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 Abstract 

Oil and gas industry spends millions of dollars every year dealing with 

problems caused by erosion-corrosion. During the transportation of oil and 

gas, pipes are exposed to flowing corrosive environment which causes erosion-

corrosion. The high degradation rates attributed to this mechanism can 

create increased challenges to project economy and operation where material 

integrity, accurate erosion-corrosion rate prediction and long term 

performance are key concerns. Although the problem caused by the 

interaction of erosion and corrosion is severe, the mechanism of synergy is 

still not thoroughly understood because of its complexity. This research 

focuses on understanding the degradation processes of pipeline steels in CO2 

containing salt water. The application of cyclic erosion-corrosion allowed the 

individual contribution of erosion and corrosion components of mass loss to be 

quantified and mechanisms by which erosion affects corrosion and vice-versa 

to be identified. The present research also correlates erosion and corrosion 

response of steel to its microstructure.  
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Chapter 1 

1 Introduction 

Pipelines move over two thirds of the oil and gas transported annually 

worldwide. Pipelines are the most convenient means of transporting 

enormous quantities of natural gas and crude oil from production sites to the 

consumer and can last for several decades with minimal maintenance. 

Compared to other modes of transportation, in the US and Canada, pipelines 

carry 60% of all petroleum products. Figure 1-1 shows the relative 

contribution by each mode of transportation [1]. In North America alone, 

there are almost 500,000 miles of transmission pipeline networks carrying 

crude oil and natural gas, and over 2 million miles of inter-city natural gas 

distribution pipelines carrying natural gas to businesses and consumers [2].  

In addition to their efficiency, pipelines have unmatched environmental and 

safety benefits. In contrast to other inland transport modes, pipelines do not 

crowd our highways and rivers and they produce negligible air pollution. 

Pipelines also have a lower spill rate per barrel of oil transported than 

competing modes of transportation, namely trucks and barges.  

Table 1-1 compares incident rates for road, rail and pipeline transportation 

modes [2]. The majority of incidents occur on road and rail, as shown by 

Transportation Department data. Road transport has the highest rate of 

incidents, with 19.95 per billion ton-miles. This is followed by rail, with 2.08 

per billion ton-miles. Natural-gas pipelines came next, with 0.89 per billion 
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ton-miles. Oil pipelines were the safest, with 0.58 incidents per billion ton-

miles. 

 

Figure 1-1 Transportation of petroleum products by mode [1]. 

 

Table 1-1 Petroleum and natural-gas incident rates: pipelines vs road 

and railway (2005-2009) [2]. 

Mode Avg. billion ton-

miles per year 

Avg. incidents 

per year 

Incidents per 

billion ton-miles 

Road 34.8 695.2 19.95 

Railway 23.9 49.6 2.08 

Petroleum pipeline 584.1 339.6 0.58 

Natural gas pipeline 338.5 299.2 0.89 
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High Strength Low Alloy (HSLA) steels, such as API X-series [3], are 

extensively utilized in oil and gas transportation pipelines. API steels have a 

low price-to-strength ratio with minimum yield strength of 480 MPa. In 

addition to material strength, API steels provide good weldability because of 

their low carbon contents.   

The development of high strength API pipeline steels began in the seventies, 

when hot rolling and normalizing were replaced by thermo-mechanical 

rolling. The latter process enables materials up to API X70 (480 MPa) to be 

produced from steels that are micro-alloyed with niobium and vanadium and 

have reduced carbon content. An improved processing method, consisting of 

thermo-mechanical rolling plus subsequent accelerated cooling, emerged in 

the eighties.  By this method, it has become possible to produce higher 

strength materials like API X80 (550 MPa), having a further reduced carbon 

content and thereby excellent field weldability. Additions of molybdenum, 

copper and nickel enable the strength level to be raised to that of grades API 

X100 (690 MPa) and API X120 (820 MPa) when the steel is processed by 

thermo-mechanical rolling plus modified accelerated cooling. The historical 

development of API X-series pipeline steels is illustrated in Figure 1-2. 

Today, much of the existing global infrastructure uses pipe grades API X70 

and API X80 steels [4]. However, the industry has recently witnessed an 

increased interest in the possibility of using higher strength pipeline steels 

such as API X100 [5]–[7]. More recently, for the first time, TransCanada 

installed and welded the highest grade pipeline steel available in the world 

today, i.e., API X120, and steps are under way to address many of the 

characteristics of this steel [8]. The use of a high strength grade offers 

potential benefits with respect to using a higher operating pressure without 

increasing the pipe wall thickness. This in turn offers economic benefits 

arising from lower material, transportation and fabrication costs.  
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Figure 1-2 Historical development of API X-series pipeline steels [9]. 

However, one major drawback of API X-series pipeline steels is their 

susceptibility to erosion-corrosion attack. Oil and gas transmission pipelines 

are subjected to severe erosive and corrosive conditions during their 

operation. Despite pipelines good safety record, the erosion-corrosion damage-

related cost to the global transmission pipeline industry is approximately $50 

billion annually, in addition to the irreversible damage to life and the 

environment [10], [11]. The cost of erosion-corrosion attack to the global oil 

and gas industry has drawn significant attention among researchers in 

recent years.  

Corrosion is a material degradation process, which occurs due to chemical or 

electrochemical action, while erosion is a mechanical wear process due to 

both fluid flow and particulate matter abrasion (such as sand particles and 

corrosion by-products). In enhanced oil recovery (EOR), CO2 gas injection, is 

the most-commonly used approach as it reduces the oil viscosity and assists 
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in the recovery effort [5]–[8]. The presence of CO2 gas in pipeline systems 

induces CO2 corrosion, or ‘sweet corrosion’. This type of attack is the most 

prevalent form of attack encountered in oil and gas pipelines. Corrosion of 

carbon steel in CO2 containing environment is very complex and requires 

extensive attention. Various mechanisms have been proposed to explain the 

phenomenon. However, these mechanisms either apply to very specific 

conditions or have not received widespread recognition or acceptance. On the 

other hand, solid particle erosion of steel is a function of abrasive particle 

properties, target material, erodent velocity, abrasive feed rate and impact 

angle. From these conditions, the impact angle and particle velocity have 

been identified as two parameters that significantly influence erosion rate 

and surface degradation in tribo-systems. In addition, steel microstructure, 

which directly influences its hardness and ductility, plays an important role 

in determining erosion rate. The combined effect of erosion and corrosion, 

known as synergism effect, is significantly higher than the sum of the 

individual contributions acting separately. In oil and gas transportation 

pipelines erosion-corrosion synergism is a significant problem. Synergism is 

not well quantified due to the complexities of the phenomena and because of 

the lack of detailed knowledge of the separate kinetics of pure erosion and 

pure corrosion.  
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1.1  Objectives 

The need to understand the occurrence of erosion-corrosion phenomenon is 

one prerequisite in preventing such failure by developing strategies for 

combating degradation and prolonging the life of the steel pipe. 

Unfortunately, the erosion-corrosion attack is not well understood and it’s 

unclear how corrosion affects erosion and vice-versa. The present work, 

examines erosion-corrosion effects on API X42, API X70 and API X100 steels 

under different environmental conditions. The research provides a 

comprehensive and a systematic investigation on the individual contributions 

of corrosion and erosion acting separately and on their synergistic effect when 

the two processes act together. The main obstacle tackled in this study is 

separating the individual contributions of erosion and corrosion to the overall 

metal loss and evaluating the synergistic effects of one mechanism over the 

other. The study also correlates erosion response and corrosion layers 

formation to the steel microstructure. In addition, erosion mechanism maps 

are developed for the various API steels. These maps provide engineers and 

designers with the necessary data to make appropriate material selection 

decisions under different operating conditions. 

Erosion-corrosion is one of the most important metal degradation mode that 

affects many industries including pipelines, pumps, turbines, offshore 

structures, etc. The present research generates new knowledge and 

establishes the fundamental principles governing materials behavior under 

erosion-corrosion conditions. The work is expected to create interest from oil 

and gas and steel manufacturing industries. The specific objectives of the 

research are summarized as follows:  

1. Investigate the effect of impact angle and particle velocity on erosion of 

carbon and API steels and identify possible erosion mechanisms during 

the process.  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2. Investigate the effect of microstructure on erosion behavior of carbon 

steel.   

3. Develop erosion mechanism maps for carbon and API pipeline steels.   

4. Study the formation of corrosion layer in sweet environment and 

identify its role in the degradation of oil and gas pipeline steel.    

5. Investigate the effect of the steel microstructure on passive film 

formation and characteristics. 

6. Quantify the synergistic effect and develop enhanced understanding of 

erosion-corrosion mechanisms. 
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1.2  Thesis Outline 

The contents of this thesis are arranged in the following sequence:  

A review of pertinent background information on classification of steel and the 

development of high-strength low alloy steel (HSLA) are provided in Chapter 2. 

This is followed by an up-to-date review of erosion behavior, corrosion 

mechanisms and erosion-corrosion of pipeline steels. Materials characterization 

(based on their physical and chemical properties) and experimental methods 

employed in erosion, corrosion, erosion-corrosion tests and their 

corresponding operating conditions are outlined in details in Chapter 3. 

Experimental results and relevant discussions are given in Chapter 4. 

Conclusions of this research, contributions and recommendations for future 

work are summarized in Chapter 5.  
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Chapter 2 

2 Literature Review 

Extensive literature review on high-strength low alloy steel, erosion, 

corrosion and erosion-corrosion of steel is included in this chapter. 

2.1  Classification of Steel 

Steel standards vary from country to country and can be classified based on 

manufacturing method (Bessemer steel, open-hearth steel, electric-furnace 

steel, crucible steel, etc.), according to their final use (machine steel, spring 

steel, boiler steel, structural steel or tool steel), mechanical properties and 

hardenability. However, a majority of standards are defined in terms of the 

chemical composition and indicate (by means of a numbering system) the 

approximate content of the important elements in the steel.  

Based on their chemical composition and physical properties, steel grades 

have been developed by a number of standards organizations. The following 

is a list of different steel grades used around the world: 

i. American Iron and Steel Institute (AISI) and Society of 

Automotive Engineers (SAE) steel grades 

ii. International Organization for Standardization (ISO 

standard) 

iii. Unified Numbering System (UNS)  

(a) ASTM International 

(b) Society of Automotive Engineers (SAE) 
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iv. British Standards (BS standard) 

v. Japanese Steel Grades (JIS standard) 

vi. German Steel Grades (DIN standard) 

vii. Chinese Steel Grades (GB standard) 

AISI and SAE steel grade specifications represent the results of the 

cooperative effort of the American Iron and Steel Institute (AISI) and Society 

of Automotive Engineers (SAE) in a simplification program aimed at greater 

efficiency in meeting the steel needs of American industry. The first digit of 

the four or five numerical designation indicates the type of steel. For 

example, 1 indicates carbon steel, 2 for nickel steel, 3 for nickel-chromium 

steel, etc. In the case of simple alloy steels, the second digit indicates the 

approximate percentage of the predominant alloying element. The last two or 

three digits usually indicate the mean carbon content divided by 100. Thus, 

the symbol 2520 indicates a nickel steel of approximately 5 percent nickel 

and 0.20 percent carbon. In addition to the numerals, AISI specifications may 

include a letter prefix to indicate the manufacturing process employed in 

producing the steel. The prefix ‘C’ denotes open-hearth furnace, or basic 

oxygen furnace, while ‘E’ denotes electric arc furnace steel. SAE specifications 

also employ the same four-digit numerical designations as the AISI 

specifications, with the elimination of all letter prefixes. An ‘H’ suffix can be 

added to any designation to denote hardenability. SAE and AISI specification 

for carbon, alloy and stainless steel are given in Table 2-1, Table 2-2 and 

Table 2-3. 

International Organization for Standardization (ISO) is an international 

standard-setting body composed of representatives from various national 

standard organizations. ISO standards for steel are usually based on the final 

application. For example, ISO 65 is for carbon steel tubes suitable for 

screwing application and ISO 7-1, ISO 657 are used for hot-rolled steel 

sections [12]–[14]. ISO 898 is used for fasteners made from carbon and alloy 

steel, and ISO 2852 is for stainless steel clamp pipe couplings used in the 
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food-industry [15]–[17]. ISO 8501 is used for preparation of steel substrates 

before application of paints and related products, and ISO 3506 is used for 

corrosion-resistant stainless steel fasteners [18]–[20].  

Table 2-1 SAE designation for carbon and alloy steel [21]–[23]. 

SAE Designation Type 

1xxx Carbon steels  

2xxx Nickel steels 

3xxx Nickel-chromium steels 

4xxx Molybdenum steels 

5xxx Chromium steels 

6xxx Chromium-vanadium steels 

7xxx Tungsten steels 

8xxx Nickel-chromium-vanadium steels 

9xxx Silicon-manganese steels 

 

Table 2-2 SAE designation for stainless steel [24]–[27]. 

SAE Designation  Type 

100 Series Austenitic chromium-nickel-manganese alloys 

200 Series Austenitic chromium-nickel-manganese alloys 

300 Series Austenitic chromium-nickel alloys  

400 Series Ferritic and martensitic chromium alloys 

500 Series Heat-resisting chromium alloys 

600 Series Martensitic precipitation hardening alloys 
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Table 2-3 AISI designation of steel [28]. 

AISI Designation Type 

10xx Basic open-hearth and acid Bessemer carbon 

steel 

11xx Basic open-hearth and acid Bessemer carbon 

steel, high S, low P 

12xx Basic open-hearth carbon steels, high S, high P 

13xx Manganese (1.75%) 

23xx Nickel (3.50%) 

31xx Nickel (1.25%), Chromium (0.60%) 

40xx Molybdenum (0.20 or 0.25%) 

41xx Chromium 0.50, 0.80, Molybdenum (0.20 or 

0.35%) 

44xx Molybdenum (0.53%) 

48xx Nickel (3.50%), Molybdenum (0.25%) 

50xx Chromium (0.40%) 

61xx Chromium (0.60%), Vanadium (0.13%) 

86xx Nickel (0.55%), Chromium (0.50%), Molybdenum 

(0.20%) 

92xx Silicon (2.00%) 

93xx Nickel (3.25%), Chromium (1.20%), Molybdenum 

(0.12%) 

98xx Nickel (1.00%), Chromium (0.80%), Molybdenum 

(0.25%) 

 

Table 2-4 UNS designation for steel [29]–[33]. 

UNS Series Type 

D00001 to D99999 Specified mechanical property steels 

G00001 to G99999 AISI and SAE carbon and alloy steels (except 

tool steels) 

H00001 to H99999 AISI and SAE H-steels 

J00001 to J99999 Cast steels (except tool steels) 

K00001 to K99999 Miscellaneous steels and ferrous alloys 

S00001 to S99999 Heat and corrosion resistant (stainless) steels 

T00001 to T99999 Tool steels, wrought and cast 
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The Unified Numbering System (UNS) is an alloy designation system widely 

accepted in North America. It consists of a prefix letter and five digits 

designating the material composition. For example, a prefix of ‘S’ indicates 

stainless steel alloys, ‘C’ for copper, brass or bronze alloys, and ‘T’ for tool 

steels. The UNS is managed jointly by the ASTM International and SAE 

International. A UNS number alone does not constitute a full material 

specification because it establishes no requirements for material properties, 

heat treatment, form, or quality. UNS designation for steel is given in Table 

2-4. 

British Standards (BS) are the standards produced by BSI Group, which is 

incorporated under a Royal Charter (and which is formally designated as 

the National Standards Body (NSB) for the UK). The standards produced are 

titled British Standard XXXX[-P]:YYYY where XXXX is the number of the 

standard, P is the number of the part of the standard (where the standard is 

split into multiple parts), and YYYY is the year in which the standard came 

into effect. The standard simply provides a shorthand way of claiming that 

certain specifications are met, while encouraging manufacturers to adhere to 

a common method for such a specification. As for example, BS 5400-5:2005 

steel is the code of practice for design of composite bridges [28]. On the other 

hand, JIS standards are developed by the Japanese Industrial Standards 

Committee (JISC) in Tokyo. The specifications begin with the prefix JIS, 

followed by a letter ‘G’ for carbon and low-alloy steels. Examples: JIS G3445 

STKM11A is a low-carbon tube steel containing 0.12% C, 0.35% Si, 0.60% 

Mn, 0.04% P, 0.04% S; JIS G4403 SKH2 (AISI T1Grade) is a tungsten high 

speed tool steel containing 0.73-0.83% C, 3.8-4.5% Cr, 0.4% Mn, 0.4% Si, 0.8-

1.2% V and 17-19% W [28]. German steel specifications often start with the 

letters DIN and followed by an alphanumeric or a numeric code. For 

examples, DIN 40NiCrMo66 is a Ni-Cr-Mo steel that contains 0.35-0.45% C, 

0.9-1.4% Cr, 0.5-0.7% Mn, 0.2-0.3% Mo, 1.4-1.7% Ni, 0.035% S; DIN 17200 is 
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a non-resulfurized carbon steel containing 0.17-0.245% C, 0.3-0.6% Mn, 0.02-

0.035% S and 0.4% max Si [28].  

Steels are sometimes classified by the broad range of carbon content, such as, 

low, medium, high and ultrahigh carbon steel. Low-carbon steels contain up 

to 0.30 wt% C. The largest category of this class of steel is flat-rolled products 

(sheet or strip, usually in the cold-rolled and annealed condition). The carbon 

content for these high formability steels is very low (less than 0.10 wt% C), 

with up to 0.4 wt% Mn. Automobile body panels, thin plate and wire products 

are usually made of these steels. For structural plates and sections, the 

carbon content may be increased to approximately 0.30 wt%, with higher 

manganese content (up to 1.5 wt%). Medium carbon steels are similar to low 

carbon steels except that the carbon ranges from 0.30 to 0.60 wt% and the 

manganese from 0.60 to 1.65 wt%. Increasing the carbon content to 

approximately 0.5 wt% with an accompanying increase in manganese allows 

medium carbon steels to be used in the quenched and tempered condition. 

The uses of medium carbon-manganese steels include shafts, axles, gears, 

crankshafts, couplings and forgings. Steels in the 0.40 to 0.60 wt% C range 

are also used for rails, railway wheels and rail axles. High carbon steels 

contain from 0.60 to 1.00 wt% C with manganese contents ranging from 0.30 

to 0.90 wt%. High carbon steels are used for spring materials and high-

strength wires. Ultrahigh carbon steels are experimental alloys containing 

1.25 to 2.0 wt% C. These steels are thermo-mechanically processed to produce 

microstructures that consist of ultra-fine, equiaxed grains of spherical, 

discontinuous pro-eutectoid carbide particles.  
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2.1.1  High-Strength Low Alloy Steel (HSLA) 

In order to allow exploitation in aggressive environments, the steel pipe 

industry has conducted extensive efforts to develop line pipe steel grades 

with superior mechanical (ductility, strength and toughness) and 

metallurgical properties to improve both performance and transportation 

efficiency. The need to achieve higher strength accompanied with sufficient 

toughness and ductility pushed the development of HSLA aiming at 

performance and durability to operate in harsh environments. Unlike other 

steels, HSLA steels are not made to meet a specific chemical composition but 

rather specific mechanical properties. HSLA steels typically contain very low 

carbon content (between 0.05–0.25 wt%) to retain formability and weldability 

and small amounts of alloying elements (micro alloyed), such as Nb, V, Ti and 

Mo [34]–[39]. High-strength steels possess highly refined grain and high 

cleanliness. They are characterized by low sulphur content and reduced 

amount of detrimental second phases such as oxides, inclusions and pearlite 

[40]–[42].  

The American Petroleum Institute (API) is a leader in the development of 

petroleum and petrochemical equipment and operating standards. Many of 

these standards are adopted by ISO for worldwide acceptance. API 5L series 

are used for the specification of pipeline steel. The purpose of this 

specification is to provide standards for pipe suitable for conveying gas, water 

and oil. This specification covers seamless and welded steel line pipe.  For 

example, API 5L X70 refers to pipeline steel having a yield strength of 70 ksi 

produced from steels that are micro-alloyed with niobium and vanadium and 

have reduced carbon content. An improved processing method, consisting of 

thermo-mechanical rolling plus subsequent accelerated cooling produces 

higher strength materials like API 5L X80 (80 ksi), having a further reduced 

carbon content and thereby excellent field weldability. Additions of 

molybdenum, copper and nickel enable the strength level to be raised to that 
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of grade API 5L X100 (100 ksi), when the steel is processed by thermo-

mechanical rolling plus modified accelerated cooling. Steel microstructure, 

alloying element and thermo-mechanical treatment are the three important 

factors that govern the property of HSLA steel [43].  

2.1.1.1   Effect of Microstructure 

The final steel microstructure is a key variable in determining material 

properties and ensuring safe and optimal performance; it has to be 

specifically designed for specific conditions [44]–[46]. The most modern line 

pipe steels have different and complex microstructural arrangements 

depending on their chemical compositions and processing routes. 

Microstructural features such as dislocations, grain boundaries and 

precipitates, govern the mechanical properties of steels and in HSLA; they 

develop in the course of transformation from austenite during cooling. Grain 

refinement is the only method by which both strength and toughness can 

simultaneously be improved. Figure 2-1 shows the combination of  various 

types of microstructures and their contributions to mechanical strength and 

toughness of steels [47]. The loss of strength resulting from reduced pearlite 

contents can be offset by precipitation and dislocation hardening. Reduction 

of pearlite content, grain refining, dislocation hardening and precipitation 

hardening contribute individually and in combination to the development of 

X70 steel from X60, with improved weldability and favorable ductile-brittle 

transition temperature. Further increase in strength and toughness, which 

led to the development of X80 steel, can only be attained by changing the 

microstructure of the steel matrix from ferrite/pearlite to ferrite/ bainite. 
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Figure 2-1 Effect of microstructure on strength and toughness of HSLA 

steel [47]. 

2.1.1.2   Effect of Alloying Element 

Micro-alloying of steels with small amounts of strong carbo-nitride forming 

elements have achieved a great improvement in their mechanical properties. 

The alloying elements improve the mechanical properties through the 

refinement of the ferrite grain size by the formation of a fine sub-grain 

structure; strain induced precipitation of the carbides and nitrides and 

precipitation strengthening of ferrite [48], [49]. Table 2-5 presents an 

overview of the relevant alloying elements for HSLA line pipe steels and their 

respective effect and reason of adding [50]–[52]. 
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Table 2-5 Major effects of alloying elements in high-strength low alloy 

steel [50]–[52]. 

Element (wt%) Effect and reason of adding 

C (0.03-0.10) Matrix strengthening (by precipitation) 

Mn (1.6-2.0) Delays austenite decomposition during Accelerated 

cooling (AcC) 

Substitutional strengthening effect 

Decreases ductile to brittle transition temperature 

Indispensable to obtain a fine-grained lower bainite 

microstructure 

Si (up to 0.6) Improvement in strength (solid solution) 

Nb (0.03-0.06) Reduces temperature range in which recrystallization is 

possible between rolling passes 

Retards recrystallization and inhibit austenite grain 

growth (improves strength and toughness by grain 

refinement) 

Ti (0.005-0.03) Grain refinement by suppressing the coarsening of 

austenite grains (TiN formation) 

Strong ferrite strengthener 

Fixes the free Ni (prevent detrimental effect of Ni on 

hardenability) 

Ni (0.2-1.0) Improves the properties of low carbon steels without 

impairing field weldability and low temperature 

toughness 

In contrast to Mg and Mo, Ni tends to form less hardened 

microstructural constituents detrimental to low 

temperature toughness in the plate (increases fracture 

toughness) 

V (0.03-0.08) Leads to precipitation strengthening during the 

tempering treatment 

Strong ferrite strengthener  

Mo (0.2-0.6) Improves hardenability and thereby promotes the 

formation of the desired lower bainite microstructure 
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2.1.1.3   Thermo-Mechanical Rolling and Accelerated Cooling 

Thermo-mechanical rolling results in a significant reduction to the ferrite 

grain size. During the production of HSLA steel, accelerated cooling process 

is adopted in order to achieve a homogeneous fine grained microstructure and 

hence improved strength, toughness and cracking resistance, compared to 

steels produced by conventional thermo-mechanical rolling. Figure 2-2 shows 

the metallurgical processes occurring during thermo-mechanical rolling in 

conjunction with accelerated cooling [53]. 

 

 

Figure 2-2 Schematic illustration of thermo-mechanical rolling with 

and without accelerated cooling during the 2nd and 3rd 

rolling stage [53].  
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2.2  Erosion of Steel 

Erosion is a mechanical wear process that gradually removes material by 

repeated deformation and cutting actions caused by solid particle 

impingement [54]–[56]. It is a material loss process that results from 

repeated impact of small, solid particles. In some cases solid particle erosion 

(SPE) is a useful phenomenon, as in sandblasting and high-speed abrasive 

water jet cutting. However, in many engineering systems, including steam 

and jet turbines, pipelines and valves carrying particulate matter and 

fluidized bed combustion (FBC) systems, erosion causes significant damage to 

the equipment in service [26], [57]–[62]. Solid particle erosion is to be 

expected whenever hard particles are entrained in a gas or liquid medium 

impinging on a solid surface at any significant velocity (greater than 1 m s-1) 

[63]. Erosion has received significant attention among researchers in recent 

years [64]–[73]. Much work has been directed towards providing a 

fundamental understanding of this complex mode of failure and proposing 

models and mechanisms that would account for the observed erosion rates 

[74]–[77].  

Carbon steels are common in the construction of oil and gas pipelines. 

Despite their excellent mechanical, metallurgical and structural properties, 

limited erosion resistance depresses their performance under field operating 

conditions [78]–[84]. During transportation, oil and gas are accompanied by 

sand particles, which erode the steel pipe. Several investigations have been 

reported explaining this complex failure mode under specific experimental 

conditions [65], [74]–[76]. A comprehensive view of erosion modes and 

mechanisms under a wide range of operating conditions is lacking. 

Erosion is a complex time dependent phenomenon. Several factors have been 

identified by researchers that influence erosion rate, such as, impacting 

particle properties (density, hardness, size and shape), target material 
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properties (hardness, ductility and microstructure) and particle flux [85]–

[91]. Impact angle and erodent velocity have been highlighted by many 

researchers as key parameters affecting erosion rate [85]–[98]. Although the 

hardness of steels can be dramatically increased by heat treatment, there is 

no evidence that this improves erosion resistance. Contrary to Finnie's theory 

[99]–[101], several authors have demonstrated that the erosion rate at a fixed 

impact angle (α) is nearly independent of hardness for individual steels [70].  

Salik and Buckley [102] found almost no effect of hardness on erosion for 

1045 steel eroded by fine (~100 µm) crushed glass at 90° incidence. Other 

authors have also demonstrated that hardness has little effect on erosion 

resistance and, for a given steel, erosion resistance sometimes increases 

slightly with increasing hardness [103]. For example, Levy and Jahanmir 

[104] found a small increase in erosion resistance for heat treated 1075 steel 

with increasing material hardness. Extensive research work has been carried 

out to determine the effect of these factors on erosion mechanisms [70], [99], 

[101], [105]–[114].    

2.2.1  Effect of Impact Angle on Erosion  

The effect of impact angle on erosion has been investigated extensively in the 

open literature [115]–[117].  Materials can be broadly classified as ductile or 

brittle depending upon their erosion rate on the impact angle (α). Ductile 

materials, such as pure metals, have a maximum erosion rate at low angles 

of incidence (typically 15° to 30°), while for brittle materials, such as 

ceramics, the maximum erosion is at or near 90°. Typical dependence of 

erosion on the impact angle is shown in Figure 2-3. According to the 

literature, brittle materials fracture at high-impact angles whereas ductile 

materials experience heavy plastic deformation. Oka [92] found that erosion 

rate depends strongly on impact angle and suggested that, at low angle, 

cutting mechanism dominates, which takes place as a result of abrasive 
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particles sliding on the surface. Finnie [99] and Bitter [118], [119] also 

reported that, at low impact angle, erosion occurs from the cutting action of 

erosive particles irrespective of their shape and size. Others found that 

erosion by oblique impact of spherical particles proceeds by ploughing action 

[120], [121]. Hutchings [110] proposed that erosion of ductile metals at 

normal incidence usually occurs by delamination. Extending Hutchings’s 

theory further, Levy [122] reported that delamination mechanism of ductile 

metals prevails not only at normal impact erosion but at oblique impact as 

well. 

 

Figure 2-3 Typical dependence of erosion on impact angle [120]. 

2.2.2  Effect of Particle Velocity on Erosion 

Abrasive particle velocity exhibits a complex relationship with erosion rate. 

Lopez [123] studied the effect of velocity and concluded that surface damage 

increases with increasing impact velocity of the abrasive particles. In early 
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1960, Finnie demonstrated that a strong correlation exists between the 

volume of material removal by erosion and the square of the velocity of 

abrasive particles [100]. More recently, it has been shown that erosion rate 

follows an empirical power law relationship with velocity [117], [124]–[129],  

𝐸1 = 𝑘𝑉1
𝑛 Equation 2-1  

where, E1 is the erosion rate, V1 is velocity, k is a constant and n is the 

velocity exponent. The velocity exponent has values between 2 to 3.5 for 

metallic materials [130]. The increase in erosion rate with velocity is 

associated with the increase in kinetic energy of the erodent causing more 

effective damage on the metal surface. Furthermore, the friction force acting 

on the surface during impact and its effective path of action plays a 

significant role during erosion. The normal component of impact velocity 

(indenting component) is mostly responsible for the depth, while the 

horizontal component of impact velocity is responsible for the shape of the 

erosion scar [119]. 

2.2.3  Effect of Particle Distribution on Erosion 

In this section, the effect of particle distribution is discussed based on particle 

size, shape, hardness and flux. 

2.2.3.1  Particle Size 

The size of erodent particles has little or no effect on the erosion rate for 

ductile materials as long as the particle size is above 100 µm [88]. However, 

erosion rate decreases rapidly with decreasing particle size below 100 µm. 

This is known as the size effect and is also common in abrasive wear. Misra 

and Finnie [88] discussed many theories that have explained this effect and 
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concluded that it is probably due to an increase in the flow stress with 

decreasing indentation size (particle size).  

2.2.3.2  Particle Shape 

It is well established that sharp abrasive particles cause more material 

removal than spherical particles [99], [109], [110], [131]–[136].  In ductile 

materials, round particles deform the surface by ploughing and displacing 

material to the sides and front. For angular shaped particles, cutting action is 

observed to occur by different processes depending on the orientation of the 

erodent particle as it strikes the target surface, as well as, whether the 

particle rolls forwards or backwards during contact [120]. For round shaped 

abrasive particles, erosion resistance increases with increasing hardness of 

the steel. However, for sharp abrasive particles, erosion resistance is 

independent of the hardness and depends on the microstructure and the 

operating erosion mechanisms during the process [90], [102], [137], [138]. 

2.2.3.3  Particle Hardness 

The hardness of the erodent particles relative to the material being eroded is 

an important factor in erosion. In order for erosion to occur, abrasive particles 

must be harder than the target material [108]. Wellinger and Uetz [139] 

found that erosion rate drops dramatically when the abrasive particle 

hardness is lower than the material being eroded. On the other hand, when 

the abrasive particle hardness is at least an order of magnitude higher than 

the base material, erosion rate becomes significant [88]. This also explains 

why the heat treatment of steels appears to have almost no effect on their 

erosion resistance [140]. This is because if the abrasive particle hardness is 

considerably higher than the base material, a relatively small increase in 

material hardness, due to heat treatment, would have insignificant effect on 

erosion.  
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2.2.3.4  Particle Flux 

Particle feed rate plays an important role during erosion and has been 

investigated in the open literature [115], [141]–[146]. Levy and co-workers 

[95] have conducted a comprehensive study on the sensitivity of erosion rate 

to variations in abrasive particle feed rate. They found that, for spherical 

particles, an order of a magnitude increase in abrasive feed rate decreased 

metal loss by 50%. They related this to particle interference at the higher 

feed rate that reduced the effectiveness of the particles to erode the surface. 

They suggested that the primary mode of this interference was particles 

rebounding up from the surface deflecting incoming particles in the 

downward-moving stream. However, for sharp abrasive particles, they 

reported only 14% decrease in material loss for a similar increase in abrasive 

feed rate. They speculated that sharp particles are more effective in material 

removal as compared to spherical particles and tend to reduce the particle 

interference effect. They also found that as the abrasive particle size 

increases, the sensitivity of erosion rate to particle feed rate significantly 

drops. 

2.2.4  Erosion Mechanisms  

Different erosion mechanisms often coexist, interact and compete. When 

examining erosion scars it is typical to find evidence of different mechanisms. 

There could be different erosion mechanisms acting independently or there 

could be features indicating different stages of a complex erosion process. 

Erosion mechanisms can be broadly divided into two main categories: ductile 

and brittle. The major difference between the two main erosion categories 

becomes clear when comparing the erosion rate at different angles of impact 

[93], [147], [148]. In the case of ductile materials, such as steel, the maximum 
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erosion rate is usually found to occur at an impact angle between 15° and 30°, 

while in brittle materials this occurs at approximately 90° [80].  

During erosion, single impacts of abrasive particles can’t remove material 

except above a specific critical velocity [131] and for specific particle 

orientations [149], [150]. In the majority of cases, direct material removal 

does not occur, but a crater forms as a result of particle impact and the 

displaced material forms a lip at the edges of the crater. As noted by 

Hutchings [151] and many other authors, including Finnie et al., [152], such 

lip becomes vulnerable to direct removal upon subsequent particle impact. 

Abrasive particles impact may also create extruded platelets that are 

eventually removed by fracture [152], [153]. Finnie [99], [100] proposed that 

in order to account for the fact that the actual erosion rate is much lower 

than the predicted one, it is necessary to assume that only a small fraction of 

the particles remove material in an idealized manner. Additional impacts are 

often required to remove the displaced material from the edge of a crater 

[152].  

Bellman and Levy [78], extensively studied erosion at oblique angles of 

incidence. They provided convincing experimental evidence that one 

mechanism of material removal during erosion involves the deformation of 

surface material into thin platelets through repeated impacts. These platelets 

eventually become detached and form thin plate-like debris. Bellman and 

Levy believed that platelet formation is the primary, and probably the only, 

mechanism of material removal. However, erosion debris particle studies 

indicate that micro-cutting mechanism is also operative during erosion at low 

impact angles [154], [155]. Others [154]–[160] have shown that ploughing 

and different cutting modes dominate erosion mechanisms at a given impact 

angle and particle velocity. 
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For the erosion of ductile metals, Finnie [99] and Bitter [119] reported that, 

at low impact angle, erosion occurs from the cutting action of the erosive 

particle irrespective of its shape and size. Others [120] have reported that 

there are three different types of cutting depending on the shape and 

orientation of the erodent particles. For erosion by oblique impact of spherical 

particles, the material is removed by ploughing action (Figure 2-4). For 

angular shaped particles, cutting action is identified to be the dominant 

process by which erosion takes place. Cutting may occur by different modes 

depending on the orientation of the erodent particle as it strikes the target 

surface, as well as whether the particle rolls forward or backward during 

contact. Figure 2-4 shows cutting type I and type II as proposed by Hutchings 

[120] for particles rolling forward and backward, respectively. Cutting type II 

is reported to occur over only a narrow range of particle geometries and 

impact conditions [120]. In normal impact erosion of ductile materials, plastic 

deformation and fracture is observed to be the mechanism of material 

removal. Hutchings [110] proposed that erosion of ductile metals at normal 

incidence occurs by delamination and suggested that a critical plastic strain 

is required for an extruded lip to become detached from the target surface. 

Table 2-6 summarizes different types of erosion mechanisms reported in the 

literature [99], [119], [120]. 

 

Figure 2-4 Cutting mechanisms during oblique impact erosion [120].  
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Table 2-6 Common types of erosion mechanisms [99], [119], [120]. 

Types of erosion 

Ploughing  Impingement 

angle ˂ 90°  

Displacing materials to the front and sides 

of the particle. Repeated impacts on the 

neighboring site cause removal of highly 

strained materials from the terminal lip of 

the crater. 

   

Cutting Type I, 

impingement 

angle ˂ 90° 

Material is removed by repeated impacts on 

a prominent lip formed by the indenting 

angular particle. 

Type II, 

impingement 

angle ˂ 90° 

A true cutting action where material is 

removed as a chip from the target surface by 

the impact of a sharp tip of the erodent 

particle. 

Plastic 

deformation 

and fracture 

Impingement 

angle = 90° 

Repeated impacts of erodent particles at 

normal incidence cause fracture of a 

material from the impact site. 

 

Delamination 

 

Impingement 

angle = 90° 

 

Formation of sub-surface cracks parallel to 

the eroded surface, extension of these cracks 

to the surface and formation of plate-like 

debris. 

2.2.5  Mathematical Erosion Models 

Erosion resistance is not an intrinsic material property. It depends on the 

operating parameters and conditions. Finnie [99] derived a mathematical 

correlation between erosion rate, and particle velocity, impact angle, density 

and hardness of the target material. He suggested that the mechanisms 

involved in oblique and normal impact of erodent particles are entirely 

different and must be modeled separately. Mathematical erosion models 

developed by various researchers [110], [161]–[163] for oblique and normal 

impact of erodent particles are discussed next.  
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2.2.5.1  Oblique Impact Erosion Model by Finnie 

At oblique impact angles, Finnie [99], [140] defines the volume of material 

removed (𝑉𝑚) as the volume swept out by the tip of the particle, purely as a 

result of plastic deformation. The cutting action of the particle stops when 

either the horizontal motion of the particle ceases or when the particle tip 

leaves the surface. Finnie proposed the following relationships for erosion at 

oblique impact [99], [140], 

𝑉𝑚 = (
𝑓𝑐

2𝑘4
)

𝐷𝑡𝑉1
2

0.9272𝐻𝑠
(𝑠𝑖𝑛2𝛼 −

8

𝑘4
𝑠𝑖𝑛2𝛼) ;            𝑡𝑎𝑛𝛼 ≤

𝑘4

8
 

 

Equation 2-2 

𝑉𝑚 = (
𝑓𝑐

16
)

𝐷𝑡𝑉1
2

0.9272𝐻𝑠

(𝑐𝑜𝑠2𝛼);                                  𝑡𝑎𝑛𝛼 ≥
𝑘4

8
 

where, fc is the proportion of particles impacting the surface and cutting in an 

idealized manner. V1 is the erodent particle impact velocity, Dt and Hs are the 

density and static hardness of target material, respectively, and α is the 

particle impact angle. In Equation 2-2,  𝑘4 is the ratio of vertical to horizontal 

force components on the particle and is assumed to be constant. 

2.2.5.2  Normal Impact Erosion Model by Hutchings 

The erosion for ductile materials at normal impact by spherical particles 

occurs by the formation and subsequent detachment of platelets of metal 

lying parallel to the eroded surface [120]. The model developed by Hutchings 

[110] assumes that detachment of platelets is only possible when the 

accumulated plastic strain within the fragments, after many cycles of plastic 

deformation, reaches a critical value. The final expression for dimensionless 

erosion rate (E) was expressed as, 
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𝐸 = 0.033
𝛼𝑟𝐷𝑡𝐷𝑝

1
2𝑉1

3

𝜀𝑐
2𝐻𝑑

3
2

 

Equation 2-3 

where, Hd and Dt are the dynamic hardness and density of the target 

material respectively, Dp is the density of erodent particles, and V1 is the 

erodent particle velocity. The term αr/εc
2 cannot be measured independently. 

Hutchings assumed the value of αr/εc
2 to be equal to 0.7. 

2.2.5.3  Normal Impact Erosion Model by Sundararajan and 

Shewmon 

For normal impact, Sundararajan and Shewmon [162] derived an equation 

for erosion on the basis of the critical stain criteria. They assumed that at 

normal impact, erosion occurs mainly through the removal of localized 

extruded lips along the rim of the crater after a certain number of particle 

impacts on the material surface. The criteria for the removal of such lips are 

assumed to be based on a critical strain which the lips attain after a number 

of particle impacts. This model takes into account the thermo-physical 

properties of the material undergoing erosion. The final expression for the 

dimensionless erosion (E) was given as, 

𝐸 ≈
6.5 × 10−3𝑉1

2.5𝐷𝑝
0.25

𝐶𝑝𝑇𝑚
0.75𝐻𝑠

0.25  Equation 2-4 

where, V1 is the velocity of impacting particles and Dp, Cp, Tm, Hs are the 

density, specific heat, melting temperature, and static hardness of the target 

material, respectively.  
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2.3  Corrosion of Steel 

Corrosion is the result of a chemical reaction between a metal and its 

surroundings during which the metal is oxidized. By definition, corrosion is 

“an irreversible interfacial reaction of a material (metal, ceramic, and 

polymer) with its environment, which results in consumption of the material 

or in dissolution into the material of a component of the environment.” [28]. 

In general, corrosion can be defined as the destruction of a material by 

chemical, electrochemical or metallurgical interaction between the 

environment and the material. Substantial advances in the field of corrosion 

science have resulted in defining many forms of corrosion. However, the most 

familiar and often used categorization of corrosion is the eight forms 

presented by Fontana. These are uniform attack, galvanic or two-metal 

corrosion, crevice corrosion, pitting, intergranular corrosion, selective 

leaching, stress corrosion and erosion-corrosion [164], [165].  

2.3.1  Classification of Corrosion 

The classification of corrosion is based on visual characteristics of the 

morphology of attack. Fontana and Greene's introductory remarks in their 

chapter on forms of corrosion indicate that this classification is arbitrary and 

many of the forms are interrelated, making exact distinction impossible 

[166]. Other prominent corrosion authors such as Uhlig [167] and Evans 

[168] have avoided a classification format and have simply discussed the 

classical types of corrosion (for example, pitting and crevice corrosion) as they 

relate to specific metals and alloys. A brief description of the eight forms of 

corrosion are given below [164], [165]: 
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(a) Uniform Attack 

Uniform attack is the most common form of corrosion. It is normally 

characterized by a chemical or electrochemical reaction which proceeds 

uniformly over the entire exposed surface or over a large area. The metal 

becomes thinner and eventually fails. For example, a piece of steel or zinc 

immersed in diluted sulfuric acid will normally dissolve at a uniform rate 

over its entire surface [169]. An iron roof will show essentially the same 

degree of rusting over its entire outside surface. Uniform attack, or general 

overall corrosion, represents the greatest destruction of metal on a tonnage 

basis. This form of corrosion, however, is not of too great concern from a 

technical standpoint, because the life of equipment can be accurately 

estimated on the basis of comparatively simple tests. Uniform attack can be 

prevented or reduced by proper materials, including coatings, inhibitors or 

cathodic protection [170]–[172]. 

(b) Galvanic Corrosion 

A potential difference usually exists between two dissimilar metals when 

they are immersed in a corrosive or conductive solution. If these metals are 

placed in contact (or otherwise electrically connected), this potential 

difference produces electron flow between the metals [173]–[175]. Corrosion 

of the less corrosion-resistant metal is usually increased and attack of the 

more resistant material is decreased, as compared to the behavior of these 

metals when they are not in contact [176]. The less resistant metal becomes 

anodic, and the more resistant metal becomes cathodic. Usually, the cathode 

or cathodic metal corrodes very little or not at all in this type of couple. Due 

to the electric currents and dissimilar metals involved, this form of corrosion 

is called galvanic, or two-metal corrosion [177].  
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(c) Crevice Corrosion 

Intense localized corrosion frequently occurs within crevices and other 

shielded areas on metal surfaces exposed to corrosive solution. This type of 

attack is usually associated with small volumes of stagnant solution caused 

by holes, gasket surfaces, lap joints, surface deposits and crevices under bolt 

and rivet heads [178]–[180]. As a result, this form of corrosion is called 

crevice corrosion or sometimes, deposit or gasket corrosion. 

(d) Pitting 

Pitting is a form of extremely localized attack that results in holes through 

the metal. Pits are sometimes isolated or so close together that they look like 

a rough surface. Generally, a pit may be described as a cavity or hole with the 

surface diameter about the same as or less than the depth. Pitting is one of 

the most destructive and insidious forms of corrosion causing equipment to 

fail because of perforation with only a small percent weight loss of the entire 

structure. Pits are often difficult to detect because of their small size and they 

are usually covered with corrosion products [181]. In addition, pitting is 

difficult to measure quantitatively because of the varying depths and 

numbers of pits that may occur under identical conditions [182]–[184]. 

Pitting is also difficult to predict using laboratory tests. Pitting is particularly 

vicious because it is localized and failure due to pitting often occur with 

extreme suddenness. 

(e) Intergranular Corrosion 

In most applications, grain boundaries have little effect. However, under 

certain conditions, grain interfaces become reactive and intergranular 

corrosion results. Localized attack at and adjacent to grain boundaries, with 

relatively little corrosion of the grains, is known as intergranular corrosion 
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[185]. The alloy disintegrates (grains fall out) and/or loses its strength [186]–

[188]. Intergranular corrosion may be caused by impurities at the grain 

boundaries, enrichment of one of the alloying elements, or depletion of one of 

these elements adjacent to grain-boundaries [189]. For example, small 

amounts of iron in aluminum, wherein the solubility of iron is low, have been 

shown to segregate in the grain boundaries and cause intergranular 

corrosion. Also, depletion of chromium in the grain-boundary regions results 

in intergranular corrosion of stainless steels [190]–[192]. 

(f) Selective Leaching 

Selective leaching is the removal of one element from a solid alloy by 

corrosion processes. The most common example is the selective removal of 

zinc in brass alloys (dezincification). Similar processes occur in other alloy 

systems in which aluminum, iron, cobalt, chromium and other elements are 

removed [193]. Selective leaching is the general term that describes these 

processes, and its use precludes the creation of terms such as de-

aluminumification, and de-cobaltification [194]–[196].  

(g) Erosion-Corrosion 

Erosion-corrosion is the acceleration or increase in the rate of deterioration or 

attack on a metal because of relative movement between a corrosive fluid and 

the metal surface [197]–[199]. Metal is removed from the surface as dissolved 

ions, or it forms solid corrosion products, which are mechanically swept from 

the metal surface [200]. Erosion-corrosion is characterized in appearance by 

grooves, gullies, waves, rounded holes and valleys, and usually exhibits a 

directional pattern [201]–[204]. Metal loss due to erosion-corrosion is 

underestimated when corrosion tests are run under static conditions. 



35 

 

(h) Stress-Corrosion Cracking 

Stress-corrosion cracking refers to cracks caused by the simultaneous 

presence of tensile stress and a specific corrosive medium. During stress-

corrosion cracking, the metal or alloy is virtually unattacked over most of its 

surface, while fine cracks progress through it. This cracking phenomenon has 

serious consequences since it can occur at stresses within the range of typical 

design stress [205]–[207]. Many investigators have classified all cracking 

failures occurring in corrosive mediums as stress corrosion cracking, 

including failures due to hydrogen embrittlement [208]. However, these two 

types of cracking failures respond differently to environmental variables. For 

example, cathodic protection is an effective method for preventing stress 

corrosion cracking whereas it rapidly accelerates hydrogen-embrittlement 

[209]–[212]. Hence, the importance of considering stress-corrosion cracking 

and hydrogen embrittlement as separate phenomena is obvious.  

2.3.2  Corrosion Mechanisms of Pipeline Steel 

Sweet corrosion (CO2 corrosion) of carbon steel is one of the most common 

problems in oil and gas industry. As the oil and gas emerge from geological 

formations, they are often accompanied by water and varying amount of ‘acid 

gases’, carbon dioxide (CO2). In addition, CO2 is sometimes dissolved 

deliberately in water and pumped into wells to reduce the viscosity of oil to 

enhance recovery [10], [11], [213]. Many researchers [214]–[224] have studied 

this type of corrosion behavior.  

During corrosion, the presence of CO2 in solution leads to the formation of a 

weak carbonic acid (H2CO3). The presence of carbonic acid drives the 

carbonate and bicarbonate (CO3
2- and HCO3

-) reduction reactions. This 

initiating step is represented by the reaction,  

http://corrosion-doctors.org/Forms-HIC/embrittlement.htm
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CO2 + H2O ↔ H2CO3 Equation 2-5 (a) 

The subsequent corrosion process is controlled by three cathodic reactions 

and one anodic reaction [225], [226]. Cathodic reactions include the reduction 

of carbonic acid into bicarbonate ions, reduction of bicarbonate ions into 

carbonate ions and the reduction of hydrogen ions to hydrogen gas. However, 

the reduction of hydrogen ions to hydrogen gas is less likely to occur at high 

pH (in weak acids environment (i.e. carbonic acid)). 

2H2CO3 + 2e− → 2H+ + 2HCO3
− Equation 2-5 (b) 

2HCO3
− + 2e− → 2H+ + 2CO3

2−      Equation 2-5 (c) 

2H+ + 2e− → H2 Equation 2-5 (d) 

In carbonate/bicarbonate media, the anodic reaction involves the oxidation of 

iron to ferrous (Fe2+) ion, 

Fe → Fe2+ + 2e− Equation 2-5 (e) 

These corrosion reactions provide a chemical environment which promotes 

the formation of iron carbonate (FeCO3), where ferrous ions react directly 

with carbonate ions. It can also be formed by a two-step process when ferrous 

ions react with bicarbonate ions, iron bicarbonate forms, which subsequently 

dissociates into iron carbonate along with carbon dioxide and water [227].  

Fe2+ + CO3
2− → FeCO3      Equation 2-5 (f) 

Fe2+ + 2HCO3
− → Fe(HCO3)2 Equation 2-5 (g) 

Fe(HCO3)2 → FeCO3 + CO2 + H2O    Equation 2-5 (h) 

CO2 corrosion is influenced by several factors, such as pH, CO2 partial 

pressure, dissolved oxygen in the solution, temperature, solution composition, 

flow and iron content in the solution. The pH of the solution plays an 

important role in determining the corrosion rate of carbon steel in CO2 
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environment. Increasing the pH of the solution leads, in general, to a 

reduction in corrosion rate by influencing the electrochemical mechanisms 

and the formation of protective iron carbonate film [228]–[230]. When the pH 

of solution rises, the cathodic reduction of carbonic acid and bicarbonate ions 

(Equation 2-5 (b) and Equation 2-5 (c)) slow down which, in turn, decreases 

the anodic dissolution rate of iron (Equation 2-5 (e)). Furthermore, at high pH 

values, a protective carbonate scale forms on the surface which reduces 

corrosion rate significantly [229], [231], [232]. This reduction in corrosion rate 

is due to the low solubility of iron carbonate in the solution [228], [229], 

[233]–[236]. Moreover, increasing CO2 partial pressure decreases the pH of 

the solution which, subsequently increases the rate of reduction of carbonic 

acid leading to higher corrosion rates [200], [235]–[241].  

Dissolved oxygen in the corrosive solution plays a significant role during 

corrosion. Iron carbonate (FeCO3) is unstable in the presence of oxygen [242] 

and higher oxygen concentrations contribute to an increase in the rate of the 

cathodic reaction (oxygen reduction) [240]. In some cases, dissolved oxygen 

dominates the oxidation process, which affects the composition and formation 

of passive film [242], [243].  

Steels may have various phases (ferrite, pearlite, bainite, martensite) 

depending upon the chemical composition, fabrication process, and heat 

treatment. The presence and amount of these phases influence the corrosion 

resistance of the steel [244].  However, both laboratory experiments and field 

experience have shown that depending upon the environment (pH, solution 

composition, temperature) the protective properties and the adherence of 

passive films may vary significantly for carbon steels with the same 

composition and microstructure. As a consequence, extensive research work 

has been carried out to identify the role of the various environmental and 

metallurgical factors that influence the corrosion process in aqueous solutions 

containing CO2 [200], [228], [245]–[249]. Crolet et al., [246] suggested that 
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corrosion layers containing the same solid components can be extremely 

protective or even corrosive depending upon the location of these components.  

The adherence of the corrosion product film has often been related to the 

presence of iron carbide. It is believed that the carbide phase strengthens the 

film and anchors it to the steel substrate. Hence, the size and distribution of 

carbides (depends on the heat treatment) is very important. However, there 

is no agreement on the mechanism and on how the microstructure and the 

heat treatment actually affect the growth and stability of the iron carbonate 

film. It has been reported that normalized plain steel with a pearlitic 

microstructure (lamellar cementite) is far superior than the quenched and 

tempered alloy steel with a tempered martensitic microstructure (globular 

structure) [228], [240], [245], [247], [250]. Ueda [228] proposed that lamellar 

cementite acts as a cathodic site and accelerates the dissolution of iron. Thus, 

the local concentration of Fe2+ ions increases in the cavities between 

cementite platelets leading to FeCO3 formation. As a consequence, lamellar 

cementites anchor the corrosion product. However, in case of homogeneously 

dispersed cementite (tempered microstructure), the corrosion product peels 

off partially because of the lack of anchoring. 

Zhao et al., [214] studied the formation and characteristics of the CO2 

corrosion product layer on the surface of P110 steel in a simulated corrosion 

medium (Cl- 110.0 g/l, SO4
2− 1.2 g/l, HCO3

− 0.15 g/l, Mg 2+ 1.0 g/l, Ca2+ 6.0 g/l, 

Na++ K+ 100.0 g/l, Fe2+ 0.1 g/l, Fe3+ 0.03 g/l). They found that the uniform 

corrosion rate gradually decreases with increasing exposure time and after 

240 hours of immersion, the corrosion film consists of two layers; the inner 

layer adjacent to the substrate is thin and compact, whereas the external 

layer is thick and loose. Considerable defects such as pores, gaps and 

breakdown exist in the external layer. Lopez et al., [251] studied the 

influence of inhibitors and steel microstructure on corrosion layers in CO2 

environment and reported the presence of FeCO3 in all samples. However, 
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they suggested that the proportion of iron carbonate and various iron oxides 

depends on the microstructure of the base material.  Wu et al., [252] 

characterized the surface film formed under CO2 corrosion on N80 steel and 

concluded that the formation of complex carbonate contributes to the 

enhanced stability of the surface film. They noted that it was not the 

thickness of the film but the structure and its morphology that lead to low 

corrosion and protectiveness. They also proposed that the corrosion layer 

containing the same solid components can be either protective or corrosive. In 

general, the protective characteristic of a corrosion film depends on both the 

steel characteristics (microstructure, heat treatment, alloying element) and 

environmental variables (pH, temperature, flow rate, solution composition). 

  



40 

 

2.4  Erosion-Corrosion of Steel 

Erosion–corrosion is common in oil and gas processing plants and pipelines 

where there is interaction between solid particles, corrosive fluid and target 

material  [253]–[258].  Here, the observed mass loss is higher than the 

summation of mass loss due to pure erosion and pure corrosion. The 

interaction between these two processes has been referred to by different 

researchers as a ‘synergistic’ effect [82], [198], [204], [257]–[263]. Erosion-

corrosion synergism normally takes place in pipe bends (elbows), tube 

constrictions, and other structures that alter flow direction or velocity. 

During erosion-corrosion, corrosion products are first deposited on the 

internal pipeline surface in the form of scale. The main product, which is 

FeCO3, initially, acts as a protective barrier to prevent the corrosion of the 

steel surface. Once the scale has grown to a certain thickness, it becomes 

considerably brittle and is easily removed by the mechanical forces of the flow 

[264]–[266]. Thus, the newly exposed areas become highly susceptible to the 

corrosion process. Several investigations [26], [214], [219], [221], [267]–[275] 

have been reported to study the erosion-corrosion phenomena involved. It is 

believed that erosion affects corrosion by removal of surface deposits, increase 

in local turbulence and surface roughness. The action of mechanical wear 

results in damage of the passive film, leading to exposure of fresh, bare 

surfaces to the corrosive medium. This accelerates the corrosion process 

which, in turn, leads to the development of a new passive film which will 

eventually be damaged by further mechanical action. These two sub-

processes - wear and passivation - repeat alternately. If the ability of the self-

passivation of materials is weak, then materials will undergo significant 

corrosion damage. In addition, high speed abrasive particles deform the 

metal significantly, and hence, become inhomogeneous in its residual stress 

distribution (formation of work hardened layer) and electrochemical 

properties. The work hardened layer, has high chemical activities and can 
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form primary micro-cells because of strain differences with adjacent low-

strain domains, thus accelerating the metal dissolution process [276]–[278]. 

It has also been reported in previous investigation [279] that corrosion 

removes the work hardened layer and exposes fresh unhardened surfaces for 

further erosion.  

To quantify the synergistic effect, it is important to clarify whether erosion 

affects corrosion, corrosion affects erosion, or both. It is worthwhile to 

separate the erosion-caused metal loss from the corrosion-caused metal loss 

to clarify the transition between the erosion-corrosion regimes. This would 

indicate whether erosion or corrosion is the dominant degradation process 

and provides useful information on the selection of materials and prevention 

of erosion-corrosion. To analyze the synergistic effect and understand the 

mechanism of interaction between erosion and corrosion, it is important to 

provide accurate erosion and corrosion baselines and to separate the 

contributions of erosion and corrosion from the total synergism. 

2.4.1  The Synergy between Erosion and Corrosion 

In order to identify the effect of corrosion on erosion and vice-versa, it is 

important to separate the metal loss contributions due to erosion, corrosion 

and their interactions. The synergism can be determined by an experimental 

program which includes three types of tests, pure erosion, pure corrosion and 

combined tests. Various techniques [280], [281] have been used by different 

researchers to quantify these components which facilitate the analysis of 

material loss mechanisms and the development of predictive models [106], 

[282]–[286]. The total material loss during erosion-corrosion process can be 

defined as [287], [288], 
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𝑇 = 𝐸0 + 𝐶0 + 𝑆 Equation 2-6 

where, 𝑇 is the total mass loss rate of the material, 𝐸0 is the erosion rate in 

absence of corrosion,  𝐶0  is the corrosion rate in absence of erosion and S is 

the synergistic component and is defined as,  

𝑆 = ∆𝐶e + ∆𝐸c Equation 2-7 

where, 

∆𝐶e = 𝐶e − 𝐶0 Equation 2-8 

∆𝐸c = 𝐸c − 𝐸0 Equation 2-9 

∆𝐶e is the change in corrosion rate due to erosion and ∆𝐸c is the change in 

erosion rate due to corrosion, 𝐸c is the total erosion component in the 

presence of corrosion and 𝐶e is the total corrosion component in the presence 

of erosion. It is important to note that erosion-corrosion mass loss can 

sometimes be lower than the summation of mass loss due to pure erosion and 

pure corrosion. In that case, the effect is called ‘antagonistic’ effect or 

negative synergism [289]. Figure 2-5 shows the contribution to the total 

weight loss of each component, erosion, corrosion and erosion + corrosion as a 

representative example. The synergistic effect is pronounced for the carbon 

alloy steels, but it is relatively small for the stainless steels. 
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Figure 2-5 Erosion-corrosion synergism for carbon and stainless steels 

[290]. 

2.4.2  Erosion-Corrosion Mechanisms Maps 

To the designers and engineers who have to make optimal decisions in 

situations where tribological considerations are significant, it is important for 

them to have access to information relating to the erosion-corrosion process of 

interest. This specific set of data should be able to provide the appropriate 

information for material selection and choice of suitable operating conditions 

for a particular set of materials. There are many ways of presenting erosion-
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corrosion data. Tabulation of erosion-corrosion rates and identification of the 

dominant mechanisms of erosion-corrosion, under the operating conditions of 

interest using worn surface examination techniques, are the most common 

modes of presentation. However, ‘mechanism maps’, as defined in the early 

work of Lim and Ashby [291], demonstrate the change in material loss 

mechanisms as a function of the main process parameters. Contours of 

material loss rates are superimposed on these diagrams enabling the 

mechanistic description to be linked to a material loss rate. Such an approach 

makes an improvement in material selection and process parameter 

optimization. An erosion-corrosion mechanism map will not only provide a 

graphical representation of erosion-corrosion data; it also provides an overall 

framework for the erosion-corrosion behavior of a particular system into 

which individual erosion-corrosion mechanisms observed under various 

operating conditions may be fitted. Hutchings et al., [110], [161], [292] 

provided examples of erosion maps, which display the regimes of particle size 

and impact velocity over which different mechanisms of erosion dominate. 

Stack et al., [280], [289], [293]–[298] proposed an aqueous erosion-corrosion 

map showing the transitions between various regimes of aqueous erosion-

corrosion in terms of erodent velocity and potential. It is interesting to note 

that, there is a regime in the erosion-corrosion map within which neither 

corrosion, nor erosion is expected to occur. The ability to locate such safety 

zones where degradation of materials would be at a minimum is one of the 

major strengths of erosion-corrosion mechanism maps.  

An erosion-corrosion map in aqueous environments was constructed 

schematically by Stack [299], for Fe in  NaHCO3/Na2CO3  buffer  solutions 

and is shown in Figure 2-6. As shown in the map, an increase in the erosion 

parameter (particle velocity) and the corrosion parameter (potential) has 

changed the degradation behavior of the material. They have considered the 
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corrosion processes in terms of dissolution or passivation and divided the 

regimes as,  

i. Erosion dominated  

ii. Erosion-corrosion dominated 

(a)  Erosion-dissolution dominated  

(b)  Erosion-passivation dominated  

iii. Corrosion-dominated 

(a)  Dissolution dominated 

(b)  Passivation dominated 

The  exact  locations  of  the regimes  on  such  maps  as  a  function  of  the  

aqueous  erosion- corrosion  variables  need  to  be  established.  Clearly if the 

potential is fixed at high values, the erosion process effects a transition from 

‘passivation’ to ‘erosion-dominated’ behavior as a function of velocity.  

However, at lower potentials, active dissolution is the predominant 

degradation process and therefore, transitions from ‘dissolution’ to ‘erosion-

dominated’ behavior occur as a function of increasing particle velocity, flux 

and angularity.  

Figure 2-6 indicates that at low potentials and low velocities in cathodic 

conditions, neither erosion nor corrosion occurs. At high velocities, plastic 

deformation takes place and therefore, a transition to ‘pure’ erosion occurs. 

As the applied potential is increased, and dissolution of metal is initiated, the 

transitions between the erosion-dissolution regimes are achieved. An increase 

in velocity shifts the ‘erosion-dominated’ regime to higher potentials because 

the corrosion rate (i.e. the dissolution rate), as a function of increasing 

potential, increases in this region. It can be seen that a similar phenomenon 

applies in the passive region, although the boundaries are less dependent on 

potential because the passive film thickness does not increase significantly 

with increasing potential in this case.   
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The map shows that in the passive region, the transition to ‘erosion-

dominated’ behavior shifts to lower velocities than in the dissolution region. 

This is justified on the basis of the fact that the relative contribution of 

corrosion to the overall erosion rate decreases as a function of potential in the 

conditions studied. Hence, the metal loss due to corrosion decreases with 

increasing applied potential, as the transition from active to passive behavior 

occurs.   

 

 

Figure 2-6 Schematic diagram of an aqueous erosion-corrosion map for 

Fe in NaHCO3/Na2CO3 where the transitions between the 

erosion-corrosion regimes are given as functions of velocity 

and potential [299]. 
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Chapter 3 

3 Experimental Details 

This chapter contains materials characterization and experimental 

methodology employed in this research. 

3.1  Materials Characterization 

Specimens were characterized for their physical and chemical properties.  

ICP, XRD, SEM and optical microscopy examination were employed to 

characterize the materials and are discussed in this section. 

3.1.1  Physical and Chemical Properties 

In this study AISI 1018, AISI 1080, API X42, API X70 and API X100 steel 

coupons (15.8 ± 0.03 mm diameter and 6.1 ± 0.02 mm thick) were used as test 

specimens and alpha aluminum oxide (Al2O3) powder was used as abrasive 

medium. Mechanical properties of these steels are given in Table 3-1. The 

compositions were determined using inductively coupled plasma mass 

spectrometry (ICP) and are summarized in Table 3-2. X-ray diffraction (XRD) 

experiments were carried out using a high-speed Bruker D8 Advance system 

employing Cu-Kα1 radiation having a wave length (λ) of 1.54 Å, tube voltage 

of 40 kV and tube current of 40 mA. Figure 3-1 shows the XRD pattern of API 

X42 steel as a representative example. XRD peaks were matched to those in 
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the Powder Diffraction Files (PDF) and identified as carbon steel peaks 

having a BCC crystal structure. 

The hardness and Young’s modulus of the specimens were measured using a 

nano-indentation system with a Berkovich diamond indenter (pyramid shape) 

having an angle of 65.3° between the tip axis and the faces of the triangular 

pyramid. Thirty six indentations (at random locations) were performed on 

each specimen using a constant load of 400 mN. Representative load vs depth 

profiles for AISI 1018 and AISI 1080 steels are shown in Figure 3-2. The total 

penetration depth consists of a plastic component and an elastic recovery 

component which occurs during unloading. Hardness and Young’s modulus of 

the specimens were then calculated from maximum load, indentation depth 

and the slope of the load vs depth profile using Oliver and Pharr method 

[300]. The average hardness and Young’s modulus values for AISI 1018 and 

AISI 1080 steels are summarized in Table 3-3. It is important to note that 

hardness and Young’s modulus generated from nano-indentation tests are 

expected to be different from those obtained from conventional uniaxial tensile 

experiments. The differences are due to the fact that the state of stress 

underneath a sharp indenter is complex and quite different from that in a tensile 

test and there is no direct correlation between the two tests. As expected, the 

hardness of AISI 1080 is higher (81%) compared to AISI 1018 steel due to the 

higher amount of carbon and higher pearlite content in the microstructure. 

Young’s modulus of AISI 1080 steel is around 6% less than AISI 1018 steel. 

As the elastic modulus is structure-insensitive property, its variation with 

the microstructure is minimal and its value mainly determined from the 

atomic bond strength of the steel. Hence, similar Young’s modulus for AISI 

1018 and AISI 1080 is to be expected. It is also observed from Figure 3-2 that 

the depth of penetration of AISI 1018 steel is higher than that of AISI 1080, 

which reflects its higher ductility. 
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Physical properties and chemical composition of alumina abrasive is given in 

Table 3-4. Malvern Mastersizer 3000 laser diffraction particle size analyzer 

was used to measure the particle size distribution of the aluminum oxide 

erodent following ISO standard [301]. The abrasive particle size distribution 

is shown in Figure 3-3. These results give a mode of about 63 ± 3 µm and an 

average abrasive particle size of about 57 ± 3 µm.  SEM image of the alumina 

erodent reveals irregular angular shaped particles as shown in Figure 3-4 (a).  

Figure 3-4 (b) is a magnified image of Figure 3-4 (a) illustrating the sharp 

edge of the abrasive particle which is primarily responsible for material 

removal during the erosion process.  

Table 3-1 Mechanical properties of carbon and pipeline steels [302]–

[305]. 

Properties AISI 1018 AISI 1080 API 

X42 

API 

X70 

API X100 

Yield strength 

(MPa) 

310 585 290 482 690 

Elongation (%) 20 12 23 17 15.2 

Elastic 

modulus (GPa) 

205 200 210 203 210 

Density (g cm-3) 7.87 7.87 7.87 7.87 7.87 

Vickers 

hardness (GPa) 

1.29 3.03 1.34 1.81 2.50 

Table 3-2 Chemical composition of carbon and pipeline steels. 

Elements AISI 1018 AISI 1080 API X42 API X70 API X100 

C 0.182 0.814 0.169 0.061 0.103 

Si 0.095 0.120 0.067 0.150 0.151 

Mn 0.754 0.598 0.372 1.223 1.221 

Cr 0.181 0.122 0.027 0.018 0.070 

P 0.040 0.040 0.040 0.010 0.010 

Cu 0.186 0.230 0.008 0.008 0.009 

Ti 0.008 0.001 0.002 0.015 0.018 

S 0.021 0.014 0.004 0.002 0.001 

Fe balance balance balance balance balance 
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Figure 3-1 XRD pattern of API X42 steel identified as carbon steel 

peaks having a BCC crystal structure. 

 

Figure 3-2 Load vs indentation depth profile for AISI 1018 and AISI 

1080 steels. 
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Table 3-3 Average hardness and Young’s modulus of AISI 1018 and 

AISI 1080 steels. 

Steel Hardness (GPa) Young’s modulus (GPa) 

AISI 1018 1.81 ± 0.1 124.48 ± 0.5 

AISI 1080 3.27 ± 0.1 117.95 ± 0.5 

 

Table 3-4 Physical properties and chemical composition of aluminum 

oxide [306]. 

Physical properties 

Crystal phase Alpha  

Specific gravity 3.95 g cm-3 

Particle shape Sharp, angular 

Vickers hardness 27.13 GPa 

Average particle size 57 ± 2 µm 

  

Chemical Composition 

AlO2 TiO2 SiO2 Fe MgO Alkali 

99.5 0.099 0.05 0.08 0.02 0.30 

 

 

Figure 3-3 Particle size distribution of alumina abrasive having an 

average particle size of 57 ± 3 µm.  
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Figure 3-4 SEM micrograph of the alumina abrasive showing irregular 

shaped particles.  
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3.1.2  Optical Microscopy 

Steel specimens were ground using 240, 320, 400 and 600 grit SiC abrasive 

papers followed by polishing with 1 μm, 0.3 μm and 0.05 μm gamma alumina 

suspension for microscopic observation. Specimens were then cleaned in an 

ultrasonic bath and etched using a 5% Nital solution to reveal the 

microstructure. Optical micrographs of AISI 1018, AISI 1080, API X42, API 

X70 and API X100 are shown in Figure 3-5 (a), (b), (c), (d) and (e), 

respectively. The microstructure of AISI 1018, AISI 1080, API X42 and API 

X70 steel consisted of a mixture of ferrite and pearlite (Figure 3-5 (a)-(d)). 

However, the microstructure of API X100 steel comprised of very fine bainite 

and ferrite having lath-like and granular type morphology (Figure 3-5 (e)). 

The addition of molybdenum, copper and nickel in API X100 increases the 

temperature of the maximum rate of pearlite transformation and decreases 

the temperature of the maximum rate of bainite transformation and thus 

promotes the formation of the desired lower bainite microstructure [48], [49]. 

A similar type of microstructure for API X100 was previously observed by 

others [307]. Microstructural constituents and average grain size for these 

steels are shown in Table 3-5. 

Table 3-5 Average grain size and microstructure for carbon and API 

steels. 

Steels Microstructural constituents Average grain size 

AISI 1018 Ferrite + Pearlite 10 ± 2 µm 

AISI 1080 Ferrite + Pearlite 12 ± 2 µm 

API X42 Ferrite + Pearlite 10 ± 2 µm 

API X70 Ferrite + Pearlite 5 ± 1 µm 

API X100 Ferrite + Bainite 2 ± 1 µm 
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Figure 3-5 Optical micrograph of (a) AISI 1018 and (b) AISI 1080 

steels. 
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Figure 3-5 Optical micrograph of (c) API X42 and (d) API X70 steels.  
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Figure 3-5 Optical micrograph of (e) API X100 steels. 
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3.2  Experimental Setup and Operating Conditions 

This section provides relevant information about the experimental setup and 

operating conditions used in this study for erosion, corrosion and erosion-

corrosion.  

3.2.1  Erosion 

A sand blaster type erosion tester, capable of eroding material from a test 

specimen under well controlled exposure conditions was used for this study 

(Figure 3-6). The erosion tester was designed to control and adjust particle 

impact velocity, particle flux, specimen location and orientation relative to 

the impinging stream. A schematic diagram of the erosion tester is shown in 

Figure 3-7. The erosion tester is composed of an abrasive feed meter (acts as 

a reservoir tank and controls the abrasive feed rate), air flow meter, pressure 

gauge and a specimen chamber. In order to achieve a uniform particle 

distribution in the stream a nozzle (inner diameter: 2.3 mm, length: 33 mm) 

having a length to diameter ratio of 14:1 was used. Figure 3-8 and Figure 3-9 

show the isometric view and inside chamber of the erosion tester, 

respectively. 

Different researchers have used various methods to measure particle velocity, 

which include Laser Doppler Velocimetry (LDV) [308], slotted double 

cylinders [309] and others [147], [310]. In this study, gas pressure was 

measured and particle velocity was determined as a function of pressure 

using a double-disc method [310].  Figure 3-10 (a) shows the correlation 

between particle velocity and air jet pressure for the gas blast erosion 

apparatus in which particles are accelerated by air flow along a straight 

cylindrical nozzle. Actual abrasive feed rate is accurately determined by 

measuring the weight of the abrasive coming through the nozzle per unit 
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time and is constant for a given velocity. However, higher feed rate 

accompanies higher particle velocity due to higher pressure (suction force). 

The calibration curve for abrasive feed rate and particle velocity is shown in 

Figure 3-10 (b). It should be noted that error bars in plots in the present work 

represent standard deviations of several measurements made per data point. 

Operating conditions for erosion tests are given in Table 3-6. The abrasive 

particle velocity range used in this study was 36 to 81 m s-1 (Table 3-6). The 

ASTM standard [68] recommends a particle velocity of 30 m s-1. However, 

different researchers have used diverse particle velocities in their studies. 

For example, Ruff and Ives [310] used 71-88 m s-1 particle velocity range. 

Other researchers [161], [311] also used higher particle velocities than stated 

in the ASTM standard. In this study, a wide range of particle velocity was 

used in order to assess the effect of particle velocity on erosion and erosion-

corrosion. Specimens were weighed using a digital balance (with an accuracy 

of 1 × 10-5 g) before and after each erosion test.  The eroded specimens were 

cross-sectioned in a longitudinal direction in order to investigate the sub-

surface of the erosion scars. Specimens were cut using a Buehler® isomet 

1000 slow precision saw using a diamond wafering blade (15.2 cm dia. × 0.5 

cm thick). Isomet 1000 precision saw has an automatic cut-off switch; a 

counter balanced sliding load weight system, a built-in metric digital 

micrometer cross-feed for sample location and a removable coolant tray with 

built-in dressing device, in order to avoid excessive heating. Erosion rate in 

the absence of corrosion (𝐸0) (µm s-1) was calculated using the following 

equation [288], 

𝐸0 = [
∆𝑊

𝐴 𝑑 𝑡
] 𝐾1 Equation 3-1 
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where, ∆W is the weight loss (g) of the specimen, A is the surface area (mm2), 

d is the density (g cm-3), t is test duration (s) and K1 is a constant (1 × 106
 µm 

cm-1). 

To be able to compare erosion rates performed using different particle 

velocities, the erosion rate needs to be normalized with respect to the particle 

flow rate for a given particle velocity. That is, the normalized erosion (E) rate 

is calculated by dividing erosion rate (mg s-1) by the abrasive particle flow 

rate (mg s-1) using the following equation [312]: 

Normalized erosion rate, 𝐸 =
Erosion rate (mg s−1) 

Particle flow rate (mg s−1)
 

Equation 3-2 

 

Table 3-6 Operating conditions for solid particle erosion tests. 

Parameter Operating condition 

Nozzle diameter 2.3 mm 

Standoff distance 3 mm 

Test gas Dry compressed air 

Test duration 10, 180, 420 and 600 s 

Test temperature Room temperature ± 3°C 

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

Particle velocity 36, 47, 63 and 81 m s-1 
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Figure 3-6 Experimental setup for solid particle erosion tester.  
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Figure 3-7 Schematic diagram of solid particle erosion tester. 

 

 

Figure 3-8 Isometric view of erosion sample holder (SolidWorks).  
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Figure 3-9 Specimen chamber of the erosion tester. 
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Figure 3-10 Calibration curves for the erosion tester, (a) air jet pressure 

vs particle velocity and (b) particle velocity vs abrasive feed 

rate.  
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3.2.2  Corrosion 

Corrosion of steels were monitored using electrochemical and immersion test. 

Pertinent information regarding electrochemical and immersion corrosion 

tests are outlined in this section. 

3.2.2.1  Electrochemical Test 

A conventional three-electrode electrochemical glass cell with a graphite 

counter electrode and a saturated calomel reference electrode (SCE) was used 

for electrochemical measurements according to ASTM G59 [313]. All 

potentials are reported in SCE scale. Polarization curves were generated by 

changing the electrode potential using a Uniscan potentiostat PG581, at a 

sweep rate (scan rate) of 0.166 mV s-1. Prior to electrochemical tests, the 

working electrode was kept in the solution and allowed to attain a stable 

open circuit potential (OCP). Measurements indicate that a stable OCP was 

achieved after 1.5 hrs of immersion. Figure 3-11 shows the OCP vs time 

curves as a representative example. After stabilization, potentiodynamic 

polarization curves were generated by changing the working electrode 

potential from an initial value of 250 mV below OCP up to 250 mV above 

OCP.  

Corrosion tests were conducted in a one liter solution containing 2 g NaCl 

(0.03 M). CO2 gas was purged through the cell until saturation. At saturation, 

the pH of the solution reached a value of 4.3. The flow of CO2 was turned off 

during the experiment to avoid turbulence or gas bubble formation at the 

surface of the specimen. The pH of CO2 saturated solution was monitored 

continuously during corrosion tests and was maintained at a constant value 

throughout the experiments. All tests were performed at room temperature. 

Specimens were weighed before and after each corrosion test.  Corrosion rate 
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in absence of erosion (𝐶0) (µm s-1) based on weight loss was calculated using 

the following equation [288], 

𝐶0 = [
∆𝑊

𝐴 𝑑 𝑡
] 𝐾2 Equation 3-3 

where, ∆W is the weight loss (g) of the specimen, A is the surface area (mm2), 

d is the density (g cm-3), t is test duration (hr) and K2 is a constant (277.78 µm 

hr cm-1 s-1).  

Corrosion rate in the absence of erosion (𝐶0) (µm s-1) based on 

potentiodynamic polarization corrosion current (Icorr) was calculated using the 

following equation [288], 

𝐶0 =
𝐾3  𝐼corr  𝐸𝑊

𝑑
 Equation 3-4 

where, K3 is a constant (1.03 × 10-7 µm g µA-1 cm-1 yr-1), Icorr is the corrosion 

current density (µA cm-2), EW is the equivalent weight and d is the density (g 

cm-3). The operating conditions for corrosion tests are given in Table 3-7.  

Table 3-7 Operating conditions for electrochemical corrosion tests. 

Parameter Operating condition 

Test solution 1 liter distilled water + 2 g NaCl 

Corroded surface area 100 mm2 

Test duration 2.5 hr 

Test temperature Room temperature ± 3°C 

Sweep rate 0.166 mV s-1 

Poteniodynamic sweep From -250 to 250 mV (vs OCP) 

Bulk pH 4.3  

Pressure 100 kPa CO2 

Velocity Stagnant 
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Figure 3-11 Evolution of open circuit potential vs exposure time in 2 g l-1 

NaCl solution.  
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3.2.2.2  Immersion Test 

Immersion corrosion tests were performed according to ASTM G31 standard 

[314]. The corrosion apparatus consists of a 400 mL flask (without an 

atmospheric seal), a thermometer, pH meter and a specimen holder. A 

schematic diagram of the immersion corrosion setup is shown in Figure 3-12. 

Corrosion in pipelines is reported to be due to the presence of CO2 and H2O. 

Depending on the operating conditions used for enhanced oil recovery, the 

bicarbonate concentration varies from 0.02 to 2 M [315]–[317]. Eliyan et al., 

[318] studied the effect of bicarbonate concentration (0.02, 0.1, 0.5 and 1 M) 

on corrosion of API steel and found that the film formation process is more 

effective with increased bicarbonate concentration. Bicarbonate in small 

concentrations reduces the dissolution and impedes the passivation, but in 

higher concentrations, it is a protective agent and makes the passive films 

grow faster.  In this study a 2 g l-1 NaCl (0.03M) solution saturated with CO2 

was used as a test solution in order to ensure slow and steady growth of the 

corrosion layer. An open system (Figure 3-12) was used in order to better 

simulate real field conditions. Constant purging of the CO2 to the solution 

was avoided as bubbles form on steel surface and interface with film 

formation. It is found that under the experimental condition used in this 

study solute evaporation was insignificant. According to ASTM standard 

[314] the recommended minimum ratio of test solution volume to test 

specimen surface area is 0.20 ml mm-2 to avoid any appreciable change in the 

test solution’s corrosiveness. In this study, the ratio of test solution volume to 

test specimen surface area was 0.58 ml mm-2. Polished coupons (15.8 mm 

diameter and 4.7 mm thick) were immersed into the solution for 15, 45, 100 

and 185 hours. Test specimens were cleaned using distilled water in an 

ultrasonic bath in order to remove loosely adhering corrosion products. It is 

important to note that as the objective of this experiment is to characterize 

the corrosion layer, mechanical cleaning such as scrubbing, scraping and 



68 

 

brushing (which may lead to the removal of adherent corrosion layer) were 

avoided. Specimens were then dried and weighed, and the average corrosion 

rate was calculated using Equation 3-3. 

 

 

Figure 3-12 Schematic diagram of the immersion corrosion setup. 

In this study, immersion tests were performed at ambient temperature and 

pressure without agitation. Typical field conditions are 500 psi pressure and 

70°C temperature. The aim of this research is to establish the fundamentals 

of pipeline corrosion at ambient conditions. The pH of the solution was 

monitored at regular intervals, and test conditions were controlled 

throughout the test in order to ensure the reproducibility of results. 

Specimens were handled with gloves and tongs (before and after corrosion) to 
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avoid contamination. Two test specimens were exposed in each test condition. 

The measured corrosion rate (based on weight loss) of specimens was within 

±5%. The test specimens were stored in a sealed container and were kept in a 

desiccator at an ambient temperature prior for further analysis to avoid any 

oxidation after corrosion.  The operating conditions for immersion corrosion 

tests are given in Table 3-8.  

X-ray photoelectron spectroscopy (XPS) is a semi-quantitative technique for 

surface chemical analysis. It determines the atomic percentage of the various 

elements present in a given specimen. This technique coupled with ion 

sputtering allows analyzing superficial layers and interfaces as well as 

establishing depth profiles of atomic concentrations within a specimen. XPS 

analysis was performed on the corrosion layers of specimens after immersion. 

The samples were mounted on a stainless steel stub using adhesive copper 

tape. With the sample loaded in the analysis chamber, a base pressure of 

2×10-10 torr was achieved after approximately 16 hours of pumping. A survey 

scan was performed covering a wide binding energy range followed by high 

resolution scans over the following regions of interest: Fe 2p, O 1s and C 1s. 

Measurement conditions for XPS analysis are given in Table 3-9. Surface 

charging effects were compensated by referencing the binding energy (BE) to 

the C 1s line of residual carbon set at 284.8 eV BE [319]. Spectral 

decomposition assumed mixed Gaussian – Lorenzian curves and was 

performed using background subtraction and least square fitting. 

  



70 

 

Table 3-8 Operating conditions for immersion corrosion tests. 

Parameter Operating condition 

Test solution 1 liter distilled water + 2 g NaCl saturated 

with CO2* 

Solution volume 250 ml 

Exposed surface area 429.36 mm2 

Solution volume to 

surface area ratio 

0.58 ml mm-2 

Test duration 15, 45, 100 and 185 hours 

Test temperature Room temperature ± 3°C  

Velocity Stagnant 

*CO2 was bubbled in the solution prior to the start of the immersion test. 

 

Table 3-9 Measurement conditions for XPS analysis. 

Parameter Operating condition 

X–ray source Al kα (1486.6 eV) 

X–ray power 14.7 kV, 26 mA 

Pressure 5×10-10 – 2×10-9 torr (analysis), 6×10-8 torr 

(sputtering) 

Pass energy 50 eV (survey), 20 eV (high resolution scans) 

Energy step 1 eV (survey), 0.1 eV (high resolution scans) 

Analysis spot 600 µm 

Sampling depth 3–10 nm 

Integration time 1000 ms (survey), 1200 ms (high resolution 

scans) 

Sputtering source Ar+ ion 

Sputtering time 10 min, 30 min and 150 min 
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3.2.3  Erosion-Corrosion  

Different researchers have used different test facilities to simulate erosion-

corrosion of steels in a CO2 environment with abrasive particles. Shadley et 

al., [320], [321] constructed a mini loop composed of a diaphragm pump, a 

test section, a cyclone separator, a sand injector and a sump. A CO2 saturated 

test solution was circulated by the pump. Sand was injected into the liquid at 

the sand injector below the cyclone separator and carried into the test section 

by the circulating solution. The test cell was connected to a potentiostat with 

reference and counter electrodes and linear polarization measurements were 

performed to determine whether and when FeCO3 corrosion product formed. 

Neville et al., [66], [322]–[325] used an impinging jet apparatus (recirculation 

rig) coupled with an electrochemical setup in a sealed vessel for erosion-

corrosion study. To determine material loss due to pure erosion, the test 

solution was prepared using tap water and N2 was bubbled through the 

solution to reduce oxygen content. During erosion-corrosion, the test solution 

(NaCl + water) was purged with CO2 before experiments. Stack et al., [271], 

[289] constructed an apparatus consisting of a large plastic tank used as a 

test chamber. The solution was delivered with high pressure through a flex 

vent. When the solution entered the ejector at high speed, it produced a 

partial vacuum due to the venturi effect and the slurry underneath the tube 

was mixed with the flowing solution by means of suction. An electrochemical 

cell was incorporated into the test rig to enable in-situ electrochemical tests 

and to control the potential of the specimen. The erosion-corrosion rate was 

obtained by mass loss techniques while corrosion contribution during the 

erosion-corrosion process was estimated by integration within the area under 

the current-time curve. Wood et al., [326], [327] performed erosion-corrosion 

experiments in a slurry pot erosion tester driven by a motor. The rig 

assembly was enclosed within a Faraday cage which allows electrochemical 

measurements. For pure erosion experiments, 0.1 M NaOH was used as the 
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test solution with the addition of silica sand. Pure corrosion experiments 

were performed using 3.5 wt% NaCl. Erosion-corrosion experiments were 

performed using similar corrosive solutions as used in pure corrosion with the 

addition of silica sand. Xie et al., [328] showed that by increasing frequency of 

the intermittent erosion-corrosion cycle, it is possible to obtain close results 

as if erosion and corrosion happened together. This test method provides 

more stable electrochemical measurements and is employed to mitigate the 

limitations of the in-situ method [64], [66], including the difficulty of 

controlling fluctuation in electrochemical data due to bubble formation and 

turbulence.  

In this study the method employed by Xie et al., [328] was adopted. In order 

to calculate the rate of material loss contributions from erosion, corrosion and 

their interactions, specimens were subjected to erosion for 10 s and erosion 

rates were calculated using Equation 3-1. Eroded specimens were then 

subjected to corrosion for 2.5 hour and the corrosion rate was then calculated 

from both potentiodynamic polarization (Equation 3-4) and weight loss 

(Equation 3-3).  In the present work, erosion followed by corrosion is termed 

‘cycle’. Five erosion-corrosion cycles (starting with erosion and finishing with 

corrosion) were performed, which made a total of 50 s of erosion and 12.5 hr 

of corrosion. Total erosion component (𝐸c) and total corrosion component (𝐶e) 

are averages of five consecutive erosion and corrosion cycles, respectively.  

Erosion rate in the absence of corrosion (𝐸0) and corrosion rate in the absence 

of erosion (𝐶0) were calculated from pure erosion for 50 s and pure corrosion 

for 12.5 hr, respectively. The synergy was then calculated using Equation 2-6, 

Equation 2-7, Equation 2-8 and Equation 2-9. The synergistic effect of 

erosion-corrosion in this work refers to the result of the cyclic erosion and 

corrosion tests. 

During erosion-corrosion, entire surface area (A1) exposed to corrosion, 

surface area (A2) exposed only to corrosion and surface area (A3) exposed to 
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both erosion-corrosion are 100, 91.34 and 8.66 mm2, respectively. The 

following steps were followed in order to calculate the erosion enhanced 

corrosion current density (𝐼corr, A3
) for API steels. The surface (A3) of the 

specimen exposed to erosion and corrosion is calculated using the following 

equation,  

𝐴1 = 𝐴2 + 𝐴3 Equation 3-5 

where, A1 = entire surface of the specimen exposed to corrosion and A2 = 

surface area exposed to corrosion only. The corrosion current density (𝐼corr, A2
) 

contribution from A2 surface area is calculated from pure corrosion 

(potentiodynamic polarization) experiment using the following equation, 

𝐼corr, A2
=  

𝐼corr  𝐴2 

𝐴1
 

Equation 3-6 

where, Icorr is the corrosion current density (µA cm-2) during pure corrosion 

from the entire surface area (A1). During erosion-corrosion experiment, 𝐼corr
∗  

(corrosion current density during erosion-corrosion) calculated from 

potentiodynamic data has contributions from both pure corrosion (A2) and 

erosion-corrosion (A3) areas. Therefore, erosion enhanced corrosion current 

density (𝐼corr, A3
) can be calculated using the following equation, 

𝐼corr, A3
=  𝐼corr

∗ − 𝐼corr, A2
 Equation 3-7 

Erosion enhanced corrosion rate is then calculated using Equation 3-4. The 

operating conditions for pure erosion, pure corrosion and erosion-corrosion 

experiments are given in Table 3-10, Table 3-11 and Table 3-12, respectively.  
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Table 3-10 Operating conditions for pure erosion. 

Parameter Operating condition 

Nozzle diameter 2.3 mm 

Eroded surface area 8.66 mm2 

Standoff distance 3 mm 

Test gas Dry compressed air 

Test duration 50 s 

Test temperature Room temperature ± 3°C 

Angle of incidence 90° 

Particle velocity 36, 47, 63 and 81 m s-1 

 

Table 3-11 Operating conditions for pure corrosion. 

Parameter Operating condition 

Test solution 1 liter distilled water + 2 g NaCl 

Corroded surface area 100 mm2 

Test duration 12.5 hr 

Test temperature Room temperature ± 3°C 

Sweep rate 0.166 mV s-1 

Poteniodynamic sweep From -250 to 250 mV (vs OCP) 

Bulk pH 4.3  

Pressure 100 kPa CO2 

Velocity Stagnant 

 

Table 3-12 Operating conditions for erosion-corrosion. 

Erosion cycle Corrosion cycle 

Nozzle diameter 2.3 mm Test solution 2 g l-1 NaCl 

Standoff distance 3 mm Sweep rate 0.166 mV s-1 

Test gas Dry compressed 

air 

Poteniodynamic 

sweep 

-250 to 250 mV 

(vs OCP) 

Test duration 10 s for each 

cycle 

Test duration 2.5 hr for each 

cycle 

Number of cycles 5 Number of cycles 5 

Angle of incidence 90° Pressure 100 kPa CO2 

Particle velocity 36, 47, 63 and 

81 m s-1 

Velocity Stagnant 
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Chapter 4 

4 Results and Discussion 

In this chapter an attempt is made to untangle some of the complexities 

associated with erosion, corrosion and erosion-corrosion damage of pipeline 

steels. 

4.1 Erosion 

This section discusses the erosion behavior of steels. Operative erosion 

mechanisms are identified and an attempt is made to correlate the erosion 

behavior of steels to their microstructure.  Empirical erosion mechanism 

maps are constructed and discussed at the end of this section. 

4.1.1  Erosion Behavior of Steels 

Weight loss of all steel specimens was measured after exposure to an 

abrasive stream for 10, 180, 420 and 600 s at different angles of incidence. A 

representative plot of how weight loss increases with increasing test duration 

is shown in Figure 4-1 for AISI 1018 steel at 47 m s-1
 particle velocity. As 

evident from Figure 4-1, no significant change in slope is observed, which 

may indicate that no wear transition has taken place throughout the test 

duration. Normally, a transition in wear mechanism is associated with a 

change in wear rate, which would be represented by a change in the slope of 
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weight loss vs time. It is clearly seen that the weight loss of the steel 

increases with decreasing impact angle. Depending upon the angles of 

incidence, different erosion mechanisms may operate, resulting in the 

measured weight loss. Dominant erosion mechanisms will be discussed in a 

later section.  

 

Figure 4-1 Weight loss vs time for AISI 1018 steel at 47 m s-1 particle 

velocity as a function of impact angle. 

4.1.1.1  Profilometry Analysis 

Profilometry scans were performed on individual specimens after erosion at 

30° angle of incidence for different time intervals. Scanned profiles were then 

stitched together for comparison (aspect ratio of 1:1:2). Figure 4-2 shows the 

optical profilometry analysis for AISI 1018 steel as a representative example. 



77 

 

Particle impact direction is indicated by an arrow. Abrasive particles 

impacted the surface along the indicated direction at a 30° angle to the 

surface. 2D depth profiles (Figure 4-2 (b)) were taken at the maximum depths 

of the 3D erosion scars (Figure 4-2 (a)). As shown in the figure, the erosion 

scar maximum depth of attack varied from 0.06 ± 0.03 mm to 1.2 ± 0.03 mm 

for 10 and 600 s test durations, respectively, at 63 m s-1 particle velocity. The 

maximum depth of attack (Z axis) is the distance from the deepest point in 

the damaged zone to the unaffected surface of the specimen.  

The localized plastic deformation increased surface roughness, which may 

have changed the localized impact angle with time. However, the mean 

surface roughness of the eroded AISI 1018 specimens was around 9.1 ± 2 µm 

and the average abrasive particle size used in this study was around 57 ± 3 

µm. Hence, localized surface roughness didn’t affect the global impact angle 

and is not expected to have significant influence on the total erosion rate. 

Figure 4-2 (a) is presented with an aspect ratio of 1:1:2 for enhanced 

visualization, i.e., the z-axes (depth direction) is doubled with respect to the x 

and y directions. If the scans were plotted with 1:1:1 scale it would be clear 

that the crater depth is shallow compared to the size of the crater in the x 

and y directions. Based on this argument, the crater was shallow enough (the 

sidewall slope of the crater is low) with respect to the abrasive stream even 

for the deepest crater. That is, the local impact angle of the particles 

reasonably close to the incident angle of the particle jet. 

At 30° impact angle, the shape of the projected area of the erosion scar was 

elliptical (Figure 4-2 (a)) due to the divergence of the particle stream. As the 

impact angle increased, the shape of the erosion scar became circular. The 

sizes of the erosion scar along the longitudinal and lateral direction (at 

different impact angles and 63 m s-1 particle velocity) are given in Table 4-1. 
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Figure 4-2 Erosion scar of AISI 1018 at 30° angle of incidence for 

different time intervals (from left to right, 10, 180, 420 and 

600 s) and 63 m s-1 velocity (a) profilometry scan (aspect 

ratio, 1:1:2) and (b) profile depth comparison (aspect ratio, 

1:2). 

 

Table 4-1 Relative comparison of the erosion scar length at different 

impact angles. 

Impact angle Longitudinal direction (mm) Lateral direction (mm) 

30° angle 10.2 ± 0.5 5.2 ± 0.5 

45° angle 6.9 ± 0.5 5.2 ± 0.5 

60° angle 5.8 ± 0.5 5.2 ± 0.5 

90° angle 5.2 ± 0.5 5.2 ± 0.5 
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4.1.1.2  Effect of Particle Velocity 

Erosion rates (mg s-1) of the steel specimens were measured from the slope of 

the weight loss vs time plots. Normalized erosion rates were calculated by 

dividing erosion rate (mg s-1) by the abrasive particle flow rate (mg s-1) using 

Equation 3-2. A representative plot of the normalized erosion rate vs particle 

velocity for API X42 is shown in Figure 4-3. Normalized erosion rate as a 

function of particle velocity plots for AISI 1018, AISI 1080, API X70 and API 

X100 are included in the appendices. 

The normalized erosion rate of API X42 steel increases with increasing 

particle velocity as shown in Figure 4-3.  As expected, higher particle velocity 

led to higher material removal from the surface in agreement with other 

erosion studies [279], [329], [330]. This is because of the fact that higher 

particle velocity is associated with higher kinetic energy, which leads to more 

material removal. It is interesting to note that at low velocity, the effect of 

the impact angle is less significant than at high velocity. The effect of impact 

angle on erosion rate gradually increases with particle velocity. It is believed 

that when the particle velocity is low, hence, low kinetic energy, only a small 

fraction of the abrasive particles have high enough velocity and mass to 

induce plastic deformation on the steel surface. The majority of particles have 

low energy, below a threshold value, which only results in elastic deformation 

of the steel. As the velocity increases more particles attain the required 

critical energy to result in deformation and material removal. That is, at low 

particle velocity, most of the impact is elastic and doesn’t contribute to the 

measured erosion rate. This makes erosion almost independent of the impact 

angle. The dependence of erosion on the impact angle becomes evident at 

high particle velocity. Moreover, erosion is higher at low angles as it is 

believed that the energy required to remove material by cutting and 

ploughing mechanism (which are more dominant at low angles) is lower than 
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that at high angles. At high angles the steel surface deforms significantly 

before any material removal takes place. 

 

Figure 4-3 Normalized erosion rate as a function of particle velocity for 

API X42 steel. 

4.1.1.3  Effect of Impact Angle 

The normalized erosion rate of API X42 steel drops with increasing impact 

angle as shown in Figure 4-4. Several phenomena are responsible for the 

higher erosion rate at the low impact angle. First, abrasive particles come in 

contact with more surface area as compared to high incidence angle. At 30° 

impact angle, the shape of the projected area of the erosion scar is elliptical 

(Figure 4-2) due to high divergence of the particle stream. But for 90° impact 

angle the shape of the projected area of the scar is circular as shown in 
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Figure 4-5 (a). Figure 4-5 (b) compares the erosion scar (at 81 m s-1 and 10 s) 

profile for 30° and 90° impact angles. Erosion scar volume was measured and 

it is found that the scar volume for 30° and 90° impact angles are 1.02 ± 0.05 

mm3 and 0.54 ± 0.05 mm3, respectively. Second, at low impact angle (30°) 

abrasive particles strike and reflect without affecting the forthcoming 

particle stream. On the other hand, at 90° impact angle, abrasive particles 

strike and reflect in the same direction inhibiting the motion of the 

approaching particle stream. Third, at high impact angle, an extensive 

amount of Al2O3 particles are embedded in the surface. These embedded 

particles contribute to some weight increase and slow down the erosion rate 

by protecting the eroded surface. Fourth, at low impact angle, the metal is 

removed predominantly by cutting and ploughing. While at high angle, the 

steel is plastically deformed and material is squeezed to the sides of the 

erosion scar without being totally removed. 

Furthermore, in order to evaluate the effect of impact angle on velocity 

exponent ‘n’, normalized erosion data in Figure 4-3 was curve fit using 

nonlinear least square method. It is found that for 30°, 45°, 60° and 90° 

impact angles, the values of ‘n’ are 2.1, 1.3, 1.2 and 1.1, respectively. A 

velocity exponent ‘n’ having a value less than 2 has also been observed in 

previous studies [26], [331]. Here, the velocity exponent ‘n’ decreases with 

increase in impact angle. This might be attributed to the fact that (under the 

high particle feed rate used in this study) with increase in impact angle more 

abrasive particles embed in the surface and act as a barrier for further 

erosion. SEM observations revel that, with an increase in impact angle from 

30° to 90° the amount of embedded Al2O3 particles are significantly 

increased. These embedded particles reduce the specific erosion rate resulting 

in lower velocity exponent at higher impact angle. It can be concluded that, 

contrary to accepted belief for low particle feed rate, the ‘n’ value is 

dependent on the erosion mechanism(s) and the eroded surface evolution 
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during the erosion process. This result is not in agreement with a previous 

study [330] that suggested that although erosion rate depends on erosion 

mechanisms, the velocity exponent ‘n’ is independent of erosion mechanisms 

and only depends on velocity and particle feed rate. This discrepancy can be 

explained in terms of the particle feed rate used in the two studies. It could 

be argued that at high particle feed rates such the one employed in this 

study, the erosion mechanism plays a more significant role in determining 

the ‘n’ value. 

 

Figure 4-4 Normalized erosion rate as a function of impact angle for 

API X42 steel. 
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Figure 4-5 (a) Erosion scar topography for API X42 at 90° angle of 

incidence and 81 m s-1 particle velocity (aspect ratio, 1:1:50) 

and (b) erosion scar profile comparison for 30° and 90° angle 

of incidence after 10 s test duration and 81 m s-1 particle 

velocity measured along the line shown in the insert (aspect 

ratio, 1:50). 
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4.1.1.4  Normalized Erosion Rate as a Function of Impact Angle 

and Particle Velocity 

Representative erosion data as a function of particle velocity and impact 

angle for API X42 steel is shown in Figure 4-6. It is evident from the erosion 

rate surface that the normalized erosion rate exhibits a non-linear 

relationship with both impact angle and particle velocity. Normalized erosion 

rates presented in a three dimensional space provide critical impact angle 

and threshold velocity data. For example, in the case of API X42 steel, a 

transition in erosion rate (Figure 4-6), was observed when the particle 

velocity was above a threshold of 47 m s-1. On the other hand, critical impact 

angle is a function of particle velocity and shifts from low to high impact 

angle with increasing particle velocity at a normalized erosion rate of about 

0.5 × 10-4, where the transition in normalized erosion rate is observed. Other 

investigators [332]–[335] have also shown similar transitions in erosion 

behavior. Normalized erosion rate as a function of particle velocity and 

impact angle for AISI 1018, AISI 1080, API X70 and API X100 are included 

in the appendices (Figure B-7, Figure B-8, Figure B-9 and Figure B-10, 

respectively). 
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Figure 4-6 Normalized erosion rate as a function of impact angle and 

particle velocity for API X42 steel.  
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4.1.2  Erosion Mechanisms 

Erosion is a complex time dependent phenomena. Different erosion 

mechanisms operate simultaneously and interact with one another, which 

makes the identification of these mechanisms a challenging task. The 

measured erosion rate is determined by the relative contributions of the 

different mechanisms. SEM micrographs were taken at the center of the 

erosion scar (heavily damaged region) and at the less damaged regions (on 

the periphery of the erosion scar) where the damage caused by individual 

particle impact could be seen. It is important to note that erosion 

mechanisms are a function of the impingement angle and velocity of the 

impacting particles. Steels in this study show similar erosion mechanisms. 

However, the extent of metal loss and conditions (contact angle and particle 

velocity) under which these mechanism operate are different as will be 

discussed in the erosion mechanism maps section below. In this section, 

erosion mechanisms are divided based on particle impact angle (low (30°), 

intermediate (45°-60°) and high (90°)) as discussed next.  

4.1.2.1  Low Impact Angle 

At low impact angle (30°) and low particle velocity (36 m s-1), Al2O3 particles 

strike the surface and form dimples by locally micro-forging the surface 

(Figure 4-7 (a)). Under these conditions, Al2O3 particles are observed to 

embed into the steel surface (Figure 4-7 (b)), this has also been observed in 

earlier studies [279], [310]. However, ploughing by the abrasive particles, 

which has also been confirmed by others [68], [99], [329], [336], seems to be 

the dominant erosion mechanism under low impact angle and low particle 

velocity (Figure 4-7 (c)). Under these conditions, the vertical component of the 

kinetic energy (KE sinα) of the impinging particles is consumed to penetrate 

the surface, while the horizontal component (KE cosα) is used to plough the 

specimen surface as the abrasive particle slides on it; where ‘α’  is the particle 
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angle of impact (between the particle direction of motion and the specimen 

surface). Figure 4-7 (c) shows deep long grooves as evidence of ploughing by 

the abrasive particles. As the particles slide on the surface, they squeeze the 

metal ahead and to the sides to form ridges. Subsequent attack by incoming 

particles cause the ridges to flatten, fracture and from erosion debris. Metal 

removal under low impact angle and high velocity (30°, 81 m s-1) condition is 

controlled by ‘low angle metal cutting’ mechanism. Here, instead of 

embedding itself deeply into the surface, abrasive particles attain the 

required critical energy to cut the metal in the form of small metallic chips (3 

– 5 µm) as shown in Figure 4-7 (d).    

Under condition of low impact angle and high particle velocity, material 

removal also occurs by fracture of ridges around dimples, particularly, at the 

later stages of the erosion process. Here, material removal is a result of 

repeated impact by the energetic abrasive particles of the work hardened 

ridges, leading to brittle fracture of these ridges, as seen in Figure 4-8. Figure 

4-8 is the cross-section of an erosion scar revealing stages of the deformed 

layer removal in the course of the erosion process (at low impact angle). The 

figures (Figure 4-8 (a), (b)) show the deformed surface layer and the 

undeformed base material.  A number of other investigators have also 

reported the formation of a work hardened layer during erosion [122], [337], 

[338]. In this study the removal of this work hardened layer at different 

impact angles is confirmed from SEM observations. The direction of the 

impinging particle stream is shown by an arrow. Crack initiation takes place 

at the edge of the ridge as shown in Figure 4-8 (c). Upon further particle 

impact, cracks propagate through the deformed layer followed by complete 

removal of large fragments (Figure 4-8 (d)). A Schematic diagram illustrating 

metal removal by this mechanism is shown in Figure 4-9 (a). Removal of 

ridges at high angle in Figure 4-9 (b) will be discussed below.  
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Figure 4-7 SEM micrograph of steel specimen after erosion at 30° 

impact angle (a) micro-forging of the surface (API X42, 36 m 

s-1) and (b) embedded Al2O3 particle (API X42, 36 m s-1). 
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Figure 4-7 SEM micrograph of steel specimen after erosion at 30° 

impact angle (c) ploughing (AISI 1018, 36 m s-1) and (d) low 

angle metal cutting (API X70, 81 m s-1). 
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Figure 4-8 SEM micrograph of the cross sectioned layer of erosion scar 

(API X42). Particle flow direction is indicated by an arrow. 

(a) a series of ridges due to the formation of dimples on the 

eroded surface and (b) deformed layer and base material. 
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Figure 4-8 SEM micrograph of the cross sectioned layer of erosion scar 

(API X42). Particle flow direction is indicated by an arrow. 

(c) sub-surface crack propagation and (d) fracture of 

deformed layer. 
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Figure 4-9 Schematic diagram illustrates stages of metal removal, (a) 

at 30° impact angle and (b) at 90° impact angle. 
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4.1.2.2  Intermediate Impact Angle 

At intermediate impact angle (45°), with increasing particle velocity (63-81 m 

s-1), abrasive particles cut the surface to the end of the cutting path but the 

cut chip remain attached to the surface and forms a ridge (i.e., the chip is not 

completely cut and removed from the surface) (Figure 4-10 (a)). The chip is 

then removed due to subsequent impact. This mode of material removal is 

designated as cutting mode II [339]. It is important to distinguish cutting 

mode II mechanism from ploughing. In ploughing, the material is extruded 

(by plastic deformation) ahead of an abrasive particle, but in cutting mode II 

the metal is cut and forms a chip that remains attached at the end of the 

cutting scar. Furthermore, in ploughing the material is normally squeezed to 

the sides of the groove and form ridges on both sides, while in cutting mode II 

the material is accumulated at the end of the cutting scar. Also, the scar in 

cutting mode II is shorter and deeper than in ploughing. 

At 60° angle of incidence, with increasing particle velocity (47-63 m s-1), chips 

(about 10 µm) are cut from the surface by the abrasive particles without 

dragging the material ahead (Figure 4-10 (b)). The abrasive particles do not 

form significant ridges at the end of the cutting path as in cutting mode II, 

but they penetrate deeper into the metal surface and form sharp edges that 

are vulnerable to subsequent particles impact. This mode of erosion seems to 

be analogous to Type I cutting proposed by Hutchings [339]. This mode of 

deformation is termed as cutting mode I. 
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Figure 4-10 SEM micrograph of API X70 steel, (a) cutting mode II (45°, 

81 m s-1) and (b) cutting mode I (60°, 63 m s-1). 
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4.1.2.3  High Impact Angle 

At high impact angle (90°) and low particle velocity (36 m s-1), most of the 

abrasive particles kinetic energy is used to penetrate the surface resulting in 

dimple formation and penetration by Al2O3 particles (as shown in Figure 4-11 

(a)). Metal is squeezed out of the dimples to form ridges which are then 

removed by fracture due to plastic deformation and flattening of ridges 

around dimples. A schematic diagram illustrating stages of metal removal by 

this mechanism is given in Figure 4-9 (b), which illustrate the removal of 

ridges due to plastic deformation and fracture caused by the abrasive particle 

impact. This process of metal removal is observed at low particle velocity and 

more so at high velocity. Under condition of high impact angle and low 

particle velocity, material removal also occurs by delamination. Figure 4-11 

(b) shows the cross-section of the erosion scar. Repeated impact by the 

abrasive particles generate high shear stresses in the sub-surface region 

which cause initiation and propagation of sub-surface cracks. The 

propagation of subsurface cracks parallel to and eventually up to the surface 

results in the formation of flake-like debris. Material removal due to 

delamination was also observed in earlier studies [110], [121]. 

At high particle velocity (81 m s-1), embedded Al2O3 undergone repeated 

impact by the incoming particle stream which leads to particle fracture 

(Figure 4-11 (c)). Fractured particles are then removed from the surface 

leaving behind vulnerable lips (Figure 4-11 (d)). Material removal typically 

involves the flattening of a protrusion (lips) and fracture upon subsequent 

impacts. The higher the impact velocity, the deeper the abrasive particles 

penetrate into the surface and more material is removed. This metal removal 

process seems to dominate under conditions of high particle velocity and high 

impact angle. In addition, secondary metal cutting is also observed at high 

impact angle and high velocity (Figure 4-11 (e)) and contributes to metal loss. 

In ‘secondary metal cutting’ Al2O3 particles strike and deflected by the 
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previously embedded particles and erode a small portion of metal (2 – 3 µm). 

As illustrated in the Figure 4-11 (e), an abrasive particle deflects from an 

embedded Al2O3 particle and erodes a small portion of metal from the 

adjacent area where there is no embedded particle.   
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Figure 4-11 SEM micrograph of AISI 1018 steel, (a) embedded particle 

(90°, 36 m s-1) and (b) cross-section of erosion scar shows the 

propagation of sub-surface crack (90°, 36 m s-1). 
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Figure 4-11 SEM micrograph of API X42, (c) fracture of embedded Al2O3 

particle (90°, 81 m s-1) and (d) formation of vulnerable lips 

(90°, 81 m s-1). 
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Figure 4-11 SEM micrograph of API X42, (e) secondary metal cutting 

due to deflection (90°, 81 m s-1). 

It is important to note that, the identification of low angle metal cutting, 

cutting mode II, cutting mode I and secondary metal cutting is a challenging 

task. Not only is the appearance, but also the test condition is required to 

identify them correctly. Schematic diagrams illustrating low angle metal 

cutting, cutting mode II, cutting mode I and secondary metal cutting are 

shown in Figure 4-12. Low angle metal cutting is usually observed at low 

impact angle (30°) and high velocity (81 m s-1), where the abrasive particle 

completely cut a small portion of material (Figure 4-12 (a)). Low angle metal 

cutting does not form a ridge at the end of the eroded scar. Abrasive particles 

have the required critical energy to cut the metal in the form of small 

metallic chips. However, cutting mode II usually forms ridges at the end of 

the scar. In cutting mode II (usually occurs at 45° angle and 63-81 m s-1 

particle velocity), abrasive particles cut the surface but the chip remains 

attached at the end of the particle path and form a ridge (Figure 4-12 (b)). In 
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cutting mode I (occurs at 60° angle and 47-63 m s-1 particle velocity), the 

depth of particle penetration is higher and the cutting scar is shorter than in 

cutting mode II. Here, the cutting action form a sharp edge at the end of the 

cutting scar as shown in Figure 4-12 (c). In secondary metal cutting, abrasive 

particles get deflected by the previously embedded particles and erode a 

small portion of metal from the sides of the eroded scar (Figure 4-12 (d)). 

Table 4-2 summarizes the significant features observed during erosion. 

 

Figure 4-12 Schematic diagram of (a) low angle metal cutting, (b) cutting 

mode II, (c) cutting mode I and (d) secondary metal cutting. 
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Table 4-2 Summary of the dominant features observed during erosion. 

Particle velocity 

  

Impact angle 

Low impact 

angle (30°) 

Intermediate 

impact angle 

(45-60°) 

High impact angle 

(90°) 

Low velocity ● Metal removal 

by ploughing 

 

 

● Metal 

removal by 

cutting mode I 

 

 

● Flattening and 

fracture of ridges 

around dimples by 

Al2O3 particles 

 

● Metal removal by 

delamination due to 

sub-surface crack 

propagation 

High velocity ● Metal removal 

by cutting (low 

angle metal 

cutting)  

 

● Removal of 

ridges around 

dimples 

● Metal 

removal by 

cutting mode 

II 

 

 

● Vulnerable lips 

formation due to 

fracture and 

removal of 

embedded particles 

 

● Metal cutting due 

to deflection 

(secondary metal 

cutting) 

 

● Deep dimple 

formation and 

flattening of ridges 

and fracture 
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4.1.3  Effect of Microstructure on Erosion Mechanisms 

The erosion response of various steel microstructures is different depending 

on phases present in the steel and their orientation with respect to eroding 

particles impact angle. In this section, erosion responses of two common steel 

microstructures (pearlite and ferrite) are examined.  

Figure 4-13 shows SEM micrographs of AISI 1018 steel after erosion at 30° 

impact angle and 36 m s-1 particle velocity. The particle impact direction is 

indicated by an arrow on the micrographs. Figure 4-13 (a) shows a deep 

groove on the ferrite phase as a result of abrasive particles penetrating and 

ploughing the steel surface. The depth and width of the groove seem to be 

somewhat constant throughout the length of the groove. Figure 4-13 (b) 

shows a groove extending from the pearlitic phase towards the ferritic phase 

as a result of an abrasive particle ploughing the surface. As clearly depicted 

by the figure, the groove is narrow and shallow as it extends over the pearlite 

phase and becomes deeper and wider as it encounters the ferrite phase. This 

behavior can also be seen in Figure 4-13 (c) where the Al2O3 abrasive particle 

has induced a deep groove in ferrite but not in the pearlite phase which 

appears on both ends of the groove. This presents clear evidence that pearlite 

is more effective in resisting ploughing and deformation during erosion than 

ferrite. 
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Figure 4-13 SEM micrograph of AISI 1018 steel at 30° impact angle, (a) 

ploughing on ferrite and (b) abrasive particle impacts 

pearlite and slides towards ferrite. 
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Figure 4-13 SEM micrograph of AISI 1018 steel at 30° impact angle, (c) 

Al2O3 abrasive particle has induced a deep groove in ferrite 

but not in the pearlite. 

When an abrasive particle strikes a pearlitic microstructure, the extent of 

damage depends on the orientation of the cementite lamellae relative to the 

impacting particle. Abrasive particles may impact parallel to the cementite 

layer, at an angle to the cementite layer or perpendicular to the cementite 

layer. Figure 4-14 (a)-(g) shows etched SEM micrographs of AISI 1080 steel 

(at 30° impact angle and 36 m s-1 particle velocity) where abrasive particles 

strike the pearlitic phase. Figure 4-14 (a) shows an abrasive particle striking 

a pearlite grain at almost 90° angle to the cementite plates. It is clearly seen 

how the pearlite plates deform ahead of the abrasive particle and stack 

together preventing further deformation by the particle. The deformation of 

the pearlite plates around the tip of an Al2O3 abrasive particle is also seen in 

Figure 4-14 (b) and (c). The pearlitic plates seem to absorb the energy of the 

particle effectively and prevent further damage to the steel surface. It is also 
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clear from these micrographs that the interlamellar spacing between the 

pearlite plates shortens as a result of the particle impact. In Figure 4-14 (d) 

the abrasive particle impacting the pearlite grain is somewhat parallel to the 

cementite plates. It appears that the particle has encountered less resistance 

than the previous case (particle at right angle to pearlite plates). The 

abrasive particle seems to slide a longer distance parallel to the cementite 

plates than perpendicular to the plates. This can also be seen in Figure 4-14 

(e), where a long and deep groove appears parallel to the cementite plates as 

compared to the groove perpendicular to the cementite plates. It seems that 

when particles strike the pearlite phase in a direction parallel to the 

cementite plates, shearing of the plates occurs. The shearing process requires 

less energy than deforming the cementite plates when the abrasive particle is 

at a right angle to the cementite plates. Furthermore, the plates in the 

pearlite phase slow down crack propagation perpendicular to the plate 

structure as seen in Figure 4-14 (f) and (g). Figure 4-14 (f) and (g) shows how 

the cementite lamellae in pearlite prevent the propagation of a surface crack. 

The cementite layers act as barriers in front of crack tips and inhibit crack 

propagation. 
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Figure 4-14 SEM micrograph of AISI 1080 steel at 30° impact angle, (a) 

abrasive particle impacting perpendicular to the cementite 

lamellae and (b) deformation of cementite lamellae around 

abrasive particle. 
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Figure 4-14 SEM micrograph of AISI 1080 steel at 30° impact angle, (c) 

magnified image of Figure 4-14 (b), deformation of cementite 

lamellae around abrasive particle and (d) abrasive particle 

impacting at parallel to the cementite lamellae. 
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Figure 4-14 SEM micrograph of AISI 1080 steel at 30° impact angle, (e) 

abrasive particle impacting parallel and perpendicular to 

the cementite plates and (f) cementite lamellae in pearlite 

prevent the propagation of surface crack. 
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Figure 4-14 SEM micrograph of AISI 1080 steel at 30° impact angle, (g) 

magnified image of Figure 4-14 (f). 

Eroded specimens were cross-sectioned along the longitudinal direction of the 

erosion scar. Specimens were etched (5% Nital) and SEM observations were 

performed on the sub-surface of the erosion scar. Figure 4-15 (a)-(d) shows 

the sub-surface of AISI 1018 steel after erosion at 30° impact angle and 63 m 

s-1 particle velocity. Figure 4-15 (a) and (b) shows the difference in erosion 

behavior of ferritic and pearlitic microstructures. As we see from the 

micrograph, ferrite erodes faster relative to pearlite. As indicated in the 

figure, more material removal was observed from ferrite compared to 

pearlite. However, the erosive behavior of pearlite is sensitive to the 

orientation of the cementite layers. Figure 4-15 (c) is a magnified image of 

Figure 4-15 (b) (marked as a circle) illustrating the erosion response of 

pearlite when the abrasive particle impacts at an angle perpendicular to the 
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cementite layer. The kinetic energy of the abrasive particle deforms the 

cementite layers instead of removing the material completely. On the other 

hand, when the cementite layers are oriented parallel to the abrasive particle 

direction, material is removed at higher rate as shown in Figure 4-15 (d).   

It is interesting to note that, although pearlite is more effective in resisting 

ploughing and plastic deformation, AISI 1018 steel exhibits higher erosion 

resistance at 30° impact angle compared to AISI 1080 steel (Figure B-2). At a 

low impact angle, the indenting component of the kinetic energy is small and 

a small percentage of the abrasive particles attain the critical energy 

required to penetrate the steel surface. Due to its lower hardness, the 

required critical energy for AISI 1018 is low. Hence, AISI 1018 steel exhibits 

significant Al2O3 embedded particles (which act as surface enforcements), 

resulting in less material loss and lower erosion rate as compared to AISI 

1080. It is important to note that embedded Al2O3 are more effective in 

resisting erosion compared to pearlite in the AISI 1080 steel. This behavior is 

not observed at higher angles because as the incident angle increases the 

particles indenting energy becomes higher, which results in the fracture of 

embedded particles by the subsequent incoming particle stream. 
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Figure 4-15 SEM micrograph of the cross-section of AISI 1018 steel at 

30° angle, (a)-(b) abrasive particle impacting at an angle and 

different erosive behavior of pearlitic and ferritic 

microstructure. 
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Figure 4-15 SEM micrograph of the cross-section of AISI 1018 steel at 

30° angle, (c) magnified image of Figure 4-15 (b) (marked as 

circle) and (d) delamination of cementite layer due to 

abrasive impact. 
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4.1.4  Erosion Mechanism Maps 

Researchers involved in the development of wear, erosion or erosion-corrosion 

mechanism maps have their individual approaches in the construction of 

these maps [110], [161], [280], [289], [291]–[298], [340]. In this study, the 

following common approach is followed to construct the erosion mechanism 

maps for carbon and pipeline steels:  

i. In order for an erosion map to be constructed, it is essential to define 

the pair of materials of interest, their mode of contact, contact 

geometry and the environment in which they interact. In this study, 

solid particle erosion was performed using AISI 1018, AISI 1080, API 

X42, API X70 and API X100 as test specimens and alpha aluminum 

oxide particles as erodent. 

ii. Operative erosion mechanisms are a function of test conditions. Earlier 

studies [162], [163] have shown that the most important factors which 

influence erosion are the angle of impingement and the velocity of the 

impacting particles. In this study, impact angle and normalized 

particle velocity were selected as axes for the two-dimensional erosion 

map. In-house erosion tests were carried out covering a wide range of 

particle velocities (36-81 m s-1) and impact angles (30°-90°). 

iii. Empirical erosion maps were constructed by grouping erosion data 

according to the mode and mechanism of erosion. Erosion rate and 

erosion mechanism data, appropriately classified, are then plotted onto 

a two-dimensional space defining the map. The measured erosion rate 

is determined by the relative contributions of different mechanisms, 

while, the erosion mechanisms are identified through SEM 

observations. Although, different erosion mechanisms operate 

simultaneously and interact with one another, the dominant 
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mechanism is the one which, for a given angle and velocity, leads to 

the greatest metal loss. The field of dominance of each mechanism is 

then defined using field boundaries and the approximate locations of 

the contours of constant erosion rates are located.  

Normalized particle velocity (V) is used as y-axis for the present erosion maps 

and is calculated using Equation 4-1 [340], where the thermal diffusivity of 

alumina is 1.2 × 10−5 m2 s-1 [341]–[344]. 

Normalized velocity, 𝑉 =
Particle velocity,   𝑣 (m s−1) ×  Radius of the erodent,   𝑟0  (m)

Thermal diffusivity of the erodent,   𝑎 (m2 s−1)
 

Equation 4-1 

Based on SEM observations, identified dominant erosion mechanisms are 

given in Table 4-3.  It is important to note that dominant erosion mechanism 

is the one that is observed more than 50% of the time at specific impact angle 

and velocity condition. Plotting the data in Table 4-3 provides regions of 

dominant erosion mechanisms. Within the experimental conditions used in 

this study, ploughing occurs at low impact angle regardless of particle 

velocity. However, low angle metal cutting and secondary metal cutting only 

occur at high particle velocity, when the impact angle is 30° and 90°, 

respectively. Plastic deformation and fracture occur at low impact angle and 

intermediate velocity condition. Fracture of ridges around dimples dominates 

within a range of intermediate impact angle and low particle velocity 

conditions, while, cutting mode I and II mechanisms appear at specific 

velocity and impact angle condition. Material is removed by delamination at 

high impact angle and low particle velocity condition [110], [121].  
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Table 4-3 Identified erosion mechanisms (based on SEM examination) 

at different impact angles and particle velocities. 

Erosion mechanism 

  

Impact angle 

(°) 

Particle velocity 

(m s-1) 

Ploughing 30° ~ 45° 36-81 m s-1 

Low angle metal cutting 30°  63-81 m s-1 

Plastic deformation and fracture 30° ~ 45° 47-63 m s-1 

Cutting mode II 45° 63-81 m s-1 

Dimple formation and fracture of ridges 45° ~ 60° 36-47 m s-1 

Cutting mode I 60° 47-63 m s-1 

Secondary metal cutting 60° ~ 90° 47-81 m s-1 

Delamination 90° 36-47 m s-1 

The normalized erosion rate is plotted as a function of impact angle and 

normalized velocity. Abrasive particle velocity in m s-1 is shown on a 

secondary axes. Contours of normalized erosion rate are plotted at 3 × 10-6 

intervals.  

The next step in constructing the erosion map is identifying erosion modes 

based on the normalized erosion rate. The following four broad classes of 

erosion modes are identified: 

1. Ultra-mild erosion 

2. Mild erosion 

3. Moderate erosion and 

4. Severe erosion 

The erosion levels at which these limits are set depend on the desired lifetime 

of a material under various exposure conditions. For example, fittings such as 

elbows and tees that redirect the flow field usually experience severe erosion 

for particle velocity more than 10 m s-1, which results in maximum allowable 

erosion rate of 0.1 mm yr-1 for fittings [345]–[347]. Due to the severity of 

problems to components in service, different researchers have performed 

erosion tests covering a wide range of impact angle and particle velocity for 

different material pairs of interest [56], [62], [70], [72], [104], [131], [311], 
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[348], [349]. In order to define the boundaries of different erosion modes, a 

literature review was conducted to arrive at a common classification. To be 

able to compare erosion rate data collected from literature, it is essential to 

calculate normalized erosion rate and normalized particle velocity. Data 

collected from the literature is given in appendix (Table B-1). Table 4-4 is 

generated based on literature data, and represents typical erosion 

boundaries. Figure 4-16 to Figure 4-20 show empirical erosion mechanism 

maps for AISI 1018, AISI 1080, API X42, API X70 and API X100 steel, 

respectively, showing regions of different erosion modes and mechanisms. 

Table 4-4 Classification of different erosion modes based on 

normalized erosion rate. 

Erosion mode Range of normalized erosion rate 

Ultra-mild erosion ≤ 2.1 × 10-5 

Mild erosion 2.1 × 10-5 ≤ mild erosion ≤ 4.8 × 10-5 

Moderate erosion 4.8 × 10-5 ≤ moderate erosion ≤ 1.2 × 10-

4 

Severe erosion ≥ 1.2 × 10-4 

 

Ultra-mild erosion is a regime in the erosion map where erosion is 

insignificant (≤ 2.1 × 10-5) and for all steels used in this study it emerges at 

high impact angle and low velocity condition. At high impact angle the 

kinetic energy of the abrasive particles is used to penetrate the surface 

resulting in embedded Al2O3 particles. These embedded particles enforce and 

protect the surface from further erosion. Compared to all steels, AISI 1018 

and API X100 show the smallest and largest ultra-mild erosion regions, 

respectively.  The yield strength of API X100 (690 MPa) is almost double that 

of AISI 1018 (310 MPa), therefore, as expected, API X100 provides better 

erosion resistance because of its higher yield strength. API X70 also shows 

good erosion resistance at high impact angle and low particle velocity. 

Delamination seem to be the dominant erosion mechanism in the ultra-mild 

regime for API X70 and API X100 steel.  
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When the normalized erosion rate is in between 2.1 × 10-5 and 4.8 × 10-5 (mild 

erosion regime), delamination and fracture of ridges around dimples are the 

dominant erosion mechanisms for AISI 1018, AISI 1080 and API X42 steel.  

In addition, secondary metal cutting (at high impact angle and high velocity) 

is the dominant erosion mechanism for AISI 1080 steel. On the other hand, 

fracture of ridges around dimple, cutting mode I and secondary metal cutting 

seem to be the dominant mechanisms for API X70 and API X100 steel with 

increasing velocity.  Carbon and API steels experience mild erosion at high 

impact angle (60°– 90°), when the abrasive particle velocity is at or above 47 

m s-1. API X42 exhibits smaller mild erosion region compared to API X70 and 

API X100 and for application where particle velocity is above 63 m s-1, API 

X42 can be replaced with either API X70 or API X100 for better erosion 

resistance. 

Moderate erosion regime (in between 4.8 × 10-5 and 1.2 × 10-4) occupies a 

large area in the erosion mechanism map. Depending upon the impact angle, 

carbon and API steels may experience moderate degradation at all particle 

velocities employed in this study. It is interesting to note that moderate 

erosion is the largest region in AISI 1018 erosion map and in application, 

where erosion is a major concern, AISI 1018 will undergo moderate erosion 

under almost all conditions. Depending upon impact angle and particle 

velocity, ploughing, plastic deformation and fracture and cutting mode II are 

the dominant erosion mechanisms for carbon and API steels. Moreover, 

cutting mode I and secondary metal cutting are also dominant mechanisms 

for AISI 1018 and API X42 in the moderate erosion regime.  

Severe erosion (≥ 1.2 × 10-4) usually occurs at low impact angle and high 

velocity condition, where material is typically removed due to the combined 

effect of ploughing and low angle metal cutting. It is important to note that, 

AISI 1018 exhibits better erosion resistance at low impact angle and high 

velocity compared to API X100. At low impact angle (30°) the indenting 
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component (KE sinα) of the abrasive particle is small and a limited amount of 

abrasive particles embed into the surface. Because of its low hardness, AISI 

1018 exhibits more embedded alumina particles compared to other steels 

resulting in better erosion resistance.  Assuming regions where mild and 

ultra-mild erosion dominate are acceptable for steel pipes. Then API X100 

would be the best choice as the mild and ultra-mild regions are the largest 

compared to other steels.   
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Figure 4-16 Empirical erosion mechanism map for AISI 1018 steel as a 

function of impact angle and normalized velocity. Contours 

of constant normalized erosion rates are superimposed on 

fields showing the regimes of dominances of different erosion 

mechanisms. 
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Figure 4-17 Empirical erosion mechanism map for AISI 1080 steel as a 

function of impact angle and normalized velocity. Contours 

of constant normalized erosion rates are superimposed on 

fields showing the regimes of dominances of different erosion 

mechanisms. 
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Figure 4-18 Empirical erosion mechanism map for API X42 steel as a 

function of impact angle and normalized velocity. Contours 

of constant normalized erosion rates are superimposed on 

fields showing the regimes of dominances of different erosion 

mechanisms. 
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Figure 4-19 Empirical erosion mechanism map for API X70 steel as a 

function of impact angle and normalized velocity. Contours 

of constant normalized erosion rates are superimposed on 

fields showing the regimes of dominances of different erosion 

mechanisms. 
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Figure 4-20 Empirical erosion mechanism map for API X100 steel as a 

function of impact angle and normalized velocity. Contours 

of constant normalized erosion rates are superimposed on 

fields showing the regimes of dominances of different erosion 

mechanisms. 
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4.1.5  Summary 

Erosion mechanism maps for carbon and API pipeline steels were 

constructed. These maps show the erosion rate and the region of dominance 

of each competing erosion mechanism. Erosion mechanism maps are a useful 

material selection tool to designers, engineers, steel makers and pipeline 

operators. 

The normalized erosion rate of carbon and API steels increases with 

increasing particle velocity and decreases with increasing impact angle. AISI 

1080 steel exhibits higher erosion resistance compared to AISI 1018 steel at 

45°, 60° and 90° impact angle. However, AISI 1018 steel shows better erosion 

resistance at low impact angle (30°). API X100 exhibits higher erosion 

resistance compared to API X42 and API X70 steel for all impact angle and 

velocity conditions. The dominant operative erosion mechanisms are found to 

be significantly different depending on particle impact angle and velocity. 

However, on all maps, regions where ultra-mild erosion and severe erosion 

dominant are the two extreme corners of the map. That is, severe erosion 

dominants at low angle and high velocity and ultra-mild erosion dominates at 

high angle and low velocity for all steels. At low impact angle and low particle 

velocity, ploughing is the dominant mechanism and a combination of low 

angle metal cutting and ridge removal are dominant at low impact angle and 

high velocity condition. However, at high impact angle, secondary metal 

cutting and flattening of ridges and fracture seems to be the dominant 

process of metal removal at high velocity. At low particle velocity, 

deformation and fracture of ridges around dimples is dominant. Most of the 

impact at low particle velocity is elastic and doesn’t contribute to the 

measured erosion rate. This makes erosion almost independent of the impact 

angle. The dependence of erosion on impact angle becomes evident at high 

particle velocities. Several phenomena are responsible for lower erosion rate 

at high impact angle: (i) particle interference, which prevents some particles 
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from reaching the surface; (ii) embedded abrasive particles protect the steel 

surface from incoming particles and (iii) heavy plastic deformation of the 

surface and less actual material removal. 

The erosion response of pearlite and ferrite are different depending upon the 

particle impact location and the orientation of the pearlite relative to the 

impinging particle. The pearlite phase is more effective in resisting erosion 

than ferrite phase due to its lamellar structure. However, embedded Al2O3 

are more effective in resisting erosion than pearlite. At low impact angle 

(30°), because of its low hardness, AISI 1018 exhibits more embedded 

particles resulting in better erosion resistance. The orientation of the pearlite 

plates with respect to the impacting particle plays a significant role in 

resisting deformation. When the pearlite plates are at right angle to the 

striking particle, the resistance to deformation is at its maximum.  
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4.2  Corrosion  

This section examines the corrosion behavior of API steels in sweet 

environment and the characterization of the corrosion layer. Microstructural 

effects on the formation of the corrosion layer are also discussed at the end of 

this section.    

4.2.1  Electrochemical Corrosion 

Electrochemical corrosion tests for API X42, API X70 and API X100 were 

performed in 2 g l-1 NaCl solution saturated with CO2 for 2.5 hr. A typical 

poteniodynamic polarization curve for API X42 steel is given in Figure 4-21. 

The corrosion current density (Icorr) of the system was measured from Tafel 

extrapolation.  Statistical analysis was performed to measure the accuracy of 

the fit, which gives an accuracy of the fit at 95% confidence level. The 

corrosion potential (Ecorr), corrosion current density (Icorr), anodic (βa) and 

cathodic (βc) beta for API X42, API X70 and API X100 steels are given in 

Table 4-5. The specimens were weighed before and after the corrosion tests 

and the corrosion rates were calculated from weight loss using Equation 3-3.  

Equation 3-4 is used to calculate the corrosion rate from Icorr. Table 4-6 

summarizes the corrosion rate data for these steels. Figure 4-22 shows the 

relative comparison of corrosion rates for API X42, API X70 and API X100 

based on weight loss and Icorr. API X100 shows better corrosion resistance in 

CO2 containing salt solution compared to API X42 and API X70. The 

differences in the corrosion characteristics may have resulted from the 

variation in the alloying content with respect to chromium, molybdenum, 

copper and nickel. Chromium is a reactive element, and forms a protective 

metal oxide layer [350]–[352]. Hence, higher chromium content in API X100 

provides better corrosion resistance compared to API X42 and API X70 steels. 
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It was found that when copper is present as an alloying element in low 

carbon steel, it forms copper oxide in the corrosion product layer. Because 

copper oxide is less soluble in solution than iron oxide, it provides better 

protections to the steel [353], [354]. Accordingly, API X100 has more 

protective corrosion product films than API X42 and API X70 [355]–[357]. 

Moreover, bainitic microstructure (due to higher amount of molybdenum and 

nickel) in API X100 provides compact and nonporous oxide layer and yields 

better corrosion resistance in marine environment compared to 

ferritic/pearlitic microstructure [358]–[361].  

It is interesting to note that corrosion rate calculated from weight loss is 

higher than the corrosion rate calculated from Icorr. This is because, Icorr was 

calculated from Tafel slope which measures the rate of dissolution of iron 

ions. However, in addition to iron dissolution, weight loss also includes 

material removal due to second phase particles and removal of corrosion 

product from the surface during cleaning. Similar results was also observed 

in previous studies [362]–[364]. 
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Figure 4-21 Potentiodynamic polarization curve for API X42 steel in 2 g 

l-1 NaCl saturated with CO2.  

Table 4-5 Electrochemical parameters for API X42, API X70 and API 

X100 steels. 

Steel Ecorr (mV) 

vs SCE 

Icorr 
(µA cm-2) 

Anodic beta (βa) 

(mV decade-1) 

Cathodic beta (βc)  

(mV decade-1) 

API X42 -754.2 52.5 79.2 -507.2 

API X70 -730.9 43.2 65.6 -527.3 

API X100 -726.9 22.0 62.2 -227.9 

 

Table 4-6 Corrosion rate calculated from electrochemical measurement 

and weight loss. 

Steel Weight loss 

(g mm-2) 

Corrosion rate from 

weight loss (C0), (µm s-1) 

Corrosion rate from 

Icorr 

(µm s-1) 

API X42 3.10 × 10-6 4.39 × 10-5 1.93 × 10-5 

API X70 2.84 × 10-6 4.02 × 10-5 1.58 × 10-5 

API X100 1.93 × 10-6 2.73 × 10-5 0.81 × 10-5 
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Figure 4-22 Relative comparison of corrosion rates for API X42, API X70 

and API X100. 

Profilometry scans were performed before and after corrosion of API X42 

steel samples. Scanned profiles were then stitched together for comparison as 

shown in Figure 4-23. The surface roughness of the specimen was measured 

and is given in Table 4-7, where the error indicates standard deviation. It 

was found that there is around 54% increase in surface roughness after 

corrosion. This could be due to the existence of residual inhomogeneities and 

surface defects, e.g., impurities and stresses [365]. The surface 

inhomogenities promote micro-corrosion cells by which corrosion takes place, 

which, in turn raises the surface roughness of the steel. In addition, pitting 

corrosion that form on the metal surface also contributes to the increase in 

surface roughness [366].  
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Figure 4-23 Profilometry scans of API X42 steel showing surface 

roughness profiles before and after pure corrosion. 

 

Table 4-7 Roughness data for API X42 steel before and after pure 

corrosion. 

 Before corrosion 

(nm) 

After corrosion 

(nm) 

% increase 

Average roughness (Ra) 847 ± 5 1306 ± 5 54 

Root mean square 

(RMS) 

1081± 5 1674 ± 5 54 
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In order to assess the effect of the steel microstructure, API X42 steel (having 

proeutectoid ferrite and pearlite) is examined under corrosive conditions. 

Figure 4-24 (a) shows the SEM micrograph of etched as-received API X42 

steel. Figure 4-24 (b) shows the magnified image (marked as a circle) of 

Figure 4-24 (a) illustrating the pearlitic and proeutectoid ferritic 

microstructure before corrosion. The pearlitic microstructure of the steel after 

it was exposed to the corrosive solution (2 g l-1 NaCl saturated with CO2) for 

12.5 hr is shown in Figure 4-24 (c). It is generally agreed that ferrite is anodic 

to cementite (Fe3C) in CO2 environment [367], [368], which leads to the 

dissolution of eutectoid ferrite into Fe2+ ion and leaving behind a cementite 

(Fe3C) network in pearlite (Figure 4-24 (c)). It is believed that depending 

upon the morphology of these cementite (Fe3C) networks, they can reinforce a 

protective layer by anchoring it to the steel surface [247]. Furthermore, the 

anodic reaction involving oxidation of iron to ferrous ion in the corrosive 

solution leads to the preferential dissolution of proeutectoid ferrite as shown 

by the wavy appearance in Figure 4-24 (d). The dissolution of iron provides a 

suitable chemical environment for the formation of iron carbonate (FeCO3), 

which then precipitates on the steel surface due to its limited solubility [227], 

[242], [245], [247], [267], [368], [369]. Figure 4-25 shows the EDS analysis 

performed on the specimen before and after corrosion. An order of magnitude 

increase in carbon to iron concentration ratio and the presence of high oxygen 

content indicates the possibility of the formation of FeCO3 on the corroded 

surface. The properties of the FeCO3 layer play an important role in 

determining the corrosion rate of the steel. In general, it acts as a diffusion 

barrier covering the underlying metal and decreasing the corrosion rate by 

preventing electrochemical reactions at the surface [370]. The protectiveness 

of such corrosion layer determines the long term corrosion performance. It is 

interesting to note that while the bulk pH remained constant (Table 3-7) 

during the test (at 4.3) the local pH did not. Iron carbonate forms mostly 

locally, at sites where the pearlitic phase existed. As the concentration of the 
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Fe2+ increases locally between cementite plates, the local pH also rises [371]. 

The local increase in pH provides a suitable environment for FeCO3 to form 

between cementite plates [228], as predicted by the FeCO3 potential-pH 

diagram for Fe-H2O-CO2 at 25°C [267]. The iron carbonate then precipitates 

due to its lower solubility at higher pH [372]. In this work, it is believe that 

the iron carbonate we detected by EDS is due to this localized precipitation of 

FeCO3. This argument is supported by a number of research papers [242], 

[245], [369]. 
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Figure 4-24 SEM images of (a) as received API X42 steel after etching 

and (b) pearlite and proeutectoid ferrite before corrosion. 
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Figure 4-24 SEM images of (c) formation of cementite network due to the 

dissolution of eutectoid ferrite and (d) preferential 

dissolution of proeutectoid ferrite. 
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Figure 4-25 EDS analysis performed on the specimen, (a) before 

corrosion and (b) after corrosion. 
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4.2.2  Characterization of the Corrosion Layer 

Corrosion of carbon steel in CO2 containing environment is very complex and 

requires extensive attention. Various mechanisms have been proposed to 

explain the phenomenon. However, these mechanisms either apply to very 

specific conditions or have not received widespread recognition or acceptance. 

To establish a fundamental understanding of CO2 attack on steel, it is 

essential to conduct further studies to investigate the formation, composition, 

microstructure and characteristics of the surface film induced by carbon 

dioxide corrosion. In order to characterize the corrosion layer, specimens were 

immersed in the corrosive solution (2 g l-1 NaCl solution purged with CO2) for 

15, 45, 100 and 185 hours (open system). Scanning electron microscopy 

(SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 

were employed systematically to characterize the composition, microstructure 

and formation of the surface film on API X42 steel. 

The general (uniform) corrosion rates of specimens were calculated using 

Equation 3-3 and are plotted in Figure 4-26. Significant corrosion (0.25 mm 

yr-1) was observed during the initial stage of immersion (after 15 hours) due 

to high dissolution of iron into Fe2+ ions. This is followed by a rapid drop in 

corrosion rate after 45 hours. The drop in corrosion rate is due to the 

formation of a passive film that provides a barrier between the steel surface 

and the corrosive environment. This passive layer partially protects the steel 

from corroding. There is around 46% decrease in corrosion rate observed as 

immersion time increased from 15 to 45 hours. After significant growth of the 

protective surface film, corrosion rate stabilizes where only around 2% and 

5% decrease in corrosion rate was observed as immersion time increased from 

45 to 100 hours and 100 to 185 hours, respectively.   
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Figure 4-26 Corrosion rate and pH vs time for API X42 steel immerged 

in 2 g l-1 NaCl solution saturated with CO2. 

The pH of the solution was measured before immersing the samples and was 

monitored at regular time intervals (Figure 4-26). It took around half an hour 

to get a constant pH value. As shown in the figure, the pH of the solution 

increases with increasing test duration. There is around 48% increase in pH 

after 45 hours of immersion. Immersion corrosion test was performed in open 

environment (Figure 3-12). It is believed that, the rapid increase in pH at the 

initial stage of immersion is due to the escape of dissolved CO2 from the test 

solution and the consumption of CO2 in the electrochemical reactions.  

However, as time increases past 45 hours, the pH of the solution stabilizes 

and only 5% increase in pH was observed after 185 hours of immersion. With 

an increase in pH, the cathodic reaction (reduction of carbonic acid into 
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bicarbonate ions and reduction of bicarbonate ions into carbonate ions, 

Equation 2-5 (b) and (c)) rates decrease, which, in turn, slows down the 

anodic reaction (i.e., oxidation of iron to Fe2+ ion, Equation 2-5 (e)).  

Moreover, the increase in pH value of the solution creates a favorable 

environment for carbonate deposition. The iron carbonate then precipitates 

(due to its lower solubility at higher pH) to form a protective surface film. 

Earlier studies have shown that a pH range of 5.6 to 6.3 is favorable for the 

formation of iron carbonate film [367], [368], [372]. The corrosion layer 

thickness of the specimens (after 15, 45, 100 and 185 hours of immersion) 

was measured and is plotted in Figure 4-27.  As expected, the corrosion layer 

thickness increases with increasing test duration.  

The relationship between corrosion rate and corrosion layer thickness is 

plotted in Figure 4-28. As expected, when the corrosion layer thickness 

increases the corrosion rate drops. However, it is interesting to note that, 

although the corrosion layer thickness almost doubled from 100 to 185 hours 

of immersion, the corrosion rate of the specimens after 185 hours (0.12 mm 

yr-1) is slightly lower than the corrosion rate after 100 hours (0.13 mm yr-1). 

This is because the relationship between corrosion rate and corrosion layer 

thickness resembles an exponential decay (Figure 4-28). That is, there is a 

critical thickness above which corrosion rate reduction becomes insignificant. 

In other words, above this critical thickness, corrosion rate reaches a 

minimum value. 
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Figure 4-27 Test duration vs corrosion layer thickness of the API X42 

steels immersed in the corrosive solution. 

 

Figure 4-28 Corrosion rate vs corrosion layer thickness for API X42 

steel. 
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4.2.2.1  SEM Analysis 

Figure 4-29 shows SEM micrographs of API X42 steel illustrating the 

evolution of surface morphology after 15, 45, 100 and 185 hours of immersion. 

Few clusters of FeCO3 crystals are observed in Figure 4-29 (a) after 15 hours 

of immersion. The plate-like iron carbonate crystals (insert in Figure 4-29 (a)) 

are around 5–7 µm long across the plate and about 500 nm thick and are 

found in random locations. Precipitation of FeCO3 crystals were also observed 

by others [369]. EDS analysis on these crystals confirms the presence of iron, 

carbon and oxygen. As time progresses, a porous corrosion layer is formed 

(after 45 hours of immersion) due to the deposition of corrosion product 

(Figure 4-29 (b)). Deposition of the corrosion product gradually increases the 

thickness and uniformity of the corrosion layer. Figure 4-29 (c) and (d) show 

the surface morphology of the specimens after 100 and 185 hours of 

immersion, respectively.  

Palacios et al., [245] describe two types of scales that form during CO2 

corrosion in brine solution. The primary scale, forms directly on the corroding 

metal surface, which is non-uniform (spotty), and adherent, while secondary 

scale forms on top of the primary scale. This secondary scale is porous and 

flaky (poor adhesion to the steel surface). Figure 4-30 (a) shows this type of 

primary and secondary corrosion layers. EDS analysis were performed on the 

primary and secondary corrosion layers, marked as location ‘b’ and ‘c’ 

respectively, in Figure 4-30 (a).  Figure 4-30 (b), (c) show the EDS spectrum 

at locations ‘b’ and ‘c’, respectively. The results of the analysis are given in 

Table 4-8 (Na and Cl are the residue from the corrosive solution). 

Both primary and secondary corrosion layers consist of Fe, C, O, Na and Cl. 

However, as compared to the primary corrosion layer, the secondary corrosion 

layer consists of about 39% more oxygen. It is believed that the higher oxygen 
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content in the secondary corrosion layer is due to the formation of different 

iron oxides during corrosion. 
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Figure 4-29 SEM micrograph of the API X42 steel after immersion tests 

(a) surface morphology after 15 hours of immersion and (b) 

surface morphology after 45 hours of immersion. 
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Figure 4-29 SEM micrograph of the API X42 steel after immersion tests, 

(c) surface morphology after 100 hours of immersion and (d) 

surface morphology after 185 hours of immersion.  
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Figure 4-30 SEM micrograph of the corrosion layer after 45 hours of 

immersion,(a) fracture and partial detachment of the 

secondary corrosion layer, (b) EDS analysis on the primary 

corrosion layer (point b) and (c) EDS analysis on the 

secondary corrosion layer (point c). 

 

 



145 

 

Table 4-8 EDS elemental analysis of the primary and secondary 

corrosion layers. 

Element Primary corrosion layer 

(point b) 

Secondary corrosion layer 

(point c) 

Weight (%) Atomic (%) Weight (%) Atomic (%) 

C 0.84 2.13 0.96 2.07 

O 31.92 60.66 44.32 71.86 

Na 0.42 0.55 0.49 0.61 

Cl 0.87 0.74 2.41 1.77 

Fe 65.96 35.91 51.82 24.10 

 

4.2.2.2  X-ray Diffraction 

In order to identify the crystallographic structure and the composition of the 

corrosion layers, XRD experiments were carried out on the corroded surfaces 

and on the uncorroded base material as a reference. Figure 4-31, show the 

XRD diffraction patterns for API X42 steel prior to testing and after 15, 45 

and 100 hours of immersion time. Diffraction patterns were then matched 

with reference patterns of pure substances from the powder diffraction 

database. Table 4-9 shows the identified compounds with their matched 2θ 

values, diffraction planes and crystallographic structures. A trace amount of 

NaCl was also identified in all of the corroded samples. With increasing the 

immersion duration, more peaks appear on the XRD pattern.  According to 

XRD analysis, it can be concluded that a primary corrosion layer forms after 

15 hours of immersion and mainly consists of a thin scale of FeCO3. 

Secondary corrosion layer forms after 45 hours of immersion and consists of 

FeCO3 and Fe2O3. After 100 hours of immersion, FeO starts to form on top of 

the secondary corrosion layer along with FeCO3 and Fe2O3. This top layer has 

compact and flaky appearance and is termed, in the present work, as 

‘tertiary’ corrosion layer. 
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Figure 4-31 XRD analysis of API X42 steel, (a) before corrosion, (b) after 

15 hours, (c) after 45 hours and (d) after 100 hours of 

immersion. 
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Table 4-9 Identification of elements and compounds in the corrosion 

layers of API X42 steel. 

Test 

duration 

Identified 

element 

2θ values Diffraction planes Crystal 

structure 

Before 

corrosion 

Fe 44.6, 65.0, 82.3 (110), (200), (211) BCC 

After 15 

hours 

Fe 44.6, 65.0, 82.3 (110), (200), (211) BCC 

FeCO3 24.7, 32.0, 52.8 (012), (104), (116) Rhombohedral 

After 45 

hours 

Fe 44.6, 65.0, 82.3 (110), (200), (211) BCC 

FeCO3 24.7, 32.0, 52.8 (012), (104), (116) Rhombohedral 

Fe2O3 30.2, 35.6, 62.9 (220), (311), (440) Cubic 

After 

100 

hours 

Fe 44.6, 65.0, 82.3 (110), (200), (211) BCC 

FeCO3 24.7, 32.0, 52.8 (012), (104), (116) Rhombohedral 

Fe2O3 30.2, 35.6, 62.9 (220), (311), (440) Cubic 

FeO 35.9, 41.7, 60.4 (111), (200), (220) FCC 
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4.2.2.3  EDS Mapping 

In order to define the nature of the corrosion layers more accurately, 

elemental mapping of C, O and Fe on the cross-section of the corrosion layer 

was performed using EDS. Figure 4-32 shows the EDS mapping done on the 

cross-section of the specimen after 15 hours of immersion in the corrosive 

solution. The distribution of the elements is inhomogeneous, showing a thin 

corrosion layer on the surface enriched in oxygen and carbon and depleted in 

iron. Point and ID analysis on the cross-section of the specimens were 

performed to identify the composition (as relative percentage) of these 

elements. Three arbitrary locations on the corrosion layer (after 100 hours of 

immersion) and three on the base material were selected for this analysis as 

shown in Figure 4-33. Figure 4-34 shows the relative comparison of C, O and 

Fe in the base material and corrosion layer. It is evident that the percentages 

of carbon and oxygen in the corrosion film are higher than in the base 

material due to the formation of iron carbonate and different forms of iron 

oxides in the corrosion layer.  

Although, the corrosion film is enriched in C and O, the compositions of C, O 

and Fe are not uniform across the layer. Point and ID analysis on the cross-

section of the specimen across the corrosion layer were performed to identify 

the % change in composition of these elements. Figure 4-35 shows six 

different points where the EDS analysis was performed, in which point 1 is 

on the base material (reference) and points 2-6 are on the corrosion layer at 

an incremental distance from the base material. Analysis results are given in 

Table 4-10, which shows the distribution of C, O and Fe along the corrosion 

layer.  There is an increase in oxygen content observed with increasing 

distance from the base material. Immersion corrosion tests were performed in 

open environment and the presence of higher oxygen content away from base 

metal suggests the existence of dissolved oxygen in the solution.  Baek et al., 

[373] studied the effect of dissolved oxygen on the corrosion film of low carbon 
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steel and concluded that dissolved oxygen in the solution acts as an oxidant 

and transforms Fe3O4 to Fe2O3. It also accelerates the transformation of FeO 

to Fe2O3. Hence, it may be concluded that, secondary and tertiary corrosion 

layers (away from base), in addition to FeCO3, may contain iron oxides (Fe2O3 

or FeO) compared to the primary corrosion layer (close to the base). These 

results are in good agreement with XRD results discussed above.  

    
 

   

Figure 4-32 EDS mapping of the cross-section of the specimen after 

immersion in the corrosive solution for 15 hours. Elemental 

mapping of iron, oxygen and carbon on the cross-section of 

the corrosion layer. 
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Figure 4-33 EDS (point and ID) analysis on the cross-section of the 

specimen after 100 hours of immersion in the corrosive 

solution. 

 

Figure 4-34 Relative comparison of C, O and Fe in the base material and 

corrosion layer after 100 hours of immersion. 
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Figure 4-35 EDS (point and ID) analysis on the cross-section of the 

specimen along the corrosion layer after 185 hours of 

immersion in the corrosive solution. 

Table 4-10 EDS analysis results of the cross-section of the specimen 

along a line perpendicular to the corrosion layer after 

immersion in the corrosive fluid for 185 hours. 

Spectrum 

location 

 

Spectrum 

no 

 

  

Element 

C O Fe 
Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 

Base 

material 

1 6.47 24.09 0.52 1.45 93.01 74.44 

Corrosion 

layer 

2 8.55 16.53 43.93 63.71 47.52 19.74 

3 8.93 17.07 44.47 63.77 46.60 19.14 

4 8.59 16.41 45.05 64.55 46.36 19.03 

5 8.12 15.13 48.18 67.35 43.70 17.50 

6 7.71 13.56 54.74 72.23 37.55 14.19 
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4.2.2.4  XPS Analysis 

EDS analysis performed on the corrosion films revealed the presence of 

significant amounts of iron and oxygen. However, several iron products 

contain these elements including iron carbonate (FeCO3), ferrous oxide (FeO), 

hematite (Fe2O3) and magnetite (Fe3O4). XPS can reveal chemical state 

information of a substance and therefore, was performed on the corrosion 

layers to identify the corrosion products present. A survey scan (1 eV steps) 

covering a wide binding energy range was performed. All major peaks in the 

survey scan have been identified. Figure 4-36 shows the survey scan on the 

secondary corrosion layer of API X42 steel. As expected, strong iron, oxygen, 

and carbon spikes were observed. High resolution scans were performed with 

0.1 eV steps over the following regions of interest: C 1s, O 1s and Fe 2p, 

before and after 10, 30 and 150 min Ar+ sputtering cleaning process. Argon 

ion sputtering for different time intervals was performed in an attempt to 

identify the relative amount of different compounds as a function of depth 

within the corrosion layers.  
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Figure 4-36 Survey scan on the corrosion layer of API X42 after 45 hours 

of immersion. 

4.2.2.4.1 C 1s Spectra 

Figure 4-37 shows the C 1s high resolution XPS scans on the corrosion layer 

of API X42 steel for different Ar+ sputtering times. Decomposition of multiple 

peaks in the C 1s region were performed, and the results are shown in Figure 

4-37 (a)-(d) after 0, 10, 30 and 150 min Ar+ sputtering. Binding energies and 

relative intensities are listed in Table 4-11. Two peaks are evident near 285.2 

eV and 289 eV BE before the sputter-cleaning process. The one at 285.2 eV 

corresponds to residual carbon [319], [374], and the small peak at about 289 

eV is attributed to iron carbonate [242]. For all the scans before and after 

sputtering, the peak labeled as (i), is associated with carbon and the peak 

labeled as (ii), is associated with FeCO3. Based on the XPS data, we can 

conclude that, the corrosion layer consists of different proportions of the same 

chemical compounds at various distances from the base material.  
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Figure 4-37 XPS spectra for C 1s region after 45 hours of immersion for 

different sputtering times, (a) after 0 min Ar+ sputtering, (b) 

after 10 min Ar+ sputtering, (c) after 30 min Ar+ sputtering 

and (d) after 150 min Ar+ sputtering.   

Table 4-11 Binding energies and relative intensities of the C 1s signals. 

Sample BE (eV) Weight % Peak 

0 min Ar+ 285.2 46.7 (i) Graphitic 

289.0 53.3 (ii) FeCO3 

10 min Ar+ 285.2 43.5 (i) Graphitic 

288.6 56.5 (ii) FeCO3 

30 min Ar+ 285.0 66.7 (i) Graphitic 

289.0 33.3 (ii) FeCO3 

150 min Ar+ 285.0 40.1 (i) Graphitic 

288.6 59.0 (ii) FeCO3 
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4.2.2.4.2  O 1s Spectra 

XPS spectra corresponding to the O 1s region for different sputtering times 

and the decomposition of the peaks are shown in Figure 4-38. Table 4-12 

presents the binding energies and relative intensities corresponding to each 

peak. The peak associated with iron carbonate in the O 1s region is at 531.9 

eV [242], [374] is superimposed on the dominant hydroxyle peak at 531.6 eV 

due to the chemisorption of water or oxygen [242], [319], [374]. This makes 

the identification of FeCO3 difficult. For all the scans before and after 

sputtering, the peak (i) is  attributed to oxidized species (O2-), the peak 

labeled as (ii), is assigned to hydroxyle species (HO-) and the peak labeled as 

(iii) is associated with H2O. The Ar+ sputtering for 30 and 150 min does not 

show peak (iii) corresponding to adsorbed water [375], [376].  
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Figure 4-38 XPS spectra for O 1s region after 45 hours of immersion for 

different sputtering times, (a) after 0 min Ar+ sputtering, (b) 

after 10 min Ar+ sputtering, (c) after 30 min Ar+ sputtering 

and (d) after 150 min Ar+ sputtering.   

Table 4-12 Binding energies and relative intensities of the O 1s signals. 

Sample BE (eV) Weight % Peak 

0 min Ar+ 530.3 29.4 (i) O2- 

531.6 21.7 (ii) HO- 

534.0 48.9 (iii) H2O 

10 min Ar+ 530.2 22.5 (i) O2- 

531.0 69.3 (ii) HO- 

532.5 8.2 (iii) H2O 

30 min Ar+ 530.0 31.1 (i) O2- 

530.8 68.9 (ii) HO- 

150 min Ar+ 530.2 33.7 (i) O2- 

530.9 66.3 (ii) HO- 
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4.2.2.4.3  Fe 2p Spectra 

XPS spectra and the decomposition of peaks in the region of Fe 2p3/2 at 

various sputtering times (0, 10, 30 and 150 min) are shown in Figure 4-39. 

Binding energies and relative intensities for these peaks are given in Table 

4-13.  

The presence of iron carbonate and oxidized species are evidenced from the 

XPS spectra. Two Fe 2p3/2 peaks were observed near 711 eV (peak (i)) and 

around 719.1 eV (peak (iii)). These Fe 2p3/2 peaks (711 eV and 719.1 eV) and 

the O 1s peak at 530.3 eV both fall in the binding energy range covered by 

Fe2O3 [319], [374]. The peak at around 714.1 eV (peak (ii)) is associated with 

FeCO3. The corrosion reactions (Equation 2-5) do not predict the formation of 

Fe2O3. This may suggest that, Fe2O3 forms by partial decomposition of FeCO3 

as evident from XPS analysis [242]. The decomposition process that iron 

carbonate may undergo at temperatures below 100° C (leading to Fe2O3) is 

shown in Equation 4-2 (a)-(e) [242]. Dissolved oxygen in the solution (as 

evident from EDS analysis) promotes the formation of Fe2O3 during the 

decomposition process. 

FeCO3 = FeO + CO2 Equation 4-2  (a) 

4FeO + O2 = 2Fe2O3 Equation 4-2  (b) 

3FeO + CO2 = Fe3O4 + CO                  Equation 4-2 (c) 

3FeO + H2O = Fe3O4 + H2 Equation 4-2  (d) 

4Fe3O4 + O2 = 6Fe2O3 Equation 4-2  (e) 

The intensity of carbonate peak (ii) decreases significantly after the sputter-

cleaning process. All the peaks corresponding to (i), (ii) and (iii), shifted to 

lower binding energy from 711 eV, 714.1 eV and 719.1 eV to 710.3 eV, 712.7 

eV and 717.5 eV respectively, after 150 min Ar+ sputtering. However, in the 

current study, there was no peak observed at around 709.7 eV (characteristic 
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of FeO), which is in agreement with the XRD data confirming the absence of 

FeO in the secondary corrosion layer. 

The appearance of an additional peak at 707 eV for the metallic iron after 

sputtering is frequently used in order to estimate the thickness of the oxide 

layers by XPS [377], [378]. However, in this study, the thicknesses of the 

corrosion layers is greater than the depth of the XPS analysis even after long 

periods of Ar+ sputtering (100 nm / hour). Therefore, the appearance of the 

peak corresponding to metallic iron didn’t appear in the XPS spectrum. 

 

   

  

Figure 4-39 XPS spectra for Fe 2p3/2 region after 45 hours of immersion 

for different sputtering times, (a) after 0 min Ar+ sputtering, 

(b) after 10 min Ar+ sputtering, (c) after 30 min Ar+ 

sputtering and (d) after 150 min Ar+ sputtering. 
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Table 4-13 Binding energies and relative intensities of the Fe 2p3/2 

signals. 

Sample BE (eV) Weight % Peak 

0 min Ar+ 711.0 9.4 (i) Fe2O3 

714.1 32.0 (ii) FeCO3 

719.1 58.6 (iii) Fe2O3 

10 min Ar+ 710.8 36.4 (i) Fe2O3 

713.2 31.5 (ii) FeCO3 

718.4 32.0 (iii) Fe2O3 

30 min Ar+ 710.6 44.6 (i) Fe2O3 

713.4 28.1 (ii) FeCO3 

718.5 27.3 (iii) Fe2O3 

150 min Ar+ 710.3 37.3 (i) Fe2O3 

712.7 31.6 (ii) FeCO3 

717.5 31.1 (iii) Fe2O3 

 

4.2.2.5  Microstructural Factors 

It is believed that the reason behind the good adhesion of the primary layer is 

the anchoring of corrosion layer by the pearlite phase. Figure 4-24 (a) shows 

an SEM micrograph of etched as-received API X42 steel, while Figure 4-24 

(b) shows a magnified image (within the circle) of Figure 4-24 (a) illustrating 

the pearlitic and proeutectoid ferritic microstructure before corrosion. The 

surface morphology of the steel after it was immersed in the corrosive 

solution (2 g l-1 NaCl saturated with CO2) for 15 hours is shown in Figure 

4-40 (a). Figure 4-40 (b) shows the magnified image (within the circle) of 

Figure 4-40 (a). Here, preferential dissolution of eutectoid ferrite (within 

pearlite) takes place leaving behind a cementite network along with corrosion 

products. It is generally agreed that ferrite is anodic to cementite (Fe3C) in 

CO2 environment [367], [368]. 

Preferential dissolution of eutectoid ferrite increases the local concentration 

of ferrous ions in the cavities between the cementite platelets. Higher local 
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Fe2+ ion concentration allows the formation of FeCO3 crystals between the 

cementite platelets. The iron carbonate layer that forms on the pearlite phase 

is well adherent to the surface as the cementite networks help to anchor it 

down. The film formed on the proeutectoid phase is believed to be less 

adherent. Similar behavior has been reported in the literature [245], [379]. It 

is concluded that the anchoring effect induced by the pearlitic structure gives 

the primary corrosion layer its good adhesion properties. However, since 

pearlite is only present in random locations along the steel surface, the 

primary corrosion layer appears to be non-uniform (spotty). 

  



161 

 

 
 

 

Figure 4-40 SEM images of (a) surface morphology after 15 hours of 

immersion and (b) magnified image of Figure 4-40 (a) 

(marked as a circle). Dissolution of eutectoid ferrite creates 

cementite network in pearlite and corrosion products deposit 

on the cementite network. 
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4.2.3  Summary 

The pH of the solution plays an important role during corrosion. The pH of 

the solution increases with increasing test duration due to the escape of CO2 

from the test solution. At the initial stage of corrosion (low pH), increase in 

pH of the solution leads to the reduction in corrosion rate by influencing the 

electrochemical mechanisms. However, as the pH reaches a steady state 

value after 100 hours of immersion (as observed in this study), it reduces the 

corrosion rate by creating a favorable condition (the solution becomes 

saturated with Fe2+ ions) for the precipitation of iron carbonate (FeCO3). 

Corrosion rate decreases with increasing test duration due to the formation of 

protective surface film. 

Corrosion scale consists of primary, secondary and tertiary layers. Figure 

4-41 shows a schematic diagram illustrating the formation and composition 

of primary, secondary and tertiary corrosion layers. Primary corrosion layer 

is non-uniform (spotty) and adherent to the surface. However, secondary 

corrosion layer is porous, flaky and tertiary corrosion layer is compact and 

flaky. XRD, EDS and XPS analysis confirms the presence of primary 

corrosion layer having a thickness of around 10 µm (after 15 hours of 

immersion) and consists mainly of a thin layer of iron carbonate. The iron 

carbonate layer that forms on the pearlite phase is well adherent to the 

surface as the cementite networks helps to anchor it down. The film formed 

on the proeutectoid phase is believed to be less adherent. Primary corrosion 

layer significantly decreases the corrosion rate. Deposition of corrosion 

products on top of the primary corrosion layer forms a porous, flaky 

secondary corrosion layer. Secondary corrosion layer is observed after 45 

hours of immersion and mainly consists of FeCO3 and Fe2O3. The thickness of 

the secondary corrosion layer is around 10-27 µm. Tertiary corrosion layer 

forms due to the re-deposition of corrosion product on top of the secondary 

corrosion layer. It forms after 100 hours of immersion and has a thickness 
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greater than 27 µm. The thickness of the tertiary corrosion layer is a function 

of time and usually increases with increasing test duration but at a 

decreasing rate. Tertiary corrosion layer is found to consist of FeCO3, Fe2O3 

and FeO. Secondary and tertiary corrosion layers are found to form due to the 

decomposition of FeCO3 to Fe2O3 and FeO. Dissolved oxygen in the solution 

assists the decomposition process during corrosion.  

 

Figure 4-41 Schematic diagram illustrating the formation of primary, 

secondary and tertiary corrosion layer. 
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4.3  Erosion-Corrosion 

Erosion-corrosion behavior of API steels and the synergistic effect between 

erosion and corrosion are discussed in this section.  

4.3.1  Erosion-Corrosion of API Steels 

During pure erosion, API X42, API X70 and API X100 steels were exposed to 

an abrasive stream for 50 s at 90° angle of incidence and different particle 

velocities (36, 47, 63 and 81 m s-1). Erosion rate in the absence of corrosion 

(𝐸0) was calculated using Equation 3-1. Calculated erosion rate (pure erosion) 

(E0) based on 50 s of erosion as a function of abrasive particle velocity for API 

X42 steel is shown in Figure 4-42, as a representative example. As expected, 

higher particle velocity leads to higher material removal from the surface as 

observed in other erosion studies [123]. During pure corrosion, API X42, API 

X70 and API X100 steels were exposed to corrosive solution (2 g l-1 NaCl 

saturated with CO2) for 12.5 hr and corrosion rate in the absence of erosion 

(pure corrosion) (𝐶0)  was calculated using Equation 3-3. Pure corrosion rates 

for API X42, API X70 and API X100 are shown in Figure 4-43. There is 

around 8% and 32% decrease in corrosion rate of API X42 and API X70 as 

compared to API X70 and API X100, respectively. It interesting to note that, 

pure corrosion rate (𝐶0) (calculated from weight loss) after 12.5 hr (Figure 

4-43) is lower than the corrosion rate obtained after 2.5 hr (Figure 4-22), 

which confirms the formation of protective surface layer on the steel surface.  

During erosion-corrosion process, five erosion cycles (10 s each) were 

performed for a total of 50 s of erosion time (same duration as pure erosion) 

for 36, 47, 63 and 81 m s-1 particle velocity and 90° impingement angle. 

Figure 4-44 shows changes in average erosion rate (total erosion component) 
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(Ec) with particle velocity for API X42 steel, in which each data point is an 

average of five erosion cycles. As shown in the figure, erosion rate increases 

with increasing particle velocity as observed previously for pure erosion 

(Figure 4-42). Figure 4-45 shows the average corrosion rate (total corrosion 

component) (Ce) of 5 cycles for API X42 steel. Abrasive particles partially or 

completely remove the protective surface film and expose the fresh surface for 

further corrosion. High particle velocity results in more protective film 

removal from the surface. Partial removal of the protective surface film 

creates favorable conditions for accelerated corrosion. Again, as observed 

from pure erosion, high particle velocity leads to higher material removal 

creating more effective surface area for corrosion. Moreover, it is believed 

that due to high particle velocity, the sharp edges of the abrasive particles 

create micro-cracks and provide additional surface area for corrosion. Figure 

4-46 shows total material loss as a function of velocity for API X42, API X70 

and API X100 steel. As expected, total material loss increases with increasing 

particle velocity for API steels. There are around 4.8, 5.0 and 3.4 times 

increase in material loss observed for API X42, API X70 and API X100 steel, 

respectively, with an increase in particle velocity from 36 m s-1 to 81 m s-1. It 

is important to note that API X100 exhibits better erosion-corrosion 

resistance than API X42 and API X70 (Figure 4-46). As discussed earlier 

(section 4.1.4), higher yield strength of API X100 (690 MPa) compared to API 

X42 (290 MPa) and API X70 (482 MPa), provides better erosion resistance at 

high impact angle (90°). In addition, API X100 shows better corrosion 

resistance due to its bainitic microstructure and higher chromium and copper 

content (section 4.2.1). As a consequence, API X100 exhibits enhanced 

erosion-corrosion resistance compared to API X42 and API X70 in the test 

conditions employed in this study. 
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Figure 4-42 Pure erosion rate (E0) (based on 50 s of erosion) vs abrasive 

particle velocity for API X42 steel showing an increase in 

erosion rate with particle velocity. 

 

Figure 4-43 Pure corrosion rate (C0) (based on weight loss after 12.5 hr of 

corrosion) for API X42, API X70 and API X100 steel in 2 g l-1 

NaCl solution saturated with CO2. 
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Figure 4-44 Average erosion rate (Ec) vs particle velocity for API X42 

steel during erosion-corrosion process. Each data point is an 

average of five erosion cycles. 

 

Figure 4-45 Average corrosion rate (Ce) (based on weight loss) vs particle 

velocity for API X42 steel during erosion-corrosion test in 

which each data point is an average of five corrosion cycles. 
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Figure 4-46 Total material loss vs velocity for API X42, API X70 and API 

X100 steel. 
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4.3.2  Erosion-Corrosion Mechanisms 

SEM micrographs of the API X42 steel after erosion-corrosion are shown in 

Figure 4-47. Figure 4-47 (a) shows the general surface morphology after the 

steel surface was exposed to five consecutive erosion-corrosion cycles (a total 

of 50 s erosion and 12.5 hr corrosion).  Simultaneous action of erosion and 

corrosion leads to high material removal during this process. A magnified 

image of Figure 4-47 (a) (marked as a circle) is shown in Figure 4-47 (b). 

Upon impact, abrasive particles locally micro-forge the surface during the 

erosion cycle and form a work hardened layer due to plastic deformation as 

observed in pure erosion. This work hardened layer is highly susceptible to 

corrosion (more anodic) and experiences rapid corrosion during the corrosion 

cycle. 

Al2O3 particles are observed to embed into the steel surface and in some cases 

act as barriers and protect the surface underneath from corrosion. These 

embedded Al2O3 particles may also act as nucleation sites for pits formation 

and surfaces adjacent to these embedded particles undergo preferential 

dissolution as shown in Figure 4-47 (c). After sufficient dissolution (around 

the particles) in the same corrosion cycle, embedded particles are removed 

from the surface and create fresh surfaces (cavities) for further corrosion. 

These cavities may act as initiation sites for pitting corrosion. Previous 

studies [380]–[382] showed that pits almost always initiate at some chemical 

and physical heterogeneity, such as second phase particles, inclusions, 

dislocations and flaws. Figure 4-47 (d) shows accelerated dissolution of iron 

inside the cavity where the adjacent surface area is protected by a corrosion 

film formed at the initial stage of corrosion. 

Pits are often initiated at the steel surface (Figure 4-47 (e)) due to the 

breakdown of the passive film by the abrasive particles. These micro sized 

pits are often considered as metastable pits and under certain conditions, 
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they continue to grow to form large pits. These pits are often covered with 

corrosion products [181] which makes visual detection extremely difficult. 

Burstein [335] suggested that a cover over the pit mouth is required during a 

metastable state to maintain the diffusion controlled mechanism. Without 

the cover in this early growth stage, the pit would repassivate and die. Figure 

4-47 (f) shows the fracture of such pit cover during the erosion-corrosion 

process.   

Figure 4-47 (g) shows the fracture of Fe3C network by the abrasive particles. 

The damage to the Fe3C network significantly decreases the adherence of the 

protective surface film. Moreover, due to high particle velocity, the sharp 

edges of the abrasive particles create micro-cracks. During corrosion, 

corrosive solution penetrates through these cracks into the sub-surface region 

and extends these cracks further. Figure 4-47 (h) shows the cross-section of 

the specimen after erosion-corrosion illustrating the propagation of sub-

surface crack. The propagation of sub-surface cracks during corrosion 

promotes delamination in the next erosion cycle. 
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Figure 4-47 SEM micrographs of (a) surface morphology after erosion-

corrosion and (b) magnified image of figure (a) (marked as a 

circle) showing corrosion of work hardened layer. 



172 

 

 
 

 

Figure 4-47 SEM micrographs of (c) preferential dissolution of iron 

around an embedded particle and (d) accelerated corrosion 

inside a cavity while the adjacent surface area is protected 

by a corrosion film. 
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Figure 4-47 SEM micrographs of (e) pitting corrosion due to the 

breakdown of passive film and (f) fracture of pit cover after 

sufficient growth of the pit underneath. 
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Figure 4-47 SEM micrographs of (g) fracture of cementite network by 

abrasive particles during the erosion cycle and (h) cross-

section of the damaged surface showing propagation of sub-

surface crack.  
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4.3.3  Synergistic Effect between Erosion and Corrosion 

The effect of erosion on corrosion and vice-versa is discussed in the following 

section. Summary of erosion-corrosion, pure erosion and pure corrosion data 

(based on weight loss) for API X42, API X70 and API X100 steel is provided 

in the appendices (Table D-1, Table D-2 and Table D-3).  

4.3.3.1  Effect of Erosion on Corrosion 

Relative comparison of corrosion components for API X42, API X70 and API 

X100 steel is shown in Figure 4-48 (a), (b) and (c), respectively. The figures 

indicate that the effect of erosion on corrosion is significant. This increase in 

corrosion rate during erosion-corrosion is because the work hardened layer 

formed after the erosion cycle is more anodic and makes the eroded surface 

highly susceptible to corrosion [328], [383]. Throughout the corrosion process, 

the precipitation of iron carbonate (FeCO3) forms a passive film which acts as 

a diffusion barrier by covering the underlying metal and decreasing corrosion 

rate [370]. This layer is weakly bonded to the steel surface and can be easily 

removed by erosive particles which expose a fresh surface to the corrosive 

environment. Additionally, disruptions in Fe3C network in pearlite (due to 

erosion) significantly decrease the adherence of the protective film. Removal 

of the protective layer promotes accelerated pitting corrosion. During erosion, 

abrasive particles are embedded within the surface. These embedded 

particles also act as nucleation sites for pit formation. Pits are often initiated 

on the steel surface due to the breakdown of passive film by the abrasive 

particles. Moreover, the increase in surface roughness due to abrasive 

particles impact increases the effective (real) surface area, which leads to 

higher corrosion rate [221], [281].  It is interesting to note that, for API X42 

steel, the velocity exponent ‘n’ (Equation 2-1) decreases from 2.13 (Figure 

4-42) to 2.03 (Figure 4-44) for pure erosion and erosion–corrosion, 
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respectively. This indicates that material loss rate becomes more dependent 

on the mechanisms involved during the erosion–corrosion process. 

Figure 4-49 shows % ∆Ce/C0 for API X42, API X70 and API X100. API X70 

exhibits lower % ∆Ce/C0 at all particle velocities compared to API X42.  

Percent increase in corrosion due to erosion (% ∆Ce/C0) increases with 

increasing particle velocity. Higher particle velocity causes more damage to 

the passive film and exposes fresh surface to the solution. Also, high velocity 

causes more embedded particles (creates more nucleation sites for pitting), 

more micro-cracks and deeper penetration into the steel.  After removal of 

these embedded particles, more effective surface area is exposed to the 

corrosive media. Furthermore, the thickness of the work hardened layer 

increases with increasing particle velocity, which significantly increases the 

overall corrosion rate. Hence, it can be concluded that the effect of erosion on 

corrosion is more prominent at high particle velocity.  
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Figure 4-48 Relative comparison of total corrosion component (Ce), 

corrosion rate in absence of erosion (C0) and change in 

corrosion rate due to erosion ΔCe, (a) API X42 steel and (b) 

API X70. 



178 

 

 

Figure 4-48 Relative comparison of total corrosion component (Ce), 

corrosion rate in absence of erosion (C0) and change in 

corrosion rate due to erosion ΔCe, (c) API X100 steel. 

 

Figure 4-49 Percent increase in corrosion due to erosion (% ∆Ce/C0) for 

API X42, API X70 and API X100. 
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4.3.3.2  Effect of Corrosion on Erosion 

Relative comparison of erosion components for API X42, API X70 and API 

X100 steel are shown in Figure 4-50 (a), (b) and (c), respectively. The charts 

reveals that the effect of corrosion on erosion is significant. Surface 

roughness plays an important role during erosion. As described earlier, 

erosion is highly sensitive to impingement angle and an increase in surface 

roughness changes the local impact angle. Previous studies [128] showed that 

low angle metal cutting, ploughing and delamination predominates at low 

impingement angle leading to higher erosion rate. Moreover, an increase in 

the surface roughness creates vulnerable local peaks, which can then be 

easily removed during erosion. As discussed in section 4.2.1 (Table 4-7), 

surface roughness increases by about 54% (for API X42) as a result of 

corrosion, which, in turn, causes higher erosion rate during erosion-corrosion. 

It is believed that corrosion removes the work-hardened layer and exposes an 

unhardened surface for further erosion. At high impact angle (90°), extensive 

amount of Al2O3 particles embed in the surface and act as reinforcing 

particles and slow down the erosion rate by protecting the surface 

underneath from additional erosion. However, preferential dissolution 

around the embedded particles (during the corrosion cycle) accelerates the 

removal of these embedded particles and increases the erosion rate by 

exposing fresh surface and creating vulnerable lips. Furthermore, due to high 

particle velocity, the sharp edges of the abrasive particles create micro-cracks 

during the erosion cycle. During the corrosion cycle, corrosive fluid penetrates 

and corrosion products precipitate inside the micro-cracks, which generates 

tensile stresses leading to the propagation of these cracks. The propagation of 

these micro-cracks mainly promote delamination in the next erosion cycle. 

Schematic diagram illustrating the propagation of micro-cracks during the 

corrosion cycle is shown in Figure 4-51.   
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Percent increase in erosion due to corrosion decreases with increasing 

particle velocity. Figure 4-52 shows % ∆Ec/E0 with respect to particle velocity 

for API steels.  For API X100, there are around 123, 108, 75 and 66% increase 

in % ∆Ec/E0 at 36, 47, 63 and 81 m s-1 particle velocity, respectively. This 

indicates that the effect of corrosion on erosion is more pronounced at low 

particle velocity. This is because, at high particle velocity, particles are 

embedded deep into the steel surface and work as barriers from further 

erosion. However, at low particle velocity, the particles are not embedded 

deep in the steel surface and can be easily removed by dissolution of the steel 

around these particles, hence, increasing the effect of corrosion on erosion. 

Moreover, high particle velocity creates a thicker work hardened layer that is 

not completely removed during the corrosion cycle, which slows down the 

material loss rate during the erosion cycle.  

Synergy (S = ∆Ec + ∆Ce) (Equation 2-7) due to erosion-corrosion for API X42, 

API X70 and API X100 is shown in Figure 4-53. In general, API X100 

provides better erosion-corrosion resistance at all particle velocities compared 

to API X42 and API X70 steels. The synergistic components (S) for API X100 

at 36, 47, 63 and 81 m s-1 are 0.45, 0.77, 1.19 and 1.42 µm s-1, respectively, 

and increases with increasing particle velocity. It is interesting to note that, 

although total material loss for API X70 is lower than API X42 (Figure 4-46), 

the synergistic component (S) for API X70 is around 1.5 times higher than 

API X42 (Figure 4-53). Which indicates that in applications where erosion-

corrosion is a major concern, material degradation in API X70 will be faster 

than API X100 and API X42. 
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Figure 4-50 Relative comparison of total Erosion component (Ec), Erosion 

rate in absence of corrosion (E0) and change in erosion rate 

due to corrosion ΔEc, (a) API X42 steel and (b) API X70. 
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Figure 4-50 Relative comparison of total erosion component (Ec), erosion 

rate in absence of corrosion (E0) and change in erosion rate 

due to corrosion ΔEc, (c) API X100 steel. 

 

Figure 4-51 Schematic diagram showing the propagation of micro-crack 

during corrosion cycle. Precipitation of corrosion products 

inside the cracks generates tensile stress in front of the 

crack tip and extends the micro-cracks. 
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Figure 4-52 Percent increase in erosion due to corrosion (% ∆Ec/E0) for 

API X42, API X70 and API X100. 

 

Figure 4-53 Synergy (∆Ec + ∆Ce) due to erosion-corrosion for API X42, 

API X70 and API X100. 
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4.3.4  Summary  

Throughout the erosion-corrosion process, significant increase in erosion was 

observed due to corrosion. Corrosion increases surface roughness, removes 

work hardened layer and accelerates the removal of embedded particles. It 

also promotes delamination by extending sub-surface cracks. Similarly, a 

significant increase in corrosion was observed due to erosion. Erosion 

removes the passive film from the surface, breaks the cementite network, 

provides favorable conditions for pitting and increases the effective surface 

area by increasing the surface roughness. In addition, erosion creates sub-

surface cracks and deformed work hardened layers, which increases corrosion 

kinetics. The effect of corrosion on erosion is significant at low particle 

velocity, while, the effect of erosion on corrosion is more prominent at high 

particle velocity. 
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Chapter 5 

5 Conclusions 

In this study, erosion, corrosion and erosion-corrosion experiments were 

performed on various carbon and API pipeline steels to evaluate the 

synergistic effect between erosion and corrosion. Erosion mechanism maps 

were developed for the steels and the effect of microstructure on erosion 

behavior was examined. The effect of the steel microstructure on corrosion 

film formation was also studied. The following conclusions can be made from 

the current work:   

1. Normalized erosion rate increases with increasing particle velocity and 

decreases with increasing impact angle. At low impact angle and low 

particle velocity, ploughing is the dominant mechanism and a 

combination of low angle metal cutting and ridge removal are 

dominant at low impact angle and high velocity condition. At high 

particle impact angle, secondary metal cutting and flattening of ridges 

and fracture was found to be the dominant process of metal removal at 

high velocity. At low velocity, plastic deformation and fracture of ridges 

around dimples is dominant.  

2. Under the high particle feed rate employed in this study, contrary to 

expectations, the velocity exponent ‘n’ decreases with increase in 

impact angle. This is because of the fact that with an increase in 

impact angle abrasive particles embed in the matrix and act as 
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barriers to further erosion. That is, under such conditions, the velocity 

exponent ‘n’ becomes mechanism dependent. 

3. At low particle velocity most of the impact is elastic and doesn’t 

contribute to the measured erosion rate. This makes erosion almost 

independent of the impact angle. The dependence of erosion on impact 

angle becomes evident at high particle velocities.  

4. Pearlite is more effective in resisting erosion than ferrite due to its 

lamellar structure. When the pearlite plates are at right angles to the 

striking particles, the resistance to deformation is at its maximum.  

5. The developed erosion mechanism maps summarize erosion behavior 

over a wide range of impact angle and particle velocity, identifying the 

dominant mechanism and providing the overall erosion rate. 

Morphologies of the worn surfaces, in the various regimes, provide 

insight into the physical mechanisms of material removal.  

6. During corrosion, preferential dissolution of eutectoid ferrite provides a 

suitable chemical environment for the formation of protective surface 

film on pearlite. Cementite (Fe3C) network in pearlite anchors the 

passive film to the surface. 

7. Corrosion rate decreases with increasing test duration due to the 

formation of protective surface film. The corrosion scale consists of 

primary, secondary and tertiary layers. Primary corrosion layer 

consists of FeCO3 and is non-uniform (spotty) and adherent to the 

surface. However, secondary corrosion layer was found to consist of 

FeCO3 and Fe2O3 and is porous, flaky and tertiary corrosion layer 

(FeCO3, Fe2O3 and FeO) is compact and flaky. Tertiary corrosion layers 

form due to the decomposition of FeCO3 to Fe2O3 and FeO.  
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8. The effect of corrosion on erosion and erosion on corrosion is significant 

due to synergy between the two modes of degradation. The effect of 

corrosion on erosion is significant at low particle velocity, while, the 

effect of erosion on corrosion is more prominent at high particle 

velocity. 

9. During erosion-corrosion, erosion removes the passive film from the 

surface, breaks the cementite network, provides favorable conditions 

for pitting and increases the effective surface area by increasing the 

surface roughness. In addition, erosion creates sub-surface cracks and 

deformed work hardened layer, which increases corrosion kinetics. 

10. Throughout the erosion-corrosion process, corrosion increases surface 

roughness, removes work hardened layer and accelerates the removal 

of embedded particle. It also promotes delamination by extending sub-

surface cracks. 

11. API X100 provides better erosion-corrosion resistance than both API 

X42 and API X70.  
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5.1  Contributions 

This research is original and expands our knowledge in the area of erosion 

and tribo-corrosion of API X-series pipeline steels. The following is a list of 

contributions resulting from this research work: 

1. The effect of impact angle and particle velocity on erosion were 

investigated and different erosion mechanisms were identified. 

2. Successfully explored the effect of microstructure on erosion behavior 

of steel.  

3. Empirical erosion mechanism maps (as a function of operating 

conditions) for AISI 1018, AISI 1080, API X42, API X70 and API X100 

were constructed. These mechanism maps can be a useful tool to steel 

and piping manufacturers.   

4. Effectively characterized the corrosion layer that formed in sweet 

environment and its role in the degradation of oil and gas pipeline 

steels. 

5. The synergistic effect of erosion-corrosion for API X42, API X70 and 

API X100 was quantified and successfully identified erosion-corrosion 

mechanisms.  
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It is important to note that the findings of this research have resulted in 19 

conference presentations/posters and in the following 9 papers: 

1. Islam, Md. Aminul, Alam, Tahrim, Farhat, Z; ‘Erosion Mechanism 

Map for API X70 Pipeline Steel’’ Canadian Metallurgical Quarterly 

(2015). (Under Review) 

2. Islam, Md. Aminul, Farhat, Z; ‘Erosion-Corrosion Behavior of Pipeline 

Steel’’ Materials Performance, NACE International, 54 (11) (2015) 2-5.  

3. Islam, Md. Aminul, Farhat, Z; ‘Mechanical and Electrochemical 

Synergism of API X42 Pipeline Steel during Erosion-Corrosion’ Journal 

of Bio and Tribo-Corrosion, 1 (4) (2015) 1-18. 

4. Islam, Md. Aminul, Farhat, Z; ‘Characterization of the Corrosion layer 

on Pipeline Steel in Sweet Environment’ Journal of Materials 

Engineering and Performance, 24 (8) (2015) 3142-3158. 

5. Islam, Md. Aminul, Alam, Tahrim, Farhat, Z, Mohamed, Adel, 

Alfantazi, Akram; ‘Effect of Microstructure on the Erosion Behavior of 

Carbon Steel’’ Wear, 332-333 (2015) 1080–1089. 

6. Islam, Md. Aminul, Farhat, Z; ‘Effect of Impact Angle and Velocity on 

Erosion of API X42 Pipeline Steel under High Abrasive Feed Rate’ 

Wear, 311 (2014) 180-190. 

7. Islam, Md. Aminul, Farhat, Z; ‘The Synergistic Effect between Erosion 

and Corrosion of API Pipeline in CO2 and Saline Medium’ Tribology 

International, 68 (2013) 26-34. 

8. Islam, Md. Aminul, Farhat, Z, E. M. Ahmed, A.M. Alfantazi; ‘Erosion 

Enhanced Corrosion and Corrosion Enhanced Erosion of API X70 

Pipeline Steel’’ Wear, 302 (2013) 1592-1601. 
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Other Refereed Contribution (Full Paper) 

9. Islam, Md. Aminul, Farhat, Z, E. M. Ahmed, ‘Influence of Impact Angle 

and Velocity on Erosion of AISI 1018 Steel Under Jet Impingement’ 

Proceedings of the 3rd Gas Processing Symposium, (2012) 274-279. 
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5.2  Recommendations for Future Work 

The following are recommendations for future work:    

1. Generate more erosion data covering wider range of particle velocity 

and impact angle to extend the maps developed in this work.  

2. Develop erosion-corrosion mechanism maps for the API steels under 

sweet environment. 

3. Develop an in-situ erosion-corrosion test method that addresses the 

limitations encountered in current methods. 

4. Develop a comprehensive erosion model that takes microstructural 

effects and erosion micro-mechanics into consideration. 

5. Develop surface treatments, such as coating/hardfacing on API steels 

in an attempt to provide protection to structures in oil, gas and mining 

industry.   
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Table A-1 Inductively Coupled Plasma Mass Spectrometry (ICP) 

analysis for carbon and pipeline steels. 

Elements AISI 1018 AISI 1080 API X42 API X70 API X100 

C 0.182 0.814 0.169 0.061 0.103 

Si 0.095 0.120 0.067 0.150 0.151 

Mn 0.754 0.598 0.372 1.223 1.221 

Cr 0.181 0.122 0.027 0.018 0.070 

P 0.040 0.040 0.040 0.010 0.010 

Cu 0.186 0.230 0.008 0.008 0.009 

Ti 0.008 0.001 0.002 0.015 0.018 

V 0.001 0.021 0.001 0.028 0.036 

S 0.021 0.014 0.004 0.002 0.001 

Mg 0.001 0.002 0.002 0.001 0.002 

Mo 0.052 0.012 0.001 0.001 0.009 

Na 0.003 0.003 0.005 0.004 0.004 

Ni 0.173 0.055 0.006 0.006 0.007 

W <0.005 <0.005 <0.005 <0.005 0.021 

Nb <0.001 <0.001 <0.001 0.057 0.058 

Zn <0.005 0.006 <0.005 0.001 0.001 

Zr <0.001 <0.001 <0.001 <0.001 <0.001 

Ta <0.010 <0.010 <0.010 <0.010 <0.010 

Te <0.010 <0.010 <0.010 <0.010 <0.010 

Ge <0.010 <0.010 <0.010 <0.010 <0.010 

In <0.010 <0.010 <0.010 <0.010 <0.010 

K <0.005 <0.005 <0.005 <0.005 <0.005 

La <0.001 <0.001 <0.001 <0.001 <0.001 

Li <0.001 <0.001 <0.001 <0.001 <0.001 

Fe balance balance balance balance balance 

  



228 

 

Appendix B 

 

 

 

 

Erosion Data 
  



229 

 

Table B-1 Normalized erosion rate of different steels at different 

impact angle and particle velocity. 

Sample Erodent Impact 

angle (°) 

Normalized 

velocity 

Normalized 

erosion 

rate 

Erosion 

mode 

Reference 

AISI 

304 

SiC 30 65 4.62 × 10-4 Severe [56] 

45 65 3.87 × 10-4 Severe 

60 65 7.25 × 10-4 Severe 

90 65 5.17 × 10-4 Severe 

AISI 

316 

SiC 30 65 3.75 × 10-4 Severe [56] 

45 65 4.68 × 10-4 Severe 

60 65 5.35 × 10-4 Severe 

90 65 4.93 × 10-4 Severe 

AISI 

420 

SiC 30 65 6.74 × 10-5 Moderate [56] 

45 65 4.55 × 10-5 Mild 

60 65 5.97 × 10-5 Moderate 

90 65 4.95 × 10-5 Moderate 

AISI 

420 

SiC 30 62 8.60 × 10-5 Moderate [62] 

45 62 7.80 × 10-5 Moderate 

60 62 6.50 × 10-5 Moderate 

90 62 3.50 × 10-5 Mild 

AISI 

420 

SiC with 

steel 

round 

grit 

30 62 3.60 × 10-5 Mild [62] 

45 62 2.60 × 10-5 Mild 

60 62 2.00 × 10-5 Ultra- mild 

90 62 1.30 × 10-5 Ultra- mild 

2.25 

Cr-1 

Mo-

Virgin 

Dry 

Alumina 

powder 

30 137 2.90 × 10-2 Severe [72] 

45 392 7.40 × 10-2 Severe 

60 950 3.00 × 10-2 Severe 

75 1700 3.20 × 10-2 Severe 

90 2667 1.10 × 10-2 Severe 

2.25 

Cr-1 

Mo-

33012 

Dry 

Alumina 

powder 

30 667 7.14 × 10-3 Severe [72] 

45 550 4.80 × 10-2 Severe 

60 1175 8.70 × 10-3 Severe 

75 1900 2.90 × 10-2 Severe 

90 283 2.00 × 10-2 Severe 

2.25 

Cr-1 

Mo-

35402 

Dry 

Alumina 

powder 

30 1133 1.10 × 10-2 Severe [72] 

45 2000 2.40 × 10-2 Severe 

60 1100 7.30 × 10-3 Severe 

75 196 1.49 × 10-2 Severe 

90 475 1.10 × 10-2 Severe 
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Table B-1 Normalized erosion rate of different steels at different 

impact angle and particle velocity. 

Sample Erodent Impact 

angle (°) 

Normalized 

velocity 

Normalized 

erosion 

rate 

Erosion 

mode 

Reference 

2.25 

Cr-1 

Mo-

35402 

Dry 

alumina 

powder 

30 1425 8.26 × 10-2 Severe [72] 

45 2267 2.10 × 10-2 Severe 

60 333 4.39 × 10-3 Severe 

75 275 1.40 × 10-2 Severe 

90 783 3.70 × 10-3 Severe 

2.25 

Cr-1 

Mo-

38374 

Dry 

alumina 

powder 

30 1567 4.39 × 10-3 Severe [72] 

45 237 1.70 × 10-2 Severe 

60 567 3.65 × 10-3 Severe 

75 1333 7.30 × 10-3 Severe 

90 825 4.13 × 10-3 Severe 

AISI 

1078 

Al2O3 15 175 6.00 × 10-5 Severe [70] 

15 342 3.60 × 10-4 Severe 

15 412 3.60 × 10-4 Severe 

30 342 2.10 × 10-4 Severe 

30 412 3.70 × 10-4 Severe 

45 342 2.40 × 10-4 Severe 

60 342 1.70 × 10-4 Severe 

90 342 1.30 × 10-4 Severe 

90 412 2.50 × 10-4 Severe 

90 175 5.00 × 10-5 Severe 

AISI 

10105 

Al2O3 15 175 7.00 × 10-5 Moderate [70] 

15 175 6.00 × 10-5 Moderate 

15 175 5.00 × 10-5 Moderate 

15 342 1.50 × 10-4 Severe 

15 412 3.50 × 10-4 Severe 

30 342 1.80 × 10-4 Severe 

45 342 2.40 × 10-4 Severe 

45 412 3.70 × 10-4 Severe 

60 342 1.60 × 10-4 Severe 

90 342 1.40 × 10-4 Severe 

90 412 2.80 × 10-4 Severe 

Ductile 

iron 

SiO2 10  9.00 × 10-5 Moderate [311] 

75  2.00 × 10-6 Ultra-mild 
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Table B-1 Normalized erosion rate of different steels at different 

impact angle and particle velocity. 

Sample Erodent Impact 

angle (°) 

Normalized 

velocity 

Normalized 

erosion rate 

Erosion 

mode 

Reference 

AISI 403, 

tempered 

at 390° C 

SiC 30 94 3.00 × 10-3 Severe [348] 

60 94 2.80 × 10-3 Severe 

90 94 2.00 × 10-3 Severe 

AISI 403, 

tempered 

at 520° C 

SiC 30 94 4.30 × 10-3 Severe [348] 

60 94 3.80 × 10-3 Severe 

90 94 3.20 × 10-3 Severe 

AISI 403, 

tempered 

at 520° C 

SiC 30 94 4.60 × 10-3 Severe [348] 

60 94 4.40 × 10-3 Severe 

90 94 3.70 × 10-3 Severe 

EN-24 

steel 

Crushed 

soda 

glass 

12.5  5.57 × 10-5 Moderate [349] 

22.5  5.14 × 10-5 Moderate 

32.5  4.26 × 10-5 Mild 

47.5  3.65 × 10-5 Mild 

62.5  3.19 × 10-5 Mild 

EN-24 

steel 

Soda 

glass 

beads 

10  2.18 × 10-5 Mild [349] 

20  6.00 × 10-6 Ultra-mild 

30  6.80 × 10-6 Ultra-mild 

45  3.00 × 10-6 Ultra-mild 

60  2.00 × 10-6 Ultra-mild 

Mild steel Steel 

ball 

30 141851 2.00 × 10-3 Severe [131] 

30 283703 1.30 × 10-2 Severe 

30 218856 6.70 × 10-3 Severe 

40 218856 2.00 × 10-4 Severe 

AISI 

1075- 

Fine 

pearlite 

SiC 30 46 2.70 × 10-5 Mild [104] 

90 46 9.00 × 10-6 Ultra-mild 

AISI 

1075- 

Course 

pearlite 

SiC 30 46 2.60 × 10-5 Mild [104] 

90 46 8.50 × 10-6 Ultra-mild 

AISI 

1075- 

Fine 

pearlite 

SiC 30 46 2.20 × 10-5 Mild [104] 

90 46 7.00 × 10-6 Ultra-mild 
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Figure B-1 Normalized erosion rate as a function of particle velocity for 

AISI 1018 and AISI 1080 steels. 
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Figure B-2 Normalized erosion rate as a function of impact angle for 

AISI 1018 and AISI 1080 steels. 
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Figure B-3 Normalized erosion rate as a function of particle velocity for 

API X70 steel. 
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Figure B-4 Normalized erosion rate as a function of impact angle for 

API X70 steel.  
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Figure B-5 Normalized erosion rate as a function of particle velocity for 

API X100 steel. 
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Figure B-6 Normalized erosion rate as a function of impact angle for 

API X100 steel. 
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Figure B-7 Normalized erosion rate as a function of impact angle and 

particle velocity for AISI 1018 steel. 
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Figure B-8 Normalized erosion rate as a function of impact angle and 

particle velocity for AISI 1080 steel. 
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Figure B-9 Normalized erosion rate as a function of impact angle and 

particle velocity for API X70 steel. 
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Figure B-10 Normalized erosion rate as a function of impact angle and 

particle velocity for API X100 steel. 
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Figure C-1 Potentiodynamic polarization curve for API X70 steel in 2 g 

l-1 NaCl saturated with CO2. Corrosion current density was 

measured from Tafel extrapolation. 
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Figure C-2 Potentiodynamic polarization curve for API X100 steel in 2 g 

l-1 NaCl saturated with CO2. Corrosion current density was 

measured from Tafel extrapolation. 
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Figure D-1 Pure erosion rate (E0) (based on 50 s of erosion) vs abrasive 

particle velocity for API X70 steel showing an increase in 

erosion rate with particle velocity. 



247 

 

 

Figure D-2 Pure erosion rate (E0) (based on 50 s of erosion) vs abrasive 

particle velocity for API X100 steel showing an increase in 

erosion rate with particle velocity. 
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Figure D-3 Average erosion rate (Ec) vs particle velocity for API X70 

steel during erosion-corrosion process. Each data point is an 

average of five erosion cycles. 



249 

 

 

Figure D-4 Average erosion rate (Ec) vs particle velocity for API X100 

steel during erosion-corrosion process. Each data point is an 

average of five erosion cycles. 
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Figure D-5 Average corrosion rate (Ce) (based on weight loss) vs particle 

velocity for API X70 steel during erosion-corrosion test in 

which each data point is an average of five corrosion cycles. 
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Figure D-6 Average corrosion rate (Ce) (based on weight loss) vs particle 

velocity for API X100 steel during erosion-corrosion test in 

which each data point is an average of five corrosion cycles. 
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Table D-1 Summary of erosion-corrosion data for API X42 steel based on weight loss. 

Particle 

velocity 

(m s-1) 

Material loss rate 

(µm s-1) 

% 

increase 

in erosion 

due to 

corrosion 

(∆Ec/ E0) 

% increase 

in corrosion 

due to 

erosion 

(∆Ce/ C0) 

Total 

material 

loss (T) 

(µm s-1) 

Total erosion 

component 

(Ec) 

(µm s-1) 

Erosion rate 

in absence of 

corrosion (E0) 

(µm s-1) 

Total corrosion 

component (Ce) 

(µm s-1) 

Corrosion 

rate in 

absence of 

erosion (C0) 

(µm s-1) 

Change in 

erosion rate due 

to corrosion 

(∆Ec) 

(µm s-1) 

Change in 

corrosion rate 

due to erosion 

(∆Ce) 

(µm s-1) 

36 1.21 1.20 0.77 9.22 × 10-5 3.80 × 10-6 0.43 8.83 × 10-5 55 2.3 × 103 

47 3.13 3.12 2.72 13.24 × 10-5 3.80 × 10-6 0.39 12.86 × 10-5 15 3.3 × 103 

63 5.63 5.62 4.16 17.72× 10-5 3.80 × 10-6 1.46 17.34 × 10-5 35 4.5 × 103 

81 7.02 7.012 5.24 19.33 × 10-5 3.80 × 10-6 1.77 18.95 × 10-5 34 4.9 × 103 

 

Table D -2 Summary of erosion-corrosion data for API X70 steel based on weight loss. 

Particle 

velocity 

(m s-1) 

Material loss rate 

(µm s-1) 

% 

increase 

in erosion 

due to 

corrosion 

(∆Ec/ E0) 

% increase 

in corrosion 

due to 

erosion 

(∆Ce/ C0) 

Total 

materia

l loss 

(T) 

(µm s-1) 

Total erosion 

component 

(Ec) 

(µm s-1) 

Erosion rate 

in absence of 

corrosion (E0) 

(µm s-1) 

Total corrosion 

component (Ce) 

(µm s-1) 

Corrosion 

rate in 

absence of 

erosion (C0) 

(µm s-1) 

Change in 

erosion rate due 

to corrosion 

(∆Ec) 

(µm s-1) 

Change in 

corrosion rate 

due to erosion 

(∆Ce) 

(µm s-1) 

36 1.11 1.10 0.60 7.32 × 10-5 3.48 × 10-6 0.50 6.97 × 10-5 83 2.0 × 103 

47 3.10 3.09 2.17 9.57 × 10-5 3.48 × 10-6 0.93 9.23 × 10-5 43 2.6 × 103 

63 4.99 4.98 3.31 12.10 × 10-5 3.48 × 10-6 1.67 11.75 × 10-5 50 3.3 × 103 

81 6.66 6.65 4.68 13.47 × 10-5 3.48 × 10-6 1.97 13.12 × 10-5 42 3.7 × 103 
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Table D-3 Summary of erosion-corrosion data for API X100 steel based on weight loss. 

 
Particle 

velocity 

(m s-1) 

Material loss rate 

(µm s-1) 

% increase 

in erosion 

due to 

corrosion 

(∆Ec/ E0) 

% increase 

in corrosion 

due to 

erosion 

(∆Ce/ C0) 

Total 

material 

loss (T) 

(µm s-1) 

Total 

erosion 

component 

(Ec) 

(µm s-1) 

Erosion rate 

in absence of 

corrosion (E0) 

(µm s-1) 

Total corrosion 

component (Ce) 

(µm s-1) 

Corrosion 

rate in 

absence of 

erosion (C0) 

(µm s-1) 

Change in 

erosion rate due 

to corrosion 

(∆Ec) 

(µm s-1) 

Change in 

corrosion rate 

due to erosion 

(∆Ce) 

(µm s-1) 

36 0.81 0.80 0.36 4.03 × 10-5 2.37 × 10-6 0.45 3.80 × 10-5 123 1.6 × 103 

47 1.49 1.48 0.71 7.63 × 10-5 2.37 × 10-6 0.77 7.40 × 10-5 108 3.1 × 103 

63 2.76 2.75 1.57 13.95 × 10-5 2.37 × 10-6 1.19 13.70 × 10-5 75 5.7 × 103 

81 3.56 3.55 2.14 17.66 × 10-5 2.37 × 10-6 1.42 17.42 × 10-5 66 7.3 × 103 
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SEM Micrograph 
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Figure E-1 SEM micrograph of the alumina abrasive after erosion. 


