Mansour et al. [44] also showed that SSC crack nucleation inside the steel metal produced small brittle cracks in the matrix. 

It is likely that the homogenous nature of steel material used for oil and gas in H2S environment may have some 

susceptibility to corrosion. 

In a recently study, Biomorgi et al. [53] investigated the internal corrosion of hydrocarbons production pipelines. 

The samples were made from API 5L grade B steel. The results showed that the main corrosion mechanism observed was 

corrosion deposits in the form of pitting damage at different positions along the pipeline. The result further revealed that 

the observed pitting attributed to the presence of sand and solids (iron carbonates and sulphides). Consideration of higher 

API-X grade with homogenous microstructure may be helpful in reducing corrosion rate in steel pipeline. 

Corrosion in CO2 Environment 

It is well known that corrosion of carbon steel especially in CO2 environment have been a major problem in the 

oil and gas transportation pipeline system which often results in breakdown of pipeline system. Petroleum products are 

known to contain corrosive CO2 which have high corrosive characteristics when dissolved in water [54]. When Carbon 

dioxide dissolves in water, an acidic carbonic acid is produced (equation 4) which is corrosive to carbon steel commonly 

used as pipeline materials. 

                                                                                                                   (4) 

The carbonic acid is dissolved according to the following equations (5, 6): 

                                                                                                                           (5) 

                                                                                                                             (6) 

In the electrochemical process, two primary reactions occur on the pipeline surface. The first is anodic process as 

represented in equation 7. 

                                                                                                                   (7) 

This is followed by cathode reaction of equations 8, 9, 10. 

                                                                                                                           (8) 

                                                                                                            (9) 

                                                                                                    (10) 

The iron film is formed when the concentration of Fe2+ in equation 7 and in equation 10exceed the solubility 

limit resulting in the precipitation of iron carbonate as shown in equation 11. Studies have shown that FeCO3 precipitates 

acts as protective or non-protective manner, depending on the formation conditions [55]. 

                                                                                                                 (11) 

+ O             

+
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Kinter et al. [56] studied the effects of dissolved carbon dioxide on the electrochemical reactions of low alloy and 

a 13% Cr stainless pipeline steels. Reaction of Fe (II) within the hydroxide film to produce ferrous carbonate and a 

dissolved complex occurred. However the effect was negligible for the 13% Cr stainless steel, but contributed to the 

corrosion of the low alloy steel. 

Erosion-Corrosion of Oil and Gas Transmission Pipeline 

Erosion-corrosion is a process in which synergy phenomenon occurs in pipeline systems. Often, this process is 

observed in CO2/H2S environments. Control of erosion-corrosion problems can be expensive and time consuming due to 

the unplanned nature of stoppages and high maintenance costs. Petroleum industry have reported to records an annual 

significant economic losses due to erosion-corrosion process that occurs in the Oil and Gas pipeline and equipment during 

service [57, 58]. To reduce this losses, the mechanism of erosion-corrosion have to be understood and the synergic effect 

of one on another need to be addressed. Several extensive work have been done in understanding the pure corrosion and 

erosion Mechanisms [30,59,60]. Some researchers proposed that corrosion increases erosion [11,61,62]. However, 

Postlethwaite [62] reported that corrosion roughens the metal surface which increases the erosion rate as the erosion is 

influenced by the impact angle of the solid particles. In a collective analysis, Hutchings [29] showed that increasing the 

angle of contact increases the corrosion rate which has an increasing synergic effect on the overall corrosion-erosion wear 

rate. Xinming et al. [63] studied the wear of pipeline steel (API X65) due to erosion–corrosion containing sand in a CO2 

saturated environment. The test was conducted at different temperatures. Total weight loss of the material at three flow 

velocities as a function of temperature was determined. The result showed that weight loss increased with increasing 

temperature for all the velocities, indicating the effect of temperature in erosion-corrosion process. It is believed that in 

erosion-corrosion process, electrochemical and mechanical processes are involved which affect each other. The stress 

region then becomes a nucleation site for crack depending on the surrounding medium. For H2S environment, SSC is often 

found in the steel pipe materials.  

Parameters Influencing Erosion-Corrosion Process 

There have been great interests in understanding the effect of different parameters on the solid erosion of particles, 

because they determine to large extent the erosion-corrosion rate. Studies have shown that solid particle erosion process is 

influenced by the parameters such as temperature, impact velocity, particles size, angle of attack and microstructure of both 

the impinging and eroding surface [2, 35, 64-68]. These parameters will be discussed below in detail. 

Effect of Temperature 

Temperature can affect many metallurgical processes depending on the magnitude of the temperature                         

[46,65,66,69]. It is well know that temperature plays significant roles in many processes which includes; electrochemical 

reaction of the fluid and the sounding medium, transport of petroleum products, and chemical reactions in the bulk of the 

solutions and steel material surface [39, 46, 65, 66, 69, 70]. Corrosion rate can reduced during corrosion process in which 

iron carbonate (FeCO3) precipitates on the steel surface and form a dense and protective corrosion product film [3, 54].         

It has been shown that the oxide layers form on steel surface at high temperatures are often damaged by rapidly moving 

particles, thereby exposing the steel material surface to further corrosive damage. Zambeili et al. [71] has also revealed that 

the oxide scale thickness of (20 - 100 pm) formed on nickel behave in a brittle manner and undergo hertzian cup-cone and 

radial fractures to break up the scale by solid particles. The oxide film formation have reported to occur at high 
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temperature [65]. In oil and gas pipeline, understanding the temperature of both internal and external environment may be 

necessary in the erosion-corrosion process [72]. Das et al [1] studied the effect of temperature range of 30 and120oC of 

carbon steel in CO2/H2S medium. It was found that the temperature and partial pressure of CO2 increased with increasing 

corrosion rate as a result of dissolution of iron ion and formation of weak carbonate acid. Presence of small amount of H2S 

(0.4 ppm), significantly increased the corrosion rate. Among the API X grade steel tested, API X-60 grade steel which is 

the highest grade of all the steel tested shows better corrosion resistance compared to other steels. 

Nahum et al. [66]also study the temperature effects on erosion characteristics of some alloy materials such as 

2024 aluminium, 410 stainless steel and GAl-4V-titanium. Quartz sand of controlled mesh size was used as eroding 

material. Decrease in erosion rate as the temperature was increased for all the three alloys at 20° angle of impact was 

observed. The result also revealed that stainless steel and titanium alloys decrease in erosion while the aluminium alloy 

shows an increase in erosion with temperature rise as the angle of contact was increased to 60°. The result further showed 

that at an impact angle of 90°, only the titanium alloy shows a decrease in erosion while the other two show an increase 

with temperature rise. Maasberg et al. [65] results have clearly shown that oxide scale is formed at high temperature    

(Figure 12). The formed oxide scale can act as protective film at certain temperatures. However, Nahum et al. [66] 

revealed that the temperature can increase or decrease the erosion rate depending on the material and other prevailing 

parameters. It therefore requires that for temperature effect to be as certain in a given process, the effect of other 

parameters in relation to the material and process have to be known. In another study, Sundararajan et al. [67] investigated 

the solid particle erosion behaviour of metallic materials at both room and elevated temperature. The effect of corrosion-

erosion on a pipeline steel (API X65) containing sand in aCO2 saturated environment was investigated by Hu et al. [63] 

with emphasis on temperature. Increase in the material loss was found as the temperature was increased. Bitter et al. [6] 

carried out tests at elevated temperature. The significant feature of the work is that temperature effect on erosion is small in 

the normal range of operating temperatures for the alloys studied. Tang et al. [72] also studied the corrosion behaviour of 

carbon steel exposed to hydrogen sulphide environment at different temperatures using different techniques. The result 

further showed a gradual increase in corrosion as the temperature is increases, followed by decrease in the corrosion with 

increasing temperature. This was attributed to formation of corrosive film of the steel surface which enhances better 

protection of the steel surface as the temperature was increased. The variation in the above studies could be as a result of 

the materials, equipment and test conditions used in each study and the prevailing test conditions. 

The Effect of Impact Velocity 

Increasing the impact velocity of the erodent particle can influence the erosion rate at which the solid materials 

strike the surface. This indicates that the erosion process is affected by the change in the impact velocity. Many authors 

have investigated the effect of impact velocity on the erosion process with particular interest in steel material [5, 24, 68]. 

Further studies showed that impact velocity has significant effect on the solid erosion process [2, 6, 27]. Generally, the 

velocity of the impacting particles, target materials and environment have a major influence on the mechanism of 

corrosion-erosion [2, 6, 27, 52, 73, 74]. In oil and gas transportation pipeline, the petroleum products and the solid particles 

are usually transported at certain velocities [2, 27, 75]. Increasing the velocity of the transporting product can as well 

increase the impact velocity of the bombarding solid particles on the steel surface. The impact velocity of the transporting 

fluid and medium can also affect the corrosion rates and surface degradation of pipeline surface through corrosion-erosion 

process. The bombardment of solid particles on the steel surface have been reported to results in localized plastic strain at 
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the surface [27]. Increasing the impact velocity can increase the surface roughness of the steel as well as the erosion rate. 

Ballout et al. [76] investigated the effect of erodent particle velocity, size and shape on the erosion rate on S-glass.       

Aludum and spherical glass beads were used to erode the S-glass specimen using particle sizes ranged from 60 to 400µm 

and particle velocities from approximately 60 to 90 ms−1. The result showed that for given particle size, increasing the 

velocity resulted in increased erosion rate. The result further suggested that higher particle velocity was associated with 

higher kinetic energy that resulted in more material removal. It has been revealed that when a solid surface slides on 

another, cold welding of the asperities and plastic work of the asperities occurs [77, 78]. In a high velocity process, the heat 

generated by friction and plastic deformation of the asperities does not have sufficient time to dissipate and can cause a 

significant rise in temperature and this was not addressed in this work. Sundararajan et al. [67] proposed a model to 

calculate the impact velocity in an erosion process. The model defined erosion rate of a material (E) as the ratio of weight 

loss suffered by the eroding material to the weight of the erodent particles causing the loss. The model showed that the 

relationship between the velocity and erosion rate can be expressed by the velocity exponent p given as: 

E = EoV
P                                                                                                                                                                  (12) 

Where, Eo is a constant; V is impact velocity. 

In a similar study, Hutchings [23] showed that the mean velocity exponent p to be 2.4. This was supported by 

another attempt to determine a more accurate value for p, where Sundararajan et al. [79] found a mean value of 2.55 for           

p under normal impact solid erosion process. Islam et al. [2] performed erosion test on API X-42 steel at different particles 

velocities, using aluminium oxide as erodent. Weight loss technique was used to measure the rate of material removal, 

while SEM was used to characterise the eroded surface (Figure 7). The results showed that erosion rate increased with 

increasing impact velocity. It was also observed that fracture of ridges around dimples mechanism occurred at low impact 

and high particle velocity, significantly at the later stages of the erosion process. Material removal due to impingement of 

abrasive particles of the work hardened ridges that resulted in the brittle fracture of these ridges was also revealed in this 

work. 

 

Figure 7: SEM Micrograph of the Cross Sectioned Layer of Erosion Scar. Particle Flow Direction is Indicated by an 
Arrow (a) A Series of Ridges Due to the Formation of Dimples on the Eroded Surface (b) Deformed Layer and Base 

Material, (c) Sub-Surface Crack Propagation, (d) Fracture of Deformed Layer 
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The Effect of Particle Size and Shape  

The particle size of the solid particles is important in the erosion behaviour [5, 12, 20, 67, 71]. Goodwin et al. [80] 

showed that particle size has significant effects on the erosion rate up to a certain size (50 to 1000µm). Beyond this value 

range, the erosion rate was proposed to become independent of the particle size [80].Several studies have investigated the 

influence of particle size and shapes on the erosion-corrosion process [2, 6, 7, 81]. Levi et al. [82] considered two particle 

shapes. It was shown that sharp abrasive particles induce more material removal than spherical particles on the impinging 

surface. It was also noticed that angular particles can result in four times erosion than spherical particles [82]. On the other 

hand, Finnie [83]reported that cutting action of the surfaces by moving particles occur irrespective of the particle sizes and 

shapes. Xinming et al.[63] investigated the degradation of pipeline steel (API X65) due to erosion-corrosion containing 

sand in a CO2 saturated environment. The effect of sand particle in relation to the weight loss was considered. The result 

showed that increasing the sand particle increases the weight loss (Figure 8). 

Erosion of brittle materials has been reported to occur by brittle fracture, typical of oxide scale found in pipeline 

system [6, 81] and this brittle material can easily be removed by the sand particle depending on the shape and size. In a 

similar study, Maasberg et al. [65] proposed that the formed oxide can as well be brittle depending on the location and 

position of the formed oxide. The property of the impacting particles plays a major role in the erosion process as the 

mechanisms of the erosion are influence by the shape of the erodent particles. Stack et al. [84] reported that for oblique 

impact of spherical particles, the material removal process is by a ploughing action, displacing materials to the front and 

side of the particle. MD et al. [2] conducted erosion tests on API X 42 steel using aluminium oxide as erodent. It was found 

that the material degradation was highly influenced by the properties of abrasive particle, and target material. For material 

of different microstructure and hardness, the phenomenon may be different. However, Stack et al. [84] suggested that the 

overall nature of crack formation in a brittle material significantly dependent on the erodent size and shape.  

 

Figure 8: Weight Loss Due to Pure Erosion for API X65 at 20◦C as a Function of Solid  
Loading at 20 M/S Flow Velocity. [63] 

 

Effect of Angle of Attack 

Oil and Gas pipelines suffer severe damage due to impact of solid particles transported with the petroleum 

products [85]. The solid sand particles strikes the steel surface at different angles as the sand are transported along the 

pipeline system. Angle of attack is one of the parameters that affect the erosion rate of pipeline that are often associated 

with erosion-corrosion. The fundamental understanding of the angle of attack on the pipeline surface is that when metals 

are subjected to hard particles impact as a result of solid particles contained in the transporting products, at different 
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angles, each mechanical erosive event causes rupture or removal of the protective oxide film from the metal surface [65]. 

In this process, the metallic substrate is exposed to stresses and corrosive solution [44]. Subsequently, the solid particles 

which are in constant motion with the moving fluid keep bombarding the exposed surface at different contact angles 

resulting in more severe degradation of the surface. It was reported that a high rough surface can be observed in a slurry 

erosion test at oblique angles compared to other angles of the moving solid particles and can cause a significant 

susceptibility to pitting during erosion [2, 86]. Therefore, it is concluded that individual erosion events at oblique angles 

can induce more degradation of the steel material surface than particles impinged at other angles. Nahum et al. [66] 

showed that erosion damage has a direct relationship with the angle at which the particles strike the material surface.    

Isman et al. [2] studied the effect of angle of attack in the erosion mechanism using eroding aluminium oxide on API X42 

steel at high erosion abrasive feed rate of 160gmin-1. Particle velocities and attack angles in the range of 36ms-1to 81ms-

1and 30° to 90°, respectively, were used. The result showed that erosion rate decreased with increasing impact angle 

(Figure 9). 

The erosion-corrosion rate of metals by fluid containing solid particle have also shown to depend strongly on 

impact angle [2, 86]. Lopez et al. [27] studied the effect of mean impact angle on the erosion-corrosion of solubilised AISI 

304 and quenched and tempered AISI 420 stainless steels using slurry composed of 0.5M H2SO4, 3.5% NaCl and 30% 

quartz particles with 0.21–0.30 mm mean diameter. The result showed that degradation of AISI 304 stainless steel under 

corrosion-erosion conditions was mainly determined by the mechanical action of impacting particles at oblique angle. In a 

similar effort, Burstein et al. [86] also studied the impact angle on the erosion-corrosion of AISI 304L stainless steel using 

slurry wear tests. Their results indicated that erosion rate increases with decreasing angle of attack but starts to decrease 

considerably below 40°C. For corrosion process, a continuous increase in the corrosion rate was observed as the angle of 

contact is increased. The finding of this study is that the maximum values of both erosion and erosion-corrosion rates in 

chloride solution occurred at oblique angles between 40o and 50o. However, for carbon steel, the effect of contact angle 

may be different considering the environment and other test parameters. 

 

Figure 9: Weight Loss vs Time for 81ms_1 Particle Velocity and Different Impact Angles [2] 

Bukhaiti et al. [87] investigated the effect of impingement angle on slurry erosion behaviour of 1017 steel and 

high-chromium white cast iron. Interestingly, their results showed that different mechanisms occur at different impinging 

angles for the two different materials tested. Using a similar equipment, Matsumura et al. [3] conducted a slurry           
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erosion-corrosion tests of 304 stainless steel in order to investigate the effect of passivation film on decreasing the damage 

to the material at different impacting angles. Peak impact angle ranges from 30° to 50° for pure iron and 304 stainless steel 

were found to be eroded by silica sand/water slurry. On the contrary, Finnie [87] reported that maximum erosion rate in 

airborne particle erosion lies at around 15°. Finnie concluded that the disagreement in the results could be as a result of 

difference in the carrier medium of the different particles. Nevertheless, it is possible that the orientation of the erodent 

particles may affect the cutting action. Finnie [7] and Bitter [6] both agreed that the cutting action occur in two different 

types depending on the orientation of the erodent particle as they strikes the target surface.  

Effect of pH on Corrosion Rate 

It is well know that pH is the indication of the H+ concentration in the solutions which is one of the species 

involved in the cathodic reaction of CO2 process. The pH of an aqueous medium can affect the electrochemical 

characteristics of the solution. Also, other factors such as temperature, H2S content, fluid chemistry and flow velocity, 

composition and surface condition of the steel can as well influence the erosion-corrosion process. Any change in any of 

the parameters may adversely affect the corrosion rate and mechanism significantly [69, 70, 88-91]. Generally, the 

sulphide level of Arabian Gulf seawater is located in the range of 0.05 to 0.2 ppm [25]. However, the level of sulphide may 

be up to 30-35 ppm in highly polluted environments and may further increase in summer period for country like                 

Qatar [92].  

It was reported that corrosion rate changes with respect to pH [1, 91]. Increasing the pH of a solution results in 

decreasing the solubility of iron carbonate, thereby increasing the precipitation rate and easy formation of protective films 

on the steel surface [93]. Ogini et al.[94] studied the effect of pH in the range of 1 to 12 on the corrosion behaviour of mild 

steel in 3 to 20% NaCl solution. Potential dynamic polarisation method was used for the tests. The result showed that the 

erosion loss was high in highest solutions of pH compared to that of lowest one. In a similar attempt, Prasanta et al. [91] 

studied the effect of pH solution on the electrochemical and stress corrosion cracking behaviour of a 7150 (Al-Zn-Mg-Cu) 

alloy using Potentiodynamic polarization and slow strain rate (SSR) tests. Their results showed that the Stress corrosion 

cracking susceptibility was highest in solution with pH1 compared to that of pH12 and was least in pH7. It was reported 

that the protective nature of the scale film, nature of the steel material and composition of the corrosion product are 

influenced by the pH of the solution[95]. Cheng et al.[95] studied the influence of pH and the concentration of hydrogen 

sulphide (H2S) on corrosion of iron in acid solutions. Potentiostat polarization method and alternating current (AC) 

impedance technique were used in the investigation. Their results showed that at lower values of pH (<2), iron is dissolved 

and iron sulphide is not precipitated on the surface of the carbon steel metal. This was attributed to high solubility of iron 

sulphide phases at pH values less than 2[95]. 

The Effect of Steel Microstructure  

Transportation of petroleum products in CO2/ H2S environment often results in failures of the pipeline systems 

[39, 45, 52].Carbon steels are widely used in the oil and gas industry due to severe mechanical requirements for sour 

service applications and deep water gas wells[40, 41, 72]. They contain some alloying elements such as: vanadium, 

niobium, and/or titanium which enhance their ductility, strength and welderbility. These steel are very popular and are also 

used in a vast number of applications, including automobile frames, ship plate, bridge beams, and electrical power 

transmission poles. Hydrogen embrittlement of oil and gas steel pipelines can restrict the use of metals and alloys in 
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aqueous environments. This is because the material mechanical properties are affected by hydrogen ingress during 

corrosion process which is of particular concern in high strength alloys. 

Microstructure is an important parameter in the erosion-corrosion mechanism as the solid materials impinge the 

steel surface at different areas. For material of heterogeneous microstructure, material removal mechanisms may be 

different from that of homogenous. This may be related to presence of carbides phase in some areas of the steel surface can 

be harder than other areas and the striking of the solid material at this carbide phase may be different from that of other 

phases on the steel surface. The effect of microstructure on the erosion-corrosion mechanism in steel materials have been 

studied in detail [26, 62, 75, 85, 96-99]. It was reported that microstructure plays an important role in the susceptibility of 

steel material to erosion-corrosion. Ramirez et al. [75] investigated the susceptibility a of a high strength pipeline steel with 

respect to the microstructure using slow strain rate technique. Three different alloying elements of Ni, Cu and Mo were 

added to the C-Mn steel, resulting in three different microstrural steels. It was also reported that the steel with the 

martensitic microstructure had the highest sulphide stress cracking susceptibility at the tested temperatures while the ferrite 

steel showed susceptible only at 25°C. It was concluded that hydrogen embrittlement was the dominant failure mechanism 

aided by anodic dissolution. 

In a similar attempt, Mansour et al. [44], studied the effect of API-X100 microstructure on the susceptibility of 

corrosion-erosion using both electrochemical polarisation technique and proof ring test. Severe corrosion rate due to high 

corrosion rate was proposed to act as an initiation sites on the surface of the steel which produced more hydrogen to 

migrate into the steel. The results also reported that inhomogeneous of the API-X100 microstructure enhanced hydrogen 

traps which favoured hydrogen embrittlement mechanism [44].Lopez et al.[97] reported that a small difference in the 

microstructure of two metals can result in a significant scale formation during CO2 corrosion. 

Ambrosini et al. [100] studied the effect of microstructures and mechanical properties on erosion of AISI-4140 

steel under various heat treatment conditions using sand-blast-type rig. Their results showed a decrease in erosion as the 

tempering temperatures was increased for the steel material. Analysis of the structural tested material revealed that erosion 

decreased with increasing percentage of bainite in the austempered condition and increasing tempering time during 

spheroidization. It was also reported that steel resistance to hydrogen embrittlement is largely affected by hydrogen 

concentration in trapping sites contained by the steel microstructure [44, 48].Roge´rio et al. [75]studied the influence of 

microstructure on HIC and SSCC behaviour of two low C_/Mn_/Nb_/Mo API linepipe steels. The steels were heat treated 

using different rolling processes. The results showed that refined and homogeneous quenched and tempered 

bainite/martensite microstructures had the best performance with respect to both HIC and SSCC susceptibility. In a similar 

attempt, Sojka et al. [99] investigated the resistance of X52 and X60 API steels to sulphide stress cracking (SSC) using 

tensile tests at a constant load and slow strain rate tensile (SSRT) tests. Both steels were tested after hot-rolling which 

resulted in microstructure that are predominantly of ferrite and pearlite. The results revealed that the resistance of the steel 

to SSC depended strongly on the microstructure when it was tested under a constant load. 

CONCLUSIONS 

A critical review of erosion-corrosion in oil and gas industry was carried out. It could be concluded from the 

review that erosion-corrosion is critical phenomenon that occurs in the oil and gas transportation pipelines and can be 

reduced by understanding the underlining mechanisms of the given process. Also dominant mechanisms that occur in the 

erosion-corrosion process is significantly influenced by the operating parameters and environmental conditions. Selection 



22                                                                                                                                                                           Okonkwo Paul C & Adel M. A. Mohamed 

 
Impact Factor (JCC): 2.9076                                                                                        Index Copernicus Value (ICV): 3.0 

of materials that can withstand the influence of the operating conditions and environmental factors may be a vital step in 

reducing erosion-corrosion process in the oil and gas industry. 

ACKNOWLEDGEMENTS  

This work was made possible by NPRP Grant 6-027-2-010from the Qatar National Research Fund                         

(a Member of The Qatar Foundation). The statements made herein are solely the responsibility of the authors. 

REFERENCES 

1. Khanna, A.S. and G.S. Das. Parametric study of CO2/H2S Corrosion of Carbon Steel used for Pipeline 

Application. . in International Symposium of Research Students on Materials Science and Engineering. 2004. 

Chennai, India. 

2. Islam, M.A. and Z.N. Farhat, Effect of impact angle and velocity on erosion of API X42 pipeline steel under high 

abrasive feed rate. Wear, 2014. 311(1–2): p. 180-190. 

3. Matsumura, M., et al., The Role of Passivating Film in Preventing Slurry Erosion-Corrosion of Austenitic 

Stainless Steel. ISIJ International, 1991. 31(2): p. 168-176. 

4. Tilly, G.P., A two stage mechanism of ductile erosion. Wear, 1973. 23(1): p. 87-96. 

5. Finnie, I., Erosion of surfaces by solid particles. Wear, 1960. 3(2): p. 87-103. 

6. Bitter, J.G.A., A study of erosion phenomena part I. Wear,, 1963. vol. 6(no. 1): p. 5-21. 

7. Finnie, I. The mechanism of erosion of ductile metals. in 3rd U.S. Nat. Congress of Applied Mechanics. 1958. 

New York, ASME. 

8. Postlethwaite, J., M.H. Dobbin, and K. Bergevin, The Role of Oxygen Mass Transfer in the Erosion-Corrosion of 

Slurry Pipelines. Corrosion, 1986. 42(9): p. 514-521. 

9. Malka, R., Erosion Corrosion and Synergistic Effects in Disturbed Liquid-Particle Flow. 2005, Ohio University. 

10. Neilson, J.H. and A. Gilchrist, Erosion by a stream of solid particles. Wear, 1968. 11(2): p. 111-122. 

11. Neville, A., M. Reyes, and H. Xu, Examining corrosion effects and corrosion/erosion interactions on metallic 

materials in aqueous slurries. Tribology International, 2002. 35(10): p. 643-650. 

12. Finnie, I., Some observations on the erosion of ductile metals. Wear, 1972. 19(1): p. 81-90. 

13. Head, W.J. and M.E. Harr, The development of a model to predict the erosion of materials by natural 

contaminants. Wear, 1970. 15(1): p. 1-46. 

14. Wang, Y.-F. and Z.-G. Yang, Finite element model of erosive wear on ductile and brittle materials. Wear, 2008. 

265(5–6): p. 871-878. 

15. Buijs, M. and K.K.-v. Houten, Three-body abrasion of brittle materials as studied by lapping. Wear, 1993.            

166(2): p. 237-245. 

16. Evans, A.G. and T.R. Wilshaw, Quasi-static solid particle damage in brittle solids—I. Observations analysis and 

implications. Acta Metallurgica, 1976. 24(10): p. 939-956. 



Erosion-Corrosion in Oil and Gas Industry: A Review                                                                                                                                                      23 

 
www.tjprc.org                                                                                                                                               editor@tjprc.org 

17. Wood, R.J.K., Erosion–corrosion interactions and their effect on marine and offshore materials. Wear, 2006. 

261(9): p. 1012-1023. 

18. Dhar, S., et al., Erosion mechanisms due to impact of single angular particles. Wear, 2005. 258(1–4): p. 567-579. 

19. Stack, M.M. and N. Pungwiwat, Particulate erosion–corrosion of Al in aqueous conditions: some perspectives on 

pH effects on the erosion–corrosion map. Tribology International, 2002. 35(10): p. 651-660. 

20. Winter, R.E. and I.M. Hutchings, Solid particle erosion studies using single angular particles. Wear, 1974. 29(2): 

p. 181-194. 

21. Wada, S. and W. Watanalm. Solid gerlicle erosion in ~ittte materials Part 3. The interaction with 

hi.ella[ pl~pertles of target and th~z of impiagement particle on erosion wear mechansim in Yogyo- Kyokai ShL. 

1987. 

22. Hutchings, I.M. Abrasive and erosive wear of metal-matrix composites’ EUROMAT 91. in 2nd European 

Conference on Advanced Materials and Processes. 1992. Institute of Materials, London. 

23. Hutchings, I.M. Conference on Corrosion/Erosion of Coal Coversion system MaterialS. 1979. NACE Houston. 

24. Hutchings, I.M., R.E. Winter, and J.E. Field, Solid Particle Erosion of Metals: The Removal of Surface Material 

by Spherical Projectiles. Proceedings of the Royal Society of London. Series A, Mathematical and Physical 

Sciences, 1976. 348(1654): p. 379-392. 

25. Shalaby, H.M., et al., Erosion-Corrosion Behavior of Some Cast Alloys in Seawater. Corrosion, 1992. 48(3):            

p. 206-217. 

26. Wood, R.J.K., et al., Influence of microstructure on the erosion and erosion–corrosion characteristics of            

316 stainless steel. Wear, 2013. 306(1–2): p. 254-262. 

27. López, D., et al., Effect of particle velocity and impact angle on the corrosion–erosion of AISI 304 and                 

AISI 420 stainless steels. Wear, 2005. 259(1–6): p. 118-124. 

28. Postlethwaite, J., E.B. Tinker, and M.W. Hawrylak, Erosion-Corrosion in Slurry Pipelines. Corrosion, 1974.       

30(8): p. 285-290. 

29. Hutchings, I.M., Tribology: friction and wear of engineering materials. Vol. Metallurgy & materials science series. 

1992, London: Edward Arnold. 

30. Finnie, I., Some reflections on the past and future of erosion. Wear, 1995. 186–187, Part 1(0): p. 1-10. 

31. Moore, M.A. and F.S. King, Abrasive wear of brittle solids. Wear, 1980. 60(1): p. 123-140. 

32. Srinivasan, S. and R.O. Scattergood, Effect of erodent hardness on erosion of brittle materials. Wear, 1988.          

128(2): p. 139-152. 

33. Wada, S., N. Watanabe, and T. Tani. Solid particle erosion of brittle materials (Part 6) - The erosive wear of 

A.lzOa - Sic composites. in Yogyo Kyokai Shi. 1987. 



24                                                                                                                                                                           Okonkwo Paul C & Adel M. A. Mohamed 

 
Impact Factor (JCC): 2.9076                                                                                        Index Copernicus Value (ICV): 3.0 

34. Shipway, P.H. and I.M. Hutchings, The rôle of particle properties in the erosion of brittle materials. Wear, 1996. 

193(1): p. 105-113. 

35. Bousser, E., L. Martinu, and J.E. Klemberg-Sapieha, Effect of erodent properties on the solid particle erosion 

mechanisms of brittle materials. Journal of Materials Science, 2013. 48(16): p. 5543-5558. 

36. Evans, A.G., M.E. Gulden, and M.Rosenblatts. Proceedings of the Royal Society of London, Series A 

(Mathematical and Physical Sciences). 1978. London. 

37. Wood, R.J.K., The sand erosion performance of coatings. Materials and Design, 1999. 20(4): p. 179-191. 

38. Fierro, G., G.M. Ingo, and F. Mancia, XPS Investigation on the Corrosion Behavior of 13Cr-Martensitic Stainless 

Steel in CO2-H2S-Cl− Environments. Corrosion, 1989. 45(10): p. 814-823. 

39. Zhang, L., et al. Effects of Temperature and Partial Pressure on H2S/CO2 Corrosion of Pipelines Steel in Sour 

Conditions. in NACE International Corrosion/11. 2011. Houston, TX. 

40. S. Nesic, H.L., J. Huang, D. Sormaz, An Open Source Mechanistic Model for CO2/ and N.I.C. H2S Corrosion of 

Carbon Steel, Houston, TX,. An Open Source Mechanistic Model for CO2/H2S Corrosion of Carbon Steel,. in 

NACE International Corrosion/09. 2009. Houston, TX,. 

41. Park, J.J., et al., Effect of Passivity of the Oxide Film on Low-pH Stress Corrosion Cracking of API 5L X-65 

Pipeline Steel in Bicarbonate Solution. Corrosion, 2002. 58(4): p. 329-336. 

42. Wu, S.L., et al., Characterization of the surface film formed from carbon dioxide corrosion on N80 steel. 

Materials Letters, 2004. 58(6): p. 1076-1081. 

43. Popoola1, L.T., et al., Corrosion problems during oil and gas production and its mitigation. International Journal 

of Industrial Chemistry, 2013(4): p. 35. 

44. Al-Mansour, M., A.M. Alfantazi, and M. El-boujdaini, Sulfide stress cracking resistance of API-X100 high 

strength low alloy steel. Materials & Design, 2009. 30(10): p. 4088-4094. 

45. Gonzalez-Rodriguez, J.G., et al., Effect of Microstructure on the Stress Corrosion Cracking of X-80 Pipeline Steel 

in Diluted Sodium Bicarbonate Solutions. Corrosion, 2002. 58(7): p. 584-590. 

46. Dean F and P. S. Hydrogen flux and high temperature acid corrosion. in NACExpo 2006 conference. 2006. 

47. Cheng, Y.F., Fundamentals of hydrogen evolution reaction and its implications on near-neutral pH stress 

corrosion cracking of pipelines. Electrochimica Acta, 2007. 52(7): p. 2661-2667. 

48. Ziaei, S.M.R., A.H. Kokabi, and M. Nasr-Esfehani, Sulfide stress corrosion cracking and hydrogen induced 

cracking of A216-WCC wellhead flow control valve body. Case Studies in Engineering Failure Analysis, 2013. 

1(3): p. 223-234. 

49. Carneiro, R.A., R.C. Ratnapuli, and V. de Freitas Cunha Lins, The influence of chemical composition and 

microstructure of API linepipe steels on hydrogen induced cracking and sulfide stress corrosion cracking. 

Materials Science and Engineering: A, 2003. 357(1–2): p. 104-110. 

50. Azevedo, C.R.F., Failure analysis of a crude oil pipeline. Engineering Failure Analysis, 2007. 14(6): p. 978-994. 



Erosion-Corrosion in Oil and Gas Industry: A Review                                                                                                                                                      25 

 
www.tjprc.org                                                                                                                                               editor@tjprc.org 

51. Huang, F., et al., Hydrogen-induced cracking susceptibility and hydrogen trapping efficiency of different 

microstructure X80 pipeline steel. Journal of Materials Science, 2011. 46(3): p. 715-722. 

52. Hardie, D., E.A. Charles, and A.H. Lopez, Hydrogen embrittlement of high strength pipeline steels.                  

Corrosion Science, 2006. 48(12): p. 4378-4385. 

53. Biomorgi, J., et al., Internal corrosion studies in hydrocarbons production pipelines located at Venezuelan 

Northeastern. Chemical Engineering Research and Design, 2012. 9 0: p. 1159–1167. 

54. Zhao, G.-x., et al., Formation Characteristic of CO2 Corrosion Product Layer of P110 Steel Investigated by SEM 

and Electrochemical Techniques. Journal of Iron and Steel Research, International, 2009. 16(4): p. 89-94. 

55. Meng, G.Z., C. Zhang, and Y.F. Cheng, Effects of corrosion product deposit on the subsequent cathodic and 

anodic reactions of X-70 steel in near-neutral pH solution. Corrosion Science, 2008. 50(11): p. 3116-3122. 

56. Linter, B.R. and G.T. Burstein, Reactions of pipeline steels in carbon dioxide solutions. Corrosion Science, 1999. 

41(1): p. 117-139. 

57. Beech, I.B. and C.C. Gaylarde, Recent advances in the study of biocorrosion: an overview. Revista de 

Microbiologia, 1999. 30: p. 117-190. 

58. Netto, T.A., U.S. Ferraz, and S.F. Estefen, The effect of corrosion defects on the burst pressure of pipelines. 

Journal of Constructional Steel Research, 2005. 61(8): p. 1185-1204. 

59. Kermani, M.B. and A. Morshed, Carbon Dioxide Corrosion in Oil and Gas Production—A Compendium. 

Corrosion, 2003. 59(8): p. 659-683. 

60. Nesic, S., J. Postlethwaite, and S. Olsen, An Electrochemical Model for Prediction of Corrosion of Mild Steel in 

Aqueous Carbon Dioxide Solutions. Corrosion, 1996. 52(4): p. 280-294. 

61. Li, Y., G.T. Burstein, and I.M. Hutchings, The influence of corrosion on the erosion of aluminium by aqueous 

silica slurries. Wear, 1995. 186–187, Part 2(0): p. 515-522. 

62. Postlethwaite, J., Effect of Chromate Inhibitor on the Mechanical and Electrochemical Components of                 

Erosion-Corrosion in Aqueous Slurries of Sand. Corrosion, 1981. 37(1): p. 1-5. 

63. Hu, X. and A. Neville, CO2 erosion–corrosion of pipeline steel (API X65) in oil and gas conditions—A 

systematic approach. Wear, 2009. 267(11): p. 2027-2032. 

64. Andrews, D.R. and J.E. Field, Temperature dependence of the impact response of copper: erosion by melting. 

Journal of Physics D: Applied Physics, 1982. 15(11): p. 2357. 

65. Maasberg, J.A. and A.V. Levy, Erosion of elevated-temperature corrosion scales on metals. Wear, 1981. 73(2):           

p. 355-370. 

66. Gat, N. and W. Tabakoff, Some effects of temperature on the erosion of metals. Wear, 1978. 50(1): p. 85-94. 

67. Sundararajan, G. and M. Roy, Solid particle erosion behaviour of metallic materials at room and elevated 

temperatures. Tribology International,1997. 30(5): p. 339-359. 



26                                                                                                                                                                           Okonkwo Paul C & Adel M. A. Mohamed 

 
Impact Factor (JCC): 2.9076                                                                                        Index Copernicus Value (ICV): 3.0 

68. D. Lopez, et al., Effect of particle velocity and impact angle on the corrosion–erosion of AISI304 and AISI420 

stainless steels. Wear, 2005. 259: p. 118–124. 

69. Kwok, C.T., H.C. Man, and L.K. Leung, Effect of temperature, pH and sulphide on the cavitation erosion 

behaviour of super duplex stainless steel. Wear, 1997. 211(1): p. 84-93. 

70. Mahdi, E., A. Rauf, and E.O. Eltai, Effect of temperature and erosion on pitting corrosion of X100 steel in 

aqueous silica slurries containing bicarbonate and chloride content. Corrosion Science, (0). 

71. Zambelli, G. and A. Levy, Particulate erosion of NiO scales. Wear, 1981. 68 p. 305 -331 

72. Tang, J., et al., The effect of H2S concentration on the corrosion behavior of carbon steel at 90&#xa0;°C. 

Corrosion Science, 2010. 52(6): p. 2050-2058. 

73. Kapoor, A. and K.L. Johnson, Plastic ratchetting as a mechanism of erosive wear. Wear, 1995. 186–187,          

Part 1(0): p. 86-91. 

74. Clark, H.M., The influence of the flow field in slurry erosion. Wear, 1992. 152(2): p. 223-240. 

75. Ramírez, E., et al., Effect of microstructure on the sulphide stress cracking susceptibility of a high strength 

pipeline steel. Corrosion Science, 2008. 50(12): p. 3534-3541. 

76. Ballout, Y., J.A. Mathis, and J.E. Talia, Solid particle erosion mechanism in glass. Wear, 1996. 196(1–2):                    

p. 263-269. 

77. Nakayama, K. and T. Sakurai, The effect of surface temperature on chemical wear. Wear, 1974. 29(3): p. 373-389. 

78. Viáfara, C.C. and A. Sinatora, Unlubricated sliding friction and wear of steels: An evaluation of the mechanism 

responsible for the T1 wear regime transition. Wear, 2011. 271(9-10): p. 1689-1700. 

79. Sundararajan, G. and P.G. Shewmon, A new model for the erosion of metals at normal incidence. Wear, 1983. 

84(2): p. 237-258. 

80. Goodwin J.E., S. W., and T. G.P. in Proc. Inst. of Mech. Engg. 1969-70. 

81. Hutchings, I.M., Tribology: Friction and Wear of Engineering Materials. 1992, UK: Edward Arnold. 

82. Levy, A.V. and P. Chik, The effects of erodent composition and shape on the erosion of steel. Wear, 1983.                  

89(2): p. 151-162. 

83. Finnie, I., Corrosion–Erosion Behavior of Materials. Metallurgical Soc.of AIME, 1978: p. 118–126. 

84. Stack, M.M. and N. Pungwiwat, Erosion–corrosion mapping of Fe in aqueous slurries: some views on a new 

rationale for defining the erosion–corrosion interaction. Wear, 2004. 256(5): p. 565–576. 

85. Hamzah, R., D.J. Stephenson, and J.E. Strutt, Erosion of material used in petroleum production. Wear, 1995.        

186–187, Part 2(0): p. 493-496. 

86. Burstein, G.T. and K. Sasaki, Effect of impact angle on the slurry erosion–corrosion of 304L stainless steel. Wear, 

2000. 240(1–2): p. 80-94. 



Erosion-Corrosion in Oil and Gas Industry: A Review                                                                                                                                                      27 

 
www.tjprc.org                                                                                                                                               editor@tjprc.org 

87. Al-Bukhaiti, M.A., et al., Effect of impingement angle on slurry erosion behaviour and mechanisms of 1017 steel 

and high-chromium white cast iron. Wear, 2007. 262(9–10): p. 1187-1198. 

88. Yang, Y. and Y.F. Cheng, Parametric effects on the erosion–corrosion rate and mechanism of carbon steel pipes 

in oil sands slurry. Wear, 2012. 276–277(0): p. 141-148. 

89. Beidokhti, B., A. Dolati, and A.H. Koukabi, Effects of alloying elements and microstructure on the susceptibility 

of the welded HSLA steel to hydrogen-induced cracking and sulfide stress cracking. Materials Science and 

Engineering: A, 2009. 507(1–2): p. 167-173. 

90. Beidokhti, B., A. Dolati, and A.H. Koukabi, Effects of alloying elements and microstructure on the susceptibility 

of the welded HSLA steel to hydrogen-induced cracking and sulfide stress cracking. Materials Science and 

Engineering A, 2009. 507(1-2): p. 167-173. 

91. Rout, P.K., M.M. Ghosh, and K.S. Ghosh, Effect of solution pH on electrochemical and stress corrosion cracking 

behaviour of a 7150 Al-Zn-Mg-Cu alloy. Materials Science and Engineering: A, (0). 

92. Chandler, K.A., Marine and offshore corrosion. 1985. Medium: X; Size: Pages: 420. 

93. Nešić, S. and K.L.J. Lee, A Mechanistic Model for Carbon Dioxide Corrosion of Mild Steel in the Presence of 

Protective Iron Carbonate Films—Part 3: Film Growth Model. Corrosion, 2003. 59(7): p. 616-628. 

94. Ogino, K., A. Hida, and S. Kishima, Effect of Amplitude on Erosion-Corrosion of Metals by Vibratory Cavitation 

in Relation to pH of the Cavitation Media. Corrosion, 1988. 44(2): p. 97-103. 

95. Cheng, X.L., et al., Corrosion of Iron in Acid Solutions with Hydrogen Sulfide. Corrosion,1998. 54(5):                       

p. 369-376. 

96. Zhao, M.-C., et al., Role of microstructure on sulfide stress cracking of oil and gas pipeline steels. Metallurgical 

and Materials Transactions A, 2003. 34(5): p. 1089-1096. 

97. López, D.A., et al., The influence of carbon steel microstructure on corrosion layers: An XPS and SEM 

characterization. Applied Surface Science, 2003. 207(1–4): p. 69-85. 

98. D. Belato Rosado1, et al., Latest Developments in Mechanical Properties and Metallurgical features of High 

Strenght Line Pipe Steels 2013. 

99. Sojka, J., et al., Role of microstructure and testing conditions in sulphide stress cracking of X52 and X60 API 

steels. Materials Science and Engineering: A, 2008. 480(1–2): p. 237-243. 

100. Ambrosini, L. and S. Bahadur, Erosion of AISI 4140 steel. Wear, 1987. 117(1): p. 37-48. 




