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ABSTRACT 

Flow accelerated corrosion (FAC) and erosion-corrosion (EC) are the major reasons for 

steel pipeline failure in the oil and gas industry. The present thesis focuses on the FAC 

and EC study of API X70 steel in a synthetic solution of oilfield water under a turbulent 

flow condition. The tests were carried out at a more critical location (90º pipe elbow) 

in a circulating loop system at a fixed flow velocity of 3 m s-1. Multiple electrodes were 

located at intrados (inner face) and extrados (outer face) of the 90º pipe elbow. 

The influence of flow on corrosion (FAC) and passivation was examined using 

potentiodynamic polarization tests and electrochemical impedance spectroscopy (EIS) 

tests. Corrosion rates of the electrodes located at the intrados are more than that at the 

extrados. Shear stresses are simulated using the CFD method and it is observed that the 

corrosion rate is inversely proportional to shear stresses. The effect of oleic acid 

hydrazide (OAH), a green inhibitor on X70 steel was investigated for the first time 

under flow condition. The maximum inhibition efficiency is found at 87.7% (extrados 

electrode E4) for 0.30 g/L OAH concentration. The studied inhibitor is good in the 

protection of the API X70 steel with higher efficiency in the dynamic corrosive 

environment. 

The laser surface melting (LSM) technique is used to examine the corrosion 

behavior of X70 steel using laser powers of 2, 2.5, and 3 kW. It is found that the 

resistance against FAC of the X70 steel is significantly improved by surface 

modification. LSM treated X70 steel exhibited higher corrosion resistance than 

untreated and inhibitor-used conditions. Slurry erosion-corrosion behavior by 

electrochemical and weight loss measurements for both untreated and laser melted 

samples located at the 90⁰ elbow test section was tested and compared. Laser surface 

melted samples exhibited improved hardness with enhanced EC resistance as compared 

to that of untreated counterparts due to alteration of surface metallurgy. 

Keywords: Flow accelerated corrosion (FAC), Erosion-corrosion (EC), API X70 steel, 

Oleic acid hydrazide (OAH) inhibitor, Laser surface melting (LSM). 
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1 

1 INTRODUCTION 

1.1 Pipeline corrosion and its impact on the oil and gas industry 

In the oil and gas industry, fractional distillation of energy-containing products from 

crude oil and natural gas often entails drilling and transportation from the wells to 

refineries (Papavinasam 2014a). Pipelines are considered the most significant 

transportation mode for the oil and gas industry (Karami 2012). A schematic of 

upstream field installation of the oil and gas industry is illustrated in Figure 1.1 

(Palacios 2016). It primarily includes a reservoir, wellhead, process plants, and storage 

tanks connected with pipelines. 

 

Figure 1.1 Schematic of upstream installation of oil and gas industry 

The hydrocarbon products handling pipelines in offshore and onshore oil and 

gas networks need to be more reliable, economical, and safe during the whole 

operations (Kennedy 1993). But unfortunately, many a time, pipeline corrosion leads 

to catastrophic failures and enormous economic loss to the oil and gas industry, nuclear 

power stations, and chemical process industry (Dooley and Chexal 2000). Figure 

1.2(a) represents a catastrophic pipeline failure at Ghislenghien city, Belgium, in 2004, 

which caused many fatalities (Ossai et al. 2015). Another incident [Figure 1.2(b, c)] 
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occurred at the Kaohsiung city, South Taiwan, in 2014, killed 25 people and injured 

more than 259 others (Ossai et al. 2015). Figure 1.3 depicts a catastrophic failure of 

an overhead pipeline at the Humber Refinery (United Kingdom) in 2001 (Carter et al. 

2006). After a detailed investigation, it was found that the cause of the pipeline failure 

was the erosion-corrosion of 6 inch diameter 90° elbow (Carter et al. 2006). Similarly, 

in a GAIL pipeline leakage and explosion that occurred in 2014 in Nagaram village in 

the East Godavari district of Andhra Pradesh, 23 lives were lost and many people got 

injured. The root cause of this failure is due to internal corrosion of 18 inch diameter 

steel pipeline (Lakshmi and Kumar 2015). 

 

Figure 1.2 Some catastrophic pipeline failures occurred at, (a) Belgium, (b) and (c) 

Taiwan (Ossai et al. 2015)  

(b)(a)

(c)
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Figure 1.3 Catastrophic failure of an overhead pipeline 

Corrosion is a naturally occurring phenomenon commonly defined as the 

deterioration of a material (usually a metal) that results from a chemical or 

electrochemical reaction with its environment (NACE/ASTM 2012). Material 

properties such as microstructure and hardness influence pipeline corrosion to a greater 

extent. Therefore, material selection for the pipeline depending upon its application is 

very important. Modification of metal surface which is directly in contact with the 

solution by changing the surface metallurgy or surface chemistry or by adding a surface 

layer or coating can improve the corrosion and erosion resistance of pipeline material. 

The environment can affect corrosion by governing the electrochemical reactions. The 

pipeline corrosion can be controlled by adding a chemical substance in the appropriate 

concentration in the environment (fluid) which can alter the electrochemical reactions 

without changing the fundamental properties of the fluid. The hydrodynamics behavior 

of the fluid flow (environment) is also playing a vital role in pipeline corrosion. 

Components (such as elbow, tee, orifice, and reducer) with increased turbulence levels 

due to their design are more susceptible to corrosion. 

Failed 
90 elbow
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2 LITERATURE REVIEW 

2.1 Causes and types of pipeline corrosion 

Pipeline corrosion occurs due to several reasons which consist of physical, chemical, 

and environmental factors. The major factors influencing pipeline corrosion are 

summarized in Figure 2.1 (Ossai et al. 2015). The physical factors are classified as 

structural (material properties, crevices, inclusions, etc.) and product (temperature, 

pressure, flow rate, flow pattern, etc.) properties. However, chemical factors are 

controlled by pH, dissolved solids, Sulphur, H2S, CO2, microorganisms. 

Environmental factors are the most important factors which consist of oilfield 

composition, soil composition, temperature and moisture level, and nature of the 

operating area. There are various types of corrosion problems that could be 

encountered in the oilfield pipelines which are significantly influenced by the factors 

which are well reported by Palacios (Palacios 2016). 

❖ Pitting corrosion 

❖ Under Deposit Corrosion (UDC) 

❖ Microbiologically Influenced Corrosion (MIC) 

❖ Crevice Corrosion 

❖ Galvanic Corrosion 

❖ Cavitation 

❖ Impingement 

❖ CO2 Corrosion 

❖ H2S Corrosion 

❖ Flow Accelerated Corrosion (FAC) 

❖ Erosion Corrosion (EC) 
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Figure 2.1 Causes of pipeline corrosion (Ossai et al. 2015) 
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• Flow accelerated corrosion (FAC) and erosion-corrosion (EC) 

For clarity of discussion, it is important to distinguish the flow accelerated corrosion 

and erosion-corrosion. These two types of corrosion are quite distinct; however, it is 

not well distinguished by several authors in the literature. Flow accelerated corrosion 

(FAC) is defined as accelerated corrosion by the turbulent fluid flow over a surface, 

which promotes mass transfer and enhances the dissolution and thinning of protective 

films in carbon steel pipes protected by magnetite (Efird 2011a; Efird et al. 1993). In 

this study, the term FAC is used to indicate the flow assisted corrosion caused by a 

single-phase (only liquid phase) oilfield water (Zeng et al. 2020). However, Erosion-

corrosion (EC) is the enhanced corrosion caused by the flowing fluid, which contains 

two or more phases with various combinations of gas, water, oil, and sand (Efird 

2011a; Efird et al. 1993). In this study, the term EC is used to specify the corrosion 

caused by two-phase (oilfield water with sand particles) flow (Zeng et al. 2020). Figure 

2.2 shows a pipe elbow that was degraded due to the effect of fluid flow in a desalination 

station (Muthanna et al. 2019). 

 

Figure 2.2 Pipe elbow degraded by corrosive fluid flow (Muthanna et al. 2019) 
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2.2 Fluid dynamics basics 

Pipeline corrosion and failures occur due to the synergetic effect of electrochemical 

reactions and fluid flow. To understand the causes and their mechanisms involved in 

pipeline corrosion, electrochemistry and fluid dynamics fundamentals must be cleared. 

In case of corrosion, type of materials and electrolyte are governing the reactions, 

whereas on the fluid dynamics side, type of flow (such as steady, unsteady, laminar, 

turbulent, single-phase, and multiphase) must be considered (Schmitt and Bakalli 

2009). 

Steady and unsteady flow 

In a steady flow, fluid properties do not change with respect to time at a specific point. 

However, fluid flow is mostly unsteady by nature (Murdock 2006). 

Laminar and turbulent flow 

Fluid flow through a pipe can be subdivided into laminar or turbulent. Reynolds number 

(Re) is used to classify the flow based on its intensity. It can be calculated using equation 

2.1 (Murdock 2006). 

Reynolds number (Re) = 
𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
 = 

𝜌𝑉𝐷

𝜇
  (2.1) 

Reynolds number (Re), significantly depends on the average fluid velocity (V), 

internal diameter or hydraulic diameter of the pipe (D), density (ρ), and dynamic 

viscosity (μ) of the fluid. Based upon the domination of inertia force or viscous force, 

flow through a pipe could be divided into three regimes, 

• Laminar flow – Re < 2300 

• Transition flow – Re > 2300 and Re < 4000 

• Turbulent flow – Re > 4000. 

Further, when the pipe diameter is the same, the flow regime appears different 

due to the variation in density, viscosity, and velocity (Murdock 2006).  
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A two-dimensional velocity profile of laminar flow through a pipe is illustrated 

in Figure 2.3(a). The laminar flow is smooth and easy to predict in which the fluid 

particles move in streamlines parallel to the centerline (℄) of the pipe with different 

velocities. The velocity profile distribution of the laminar flow would increase 

parabolically and velocity is maximum at the centerline of the pipe. A two-dimensional 

velocity profile of turbulent flow through a pipe is depicted in Figure 2.3(b). The fluid 

particles move randomly due to mixing phenomena and eddies (flow turbulence) within 

the flow. It is clear that fluid particles deviate from the streamline and move in irregular 

paths which results in an unsteady flow rate. The velocity is not uniform across the 

cross-section and it is maximum at the centerline of the pipe (Shalaby 2018a). 

 

Figure 2.3 Two-dimensional velocity profiles of (a) laminar and (b) turbulent flow 

Shear stress (𝜏) distribution in a pipe 

Shear stress (τ) is defined as the tangential force per unit area that is applied by the fluid 

flow on the surface of the pipe. Figure 2.4(a and b) illustrates a velocity profile and 

shear stress distribution of a fluid flow. It is clear from Figure 2.4(b) the shear stress 

depends linearly from the centerline to the pipe wall (0 < τ1 < τ2 < τmax). However, 

maximum shear stress (τmax) exerted by the flow is known as wall shear stress (τw) and 

is controlled by various factors such as turbulent intensity and flow velocity (Katritsis 

et al. 2007). 

Maximum velocity

(a) Laminar Flow (b) Turbulent Flow

℄
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Figure 2.4 (a) Velocity profile, (b) Shear stress (𝜏) distribution of a fluid flow 

Developing flow and developed flow 

The velocity profile and shear stress of a fluid flow fluctuate with the length of 

the pipe until it attains a fully developed steady flow as illustrated in Figure 2.5. At the 

entrance of the pipe, flow is unsteady, where the velocity is not constant. After flowing 

through a particular length of pipe, the fluid flow will be in steady and developed 

condition until the direction of the flow changes. This developing length is called 

entrance length (Le). For a turbulent fluid flow, the entrance length is 50 times the 

hydraulic diameter (D), whereas, for a laminar flow, it is a function of Reynolds number 

(Re) and hydraulic diameter (D) (Shalaby 2018a). The boundary layer is a small layer 

between the bulk flow and solid wall where the effect of friction is significant, as shown 

in Figure 2.5. The fluid velocity in this near-wall region (viscous sublayer) is decreasing 

(non-uniform) due to the effect of viscosity and shear stress. The thickness of the 

boundary layer (laminar and turbulent) grows until it fully covers the inner diameter of 

the pipe (Schmitt and Bakalli 2009; Shalaby 2018b). The boundary layer disruption 

occurs by the vortices and turbulent bursts due to an aggressive turbulent flow which is 

seen in various oil-carrying pipelines (Efird 2011a). 

(a) Velocity profile (b) Shear stress ( )

0
τ1

τ2

τ1

τ2

℄
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Figure 2.5 Illustration of developing and developed turbulent fluid flow 

2.3 Effect of flow velocity on corrosion 

The influence of flow velocity on corrosion rate is illustrated in Figure 2.6. Flow 

through a pipe is clearly divided into three regions based on the assumption that fluid 

velocity is increasing along the pipe from sections 1 to 3. It is also noticed that fluid 

velocity is directly proportional to the mass transfer rate (MTR) and inversely 

proportional to the thickness of the mass transfer boundary layer (δMT) (Palacios 2016). 

Electrochemical corrosion and mass transfer process occur by diffusion, 

migration, and convection under flow condition and are major factors that influence 

corrosion. Concentration gradient due to a chemical change at the metal surface leads 

to diffusion, whereas potential gradients result in the migration of charged species. 

Forces exerted by the fluid flow enhance the movement of a species, thus convection 

(Wood 2007). A high flow velocity accelerates the corrosion rate by influencing anodic 

and cathodic reactions. Moreover, it also removes or dissolves the protective film and 

results in exposure of bare metal and sometimes significant localized corrosion. 

Precisely, corrosion can be controlled or mitigated by the alteration of cathodic and/or 

anodic reactions of the electrochemical cell (Jones 1996). 

Entrance length – developing flow
Le = 50 D

Fully developed flow
(constant velocity distribution)

Laminar boundary layer

Turbulent boundary layer

Viscous sublayer D

℄
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Figure 2.6 Influence of flow velocity on corrosion 

2.4 Effect of flow regime or flow pattern on corrosion 

It is well known that corrosion depends on the flow regime or flow pattern in the 

pipeline. A single-phase flow consists of only one phase either gas or liquid, while a 

multiphase flow indicates a simultaneous flow of more than one phase such as liquid-

solid, liquid-gas, and gas-solid. The multiphase flow regime influences the turbulence 

of the fluid flow and increases the severity of degradation (Efird 2011a). Figure 2.7 

depicts fluid–wall interactions for single and multiphase flow systems. The mechanical 

forces exerted by the hydrodynamics will rupture or remove the possible thin passive 

layer formed on the pipe wall and result in accelerated corrosion of the metal surface. 

It also includes mass transfer, heat transfer, fluctuating shear stresses parallel to the 

surface, fluctuating energy densities (fluctuating pressures) perpendicular to the 

surface, particle impact (erosion), and near-wall gas bubble collapse (Postlethwaite and 

Nesic 2011; Schmitt and Bakalli 2009). 
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Figure 2.7 Fluid-wall interactions in single and multiphase flow (Heitz 1991; 

Schmitt and Bakalli 2009) 

2.5 Effect of disturbed (unsteady) flow on corrosion 

Disruption of a fully developed flow regime leads to a disturbed fluid flow. Fluid flow 

enhances corrosion and failure of components at the locations of disturbed or unsteady 

flow which mainly occurs due to the flow restricting or redirecting geometries such as 

weld beads, elbow, tee, and reducer. Among these pipe fittings, the 90º elbow is a vital 

and unavoidable element of any constructive piping system and they are susceptible to 

accelerated corrosion (Zeng et al. 2014; Zhang et al. 2013). The flow disturbance 

destroys the fully developed boundary layers and increases the corrosion rate at the 

component (Ahmed 2012; Efird 2011a). Hence, it is recommended for a pipeline 

designer to make the piping system more hydro-dynamically friendly. For example, it 

would be good to use a long radius elbow over a short radius to avoid sharp corners and 

reduce the effect of turbulence (Palacios 2016). 
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2.6 Effect of oilfield water chemistry 

It is found that the oilfield solution, which consists of various complex compositions, 

is an aggressive environment to influence the piping system corrosion. Oil and gas 

production always encounters the presence of oilfield water or produced water along 

with hydrocarbon products. This oilfield water is rich in corrosive species such as 

chloride, sulfate, carbonate ions, dissolved gases, along with sand particles that 

responsible to promote flow accelerated corrosion (FAC) and erosion-corrosion (EC) 

or even an amalgamation of both (Popoola et al. 2013). The single or multiphase fluid 

flow enhances the removal of protective or semi-protective corrosion product film 

from the pipe wall by mechanical force, which will lead to the exposure of new steel 

surfaces to the aggressive corrosive fluid repeatedly - thereby increasing the ionic 

exchange or mass transfer rate leading to pipe wall thinning (Zeng et al. 2014). 

The presence of sand particles in the flowing water enhances the erosion-

corrosion of the pipeline materials (Ossai et al. 2015; Zhao et al. 2016). This problem 

is severe under turbulent flow conditions determined by the prevailing flow velocity 

and wall shear stress (Muhammadu et al. 2013; Zeng et al. 2014), which is becoming 

the main reason for the unplanned and frequent shutdown of the production facilities 

and sometimes even causing catastrophic pipeline failures or fatalities (Popoola et al. 

2013). It is predicted that the probability of increasing this EC problem in the oil gas 

industry is more due to the aging of producing wells entail higher water cut and sand 

production (Zhao et al. 2016). Indeed, the synergetic effect of electrochemical 

reactions and hydrodynamics is a serious threat to the pipeline integrity and 

sustainability of the petrochemical industry. 

2.7 Steel for pipelines 

Carbon steels and alloy steels are generally used for oil and gas applications such as 

crude pipelines, flow lines, water, and steam injection lines, production and test 

separators, and storage tanks due to low cost, good mechanical properties, and 

fabricability (Popoola et al. 2013). High Strength Low Alloy (HSLA) steel is low-

carbon steel (< 0.3% C) containing small amounts of alloying elements to get excellent 

mechanical properties and weldability (Ju et al. 2002; Kostic 1996; Sant’anna et al. 
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2002). These steels (HSLA) are designed and classified by American Petroleum 

Institute (API), USA, in the order of their yield strength (X42, X46, X52, X56, X60, 

X65, X70, X80, X100, and X120) and they can withstand high operating pressure at 

reduced wall thickness (Shukla et al. 2016; Zhao et al. 2019). These low-carbon steels 

are quite susceptible to corrosion due to the influence of highly corrosive fluid flow 

and increase in operational expenditure (Li et al. 2019; Shabarchin and Tesfamariam 

2016; Yaro et al. 2015; Zeng et al. 2016b). 

To minimize this issue there could be a possibility to use corrosion-resistant 

alloys (CRAs) that give more protection against corrosion. Although, CRAs protect 

the pipeline material by forming a passive layer due to the presence of high quantity 

chromium content and other alloying elements such as Cu, Ni, Mo, W, Ti, etc. But 

these alloys also failed due to the presence of high quantity chloride content coupled 

with the presence of erodent sand particles in the solution. Additionally, huge capital 

expenditure would be required for their use in pipeline networks (Palacios 2016). 

Hence, during the design stage, it is very important to decide whether to use CRAs 

with high cost or to select carbon steel (Papavinasam 2014b). 

API steels are manufactured through the thermomechanical processing (TMP) 

method. Cautious selection of microalloying elements and optimization of TMP 

parameters play a vital role in the production of these steels with desired properties 

(Shukla et al. 2013). The major constituents of API steels are carbon (0.05–0.25%), 

manganese (maximum 2%), and a minor quantity of chromium, nickel, molybdenum, 

copper, nitrogen, vanadium, niobium, titanium, and zirconium (Takahashi and Iino 

1996). Microstructure and manufacturing process details of API steels are illustrated 

in Figure 2.8. Various ranges of alloying elements and yield strength of commonly 

used API steels are depicted in Table 2.1 (API 5L 2018; Deardo 2003; Villalobos et 

al. 2018). 
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Figure 2.8 Microstructure and manufacturing process of API 5L grade steels 
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Table 2.1 Chemical composition and Yield Strength of API 5L steels (from API 5L Specification, 46th Edition, 2018) 

Pipe 

Grade 
C Mn Cr Mo Ti Cu V S Nb Ni Si 

Yield 

Strength 

(psi) 

Tensile 

Strength 

(psi) 

X65 0.041-0.17 
0.30-

1.68 

0.02-

0.157 

0.005-

0.14 

0.002-

0.01 

0.02-

0.31 

0.042-

0.21 

0.0002-

0.03 

0.018-

0.06 

0.005-

0.8 

0.02-

1.39 

65300-

87000 

77600-

110200 

X70 0.037-0.125 
1.44-

1.76 

0.007-

0.266 

0.01-

0.3 

0.009-

0.03 

0.006-

0.27 

0.001-

0.095 

0.001-

0.015 

0.051-

0.092 

0.02-

0.23 

0.14-

0.44 

70300-

92100 

82700-

110200 

X80 0.028-0.142 
1.52-

1.90 

0.015-

0.12 

0.05-

0.3 

0.007-

0.024 

0.015-

0.20 

0.002-

0.1 

0.001-

0.009 

0.038-

0.09 

0.02-

0.75 

0.17-

0.31 

80500-

102300 

90600-

119700 

X100 0.025-0.1 
1.56-

2.0 

0.016-

0.42 

0.19-

0.43 

0.011-

0.02 

0.25-

0.46 

0.003-

0.07 

0.001-

0.0024 

0.043-

0.089 

0.13-

0.54 

0.1-

0.25 

100100-

121800 

110200-

143600 

X120 0.027-0.05 
0.54-

2.14 

0.22-

0.42 

0.001-

0.40 
<0.015 

0.010-

0.015 
<0.025 

0.001-

0.004 

0.048-

0.1 

0.017-

1.35 

0.08-

0.31 

120400-

152300 

132700-

166100 

N.B.: All the values are represented as minimum-maximum 
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2.8 Influence of fluid flow on corrosion of steels 

Corrosion under flow conditions is a complex phenomenon that changes based on both 

the chemistry and physics of the system. Flow corrosion depends on both the 

electrochemical corrosion reactions and fluid flow. Fluid turbulence is the primary 

factor governing flow corrosion (Efird 2011b). Flow accelerated corrosion (FAC) and 

erosion-corrosion (EC) of different grade steels have been studied in different 

environments by several researchers in the past decades. Important remarks made by 

some of the researchers are discussed in this section. 

Zhang and Cheng (2009) investigated the electrochemical corrosion behavior 

of API X65 steel in oilfield water and also observed it under influence of acetic acid. 

They have been found dominated by the anodic process without any active-passive 

dissolution in static condition tests. As corrosion proceeds, the surface of the steel 

sample was covered with iron carbonate film and acetic acid reduces the protective 

nature of scale (Zhang and Cheng 2009). The authors also characterized the flow 

corrosion of X65 steel in oilfield water using an impingement jet system. It is found 

that fluid hydrodynamics played a key role in steel degradation. Early corrosion 

products which provide short-time protection are removed by the fluid velocity and 

shear stress and thereby an accelerated mass transfer and corrosion occurred on the steel 

(Zhang and Cheng 2010). Similarly, another study is carried out under the static 

condition to know the corrosion behavior of X65 steel in an oilfield solution. The study 

revealed that a galvanic effect existed between the bare steel (acted as an anode) and 

the scale-covered region (acted as a cathode) and localized corrosion was accelerated 

significantly. It is clearly found that with increased time and temperature a stable iron 

carbonate scale was formed on the steel surface (Zhang and Cheng 2011). 

Zhang et al. (2013) describe the effect of FAC on X65 pipeline steel with the 

help of a loop system. Simulated oilfield water was circulated through a loop system 

with a flow velocity of 3.4 m s-1. This study revealed that the corrosion rates of various 

electrodes were varying with respect to the location of the electrodes in the pipe elbow. 

The author reported good agreement with his experimental data with computational 

fluid dynamic (CFD) simulation results (Zhang et al. 2013). Ilman et al. (2014) 

presented a case study of a failed API 5L X52 subsea oil pipeline that was prone to leak 
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after 27 years of service. After a detailed investigation, it was concluded that the 

synergetic effect of electrochemical corrosion and mechanical forces (flow velocity and 

shear stress) was the major reason for the failure (Ilman and Kusmono 2014). 

Rosa Vera et al. (2015) analyzed the corrosion behavior of X65 steel and ASTM 

53-B steel in seawater under static and dynamic conditions. They revealed that the X65 

steel exhibits better corrosion resistance in seawater. The corrosion rates under flow 

condition for X65 and ASTM 53-B steels were 0.41 µm/year and 0.59 µm/year 

respectively after 10 days (Vera et al. 2015). Tobón et al. (2015) compared the effect 

of flow corrosion on two different compositions of X70 steel [traditional (T) and new 

generation (NG)] in a brine solution using the rotating-cylinder electrode (RCE) 

technique. The synthetic brine solution containing hydrogen sulfide and kerosene was 

prepared according to NACE standard 1D-196. Flow rates of the electrolyte (with 

temperature 60°C) were selected in the range of 1-4 m s-1. The observed variations in 

corrosion rate for flow rate are depicted in Figure 2.9. It reveals that the corrosion rate 

is increasing with the flow rate. The X70-NG steel with more copper content and 

increased ferrite phase exhibited better corrosion resistance due to more stable and 

protective oxide film formation on the sample surface. The presence of the copper 

element reduced the cathodic reaction (Cervantes Tobón et al. 2015). The reduction in 

corrosion rate benefited from the delayed anodic reaction or ferrite dissolution due to 

the availability of nickel and chromium elements in the particular X70 steel (Cervantes 

Tobón et al. 2015). 
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Figure 2.9 Corrosion rate as a function of flow rate for X70-T and X70-NG samples 

Huang et al. (2016) studied the corrosion behavior of X52 steel at a pipe elbow 

with the help of a flow loop apparatus and CFD simulation. It was found that the 

corrosion behavior in the simulated cooling water of high salinity is in accordance with 

the fluid flow properties. The corrosion rate was maximum at the outer wall side of the 

pipe elbow (Huang et al. 2016). Jiang et al. (2017) examined the effect of chromium on 

flow corrosion behavior of low alloy steels (carbon steel composition and Cr-containing 

steels) in a 3.5% NaCl solution. The weight loss and electrochemical methods were 

adopted for this investigation. Tests were conducted with the help of a loop system and 

rotating-cylinder electrode (RCE) at different flow rates. Cr-containing steels exhibited 

superior corrosion resistance than carbon steel due to the presence of chromium content 

that resulted in the formation of a protective passive layer on the metal surface and 

inhibition of cathodic reaction of low alloy steels under flow conditions (Jiang et al. 

2017). 

Si et al. (2009) investigated the effect of turbulent flow (velocity) on the 

corrosion behavior of low carbon steel (ASTM A106 Gr. B). Electrochemical corrosion 
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tests were conducted by placing steel samples at the 90° elbow test section. An alkaline 

aqueous solution with 25° C temperature and atmospheric pressure was circulated with 

a flow velocity of 1.5 m s-1 through a loop system. Corrosion rate values were maximum 

at the outer wall side of the elbow, while the minimum at the inner wall side. 

Comparison of the experimental (corrosion) and CFD simulation results reveal that the 

flow velocity accelerates the electrochemical corrosion and pipe wall thinning (Si et al. 

2019). A similar study performed by the authors, using circulating distilled water with 

a flow velocity of 3 and 1.5 m s-1, also confirmed the FAC rate and mass transfer of 

A106 Gr. B steel are maximum at the extrados (outer wall) of the elbow (Si et al. 2020). 

Recently, a study was conducted by Li et al. (2021), to know the flow corrosion 

characteristics of X100 line pipe steel in simulated oilfield water with an in-house 

design flow apparatus using an electrochemical corrosion test. The results were 

compared with the computational fluid dynamics (CFD) simulation. As the velocity 

increases from 0.5 to 2.0 m s-1 corrosion current and corrosion rate of X100 steel 

increased. The corrosion rate was more at the sample kept at a minimum impact angle 

of 30°, due to the highest flow velocity and shear stress (LI et al. 2021). 
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2.9 Corrosion mitigation methods in the oil and gas industry 

It is important to select suitable mitigation methods for corrosion of pipelines 

economically to improve the age of pipes. There are several proven techniques that are 

widely used to control and minimize the corrosion of oil and gas pipelines (Palacios 

2016; Papavinasam 2014b). 

❖ Chemical Treatment (Biocides, Surfactants, etc.) 

❖ Inhibitors (Anodic, Cathodic, and Mixed type) 

❖ Internal lining, coating, and cladding 

❖ Corrosion Allowance (extra thickness on material) 

❖ Removal of corrosive species 

❖ Pipeline Scraping or Equipment Cleaning 

❖ Cathodic Protection 

2.10 Corrosion inhibitors for steel pipelines 

A corrosion inhibitor is a chemical substance or combination of substances that, when 

present in the proper concentration and forms in the environment, reduces the corrosion 

rate (NACE/ASTM 2012). Corrosion control using inhibitors is a proven practice in 

various industries including petrochemical industries (Durnie et al. 1999; Jovancicevic 

1999; Okafor et al. 2009). Inhibitors can control the corrosion by altering anodic and/or 

cathodic reactions without changing the fundamental processes (Raja and Sethuraman 

2008). 

Classification of various types of inhibitors is given in Figure 2.10 (Ahmad 

2006). Ecological and health risks of inhibitors are a global concern. Most of the 

inorganic inhibitors which are good in material protection are not environment-friendly. 

There is a possibility of a harmful effect on the human organ system during the 

synthesis or application of these toxic inhibitors (Raja and Sethuraman 2008). Inorganic 

inhibitors are either anodic or cathodic, whereas organic inhibitors are anodic-cathodic 

mixed types. 
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Figure 2.10 Classification of inhibitors 

The organic inhibitor molecules (a combination of polar head group and 

hydrocarbon chain) generally form a protective barrier at the metal-electrolyte interface 

as shown in Figure 2.11 (L. Riggs Jr 1973). The polar headgroup adsorbs on the metal 

surface by chemical and physical adsorption process. Corrosive species such as oxygen 

and hydrogen sulfide can be removed by scavengers. Biocides control the bacteria 

population and thus microbiologically influenced corrosion (MIC). Nitrogen-based 

organic compounds such as fatty acid salts, amines, imidazolines, hydrazides, and 

amides can be effectively used to mitigate corrosion in the oil and gas industry (Heydari 

and Javidi 2012; Palacios 2016). 

 

Figure 2.11 Illustration of inhibitor molecule adsorption  
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Many researchers studied the performance and protective behavior of several 

corrosion inhibitors under oil and gas industry environments. Some of the important 

outcomes of those studies are discussed in this section. 

Zeng et al. (2015) investigated the influence of thioureidoimidazoline inhibitor 

(TAI) containing nitrogen and sulfur atoms on FAC of a pipe elbow in oilfield water 

using a loop system. Corrosion tests were performed by placing X65 steel samples at 

different locations of the elbow with a flow velocity of 4 m s-1. It is found that TAI is 

an anodic type inhibitor and its inhibition efficiency was varying in accordance with 

the hydrodynamic parameters such as flow velocity, shear stress, and turbulent kinetic 

energy. They have noticed that using 1 mg/L, 10 mg/L, 50 mg/L, and 200 mg/L, only 

100 mg/L is exhibited the best protective behavior over other concentrations (Zeng et 

al. 2015). Further, they studied the effect of TAI for X65 line pipe steel under static and 

flow conditions using a loop system. FAC tests were conducted at two different flow 

velocities such as 2 and 4 m s-1 of formation water containing TAI of 100 ppm 

concentration. Electrochemical corrosion analysis stated that the efficiency of 

thioureidoimidazoline inhibitor under flow condition is lower over static condition due 

to the influence of hydrodynamics. The inhibition efficiencies at static condition, 2 and 

4 m s-1 velocities are 95.8%, 63%, and 59.1% respectively (Zeng et al. 2016b). Zeng et 

al. presented another work on the influence of TAI on flow corrosion of X65. It is 

noticed from electrochemical impedance spectroscopy (EIS) results shown in Figure 

2.12, that the charge transfer resistance and inhibition efficiencies vary with respect to 

the position of steel sample at pipe elbow. Computational fluid dynamics (CFD) 

simulation results demonstrated that turbulence and shear stress of fluid flow restricts 

the adsorption of inhibitor and removes the adsorbed film from the steel surface (Zeng 

et al. 2017). 
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Figure 2.12 Nyquist plots: (a)static, (b) 2 m s-1, and (c) 4 m s-1 

Zhong et al. (2020) investigated the localized corrosion behavior of N80 steel 

and its mitigation under flow condition using a loop system. The samples were placed 

at a gradual contraction (reduced diameter) location of a straight pipe and tested using 

a circulating oilfield (formation) water with velocities of 2 and 4 m s-1. CFD simulation 

was also performed to understand the synergetic effect of corrosion and 

hydrodynamics. FAC mitigation study was performed by utilizing a 100 ppm 

concentration imidazoline derivative inhibitor which contains imidazoline rings that 

hold Nitrogen content and carbon (C-11) saturated hydrophobic groups. Comparative 

analysis of CFD simulation and electrochemical impedance spectroscopy results 

demonstrate that corrosion rate distribution of steel samples is in accordance with flow 

velocity and wall shear stress. Imidazoline derivative inhibitor reduced the corrosion 

by reducing the mass transfer and charge transfer processes particularly at low velocity 

(Zhong et al. 2020). 
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Lopes-Sesenes et al. (2013) studied the influence of fluid flow on corrosion 

mitigation of AISI 1018 carbon steel in 0.5 M sulfuric acid solution. Extract of Buddleia 

Perfoliata leaves (100 ppm) was used as the natural green inhibitor using the rotating 

disk electrode (RDE) technique at speeds of 0, 250, 500, 1000, and 2000 rpm. 

Electrochemical corrosion analysis results have revealed that corrosion rate was highest 

at the rotation speed of 500 rpm without using an inhibitor. But, in the presence of green 

inhibitor, the corrosion rate was increased with an increase in the rotation speed due to 

the detachment of inhibitor molecules from the metal surface. It further led to form an 

active site and resulted in rapid degradation of the metal surface (Lopes-Sesenes et al. 

2013). Barker et al. (2013) investigated the performance of commercially available 

nitrogen and carboxylic acid-containing corrosion inhibitor on carbon steel under flow 

condition. Experiments were conducted using a submerged impinging jet system at a 

flow velocity of 7 m s-1. It is noticed that the inhibition efficiency under flow conditions 

are lower than static condition (Barker et al. 2013). 

Quraishi et al. studied the inhibition efficiency of long-chain fatty acid 

derivatives, in particular, OAH inhibitor, in the static condition. The oleic acid 

hydrazide (OAH), an organic compound is found as a promising environmentally-

friendly, green inhibitor which can be used to protect alloy steels against corrosion with 

high efficiency, low cost, easily obtainable, and ease of synthesis (Quaraishi et al. 2000; 

Quraishi and Ansari 2003). 
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2.11 Surface engineering for corrosion and erosion resistance of steels 

Surface engineering techniques are mostly employed to improve the performance and 

lifespan of materials. It is basically a treatment of the surface and near-surface regions 

of a material to allow the surface to perform functions that are distinct from those 

functions demanded from the bulk of the material (Cotell and Sprague 1994). There are 

a number of applications to increase resistance against corrosion, oxidation, wear, 

mechanical properties, electronic or electrical properties, thermal insulation, and 

aesthetic appearance. Properties of the surface can be modified by the improvement in 

surface metallurgy of the metal by shot peening, laser melting, flame hardening, 

electron-beam hardening, laser hardening, or induction hardening. Surface chemistry 

alteration methods such as nitriding, carburizing, laser alloying, anodizing, boronizing, 

and steam treating are also employed to improve the serviceability of the material. 

Adding a surface layer or coating to a metal surface is also a proven method to improve 

the functionality of materials. It includes galvanizing, aluminizing, electroplating, 

thermal spraying, cladding, and organic coatings, etc. (Davis 2001). Among these 

surface engineering methods, laser surface melting (LSM) is a promising and cost-

effective technique, which can be used to improve the surface performance of materials 

through grain refinement and the development of fine distributions of precipitates in 

solid solutions (Davis 2001; Kusinski et al. 2012). 

2.12 Effect of laser surface melting (LSM) to improve the resistance against FAC 

and EC 

Laser surface melting (LSM) is an advanced technique, using a laser as a high energy 

density heat source without vacuum, as it can be transmitted through the air (Kwok et 

al. 2007). Figure 2.13 shows an illustration of the LSM process. Locations of the piping 

system, which are severely affected by localized corrosion or erosion-corrosion, such 

as elbows, tees, reducers, and weld joints can be successfully treated locally utilizing a 

laser integrated with a robot/CNC workstation, wherever required, with precision (Hu 

et al. 2011). Additionally, the LSM process involves low or negligible distortion on the 

treated parts (Shi 2013; Zhao et al. 2016). Thus to enhance the service life of these parts 

by imparting improved resistance to erosion, corrosion, and mechanical properties of 

the steels (Kwok et al. 2007; Shariff et al. 2010). LSM modifies the surface without 
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affecting the bulk chemical composition of the steel at a low cost (Zhao et al. 2016). 

LSM involves rapid heating and cooling due to the localized process with unaffected 

lower bulk material acting as a heat sink without changing the core's microstructure. 

Since, LSM is known as a “self-quenching” process, it needs no separate quenching 

medium (Li et al. 2011; Vora and Dahotre 2013). Often, a fine metastable phase results 

in the treated layer with a non-equilibrium microstructure with higher hardness 

(Iordanova et al. 2002). The modified microstructure of the steel determines the 

corrosion resistance, especially when appropriate alloying species are involved. 

However, during the rapid cooling process, melted steels promote the transformation 

of austenite into martensite, a diffusionless transformation (Vilar 2012). 

 

Figure 2.13 Schematic of laser surface melting (LSM) process 

Many researchers are looking to improve corrosion, and erosion-corrosion 

resistance of ferrous alloys by LSM process which results in grain refinement, increase 

of the alloying elements content in solid solution, surface hardening, and surface 

strengthening (Davis 2001; Krastev 2012). Some key findings of those investigations 

are discussed in this section. 

Zhao et al. (2016) studied the effect of LSM on erosion-corrosion of X65 line 

pipe steel under slurry flow with a velocity and temperature of 20 m s-1 and 50 °C 

respectively. In this study, a carbon dioxide laser with laser power of 1.3 kW, and 

scanning speed 2000 mm min-1 was utilized for the LSM process. Circular samples with 
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25 mm diameter and 6 mm thickness were prepared from laser melted X65 steel plates. 

The total thickness of the melted layer was 800 μm. The erosion-corrosion study was 

carried out in a synthetic brine solution containing sand particles (1000 ppm) with a jet 

impingement apparatus. Erosion-corrosion rates varied concerning the impact angles 

and reduced by the laser surface melting. Change in microstructure from ferrite to lath 

martensite, and enhancement in surface hardness reduces the corrosion rate and 

erosion-corrosion rate in slurry jet flow conditions (Zhao et al. 2016). 

In general, the martensitic transformation in steels occurs due to a very high 

quenching rate, which will provide insufficient time for carbon diffusion. This 

diffusionless transformation leads to the transformation of face-centered cubic (fcc) 

austenite to body-centered tetragonal (bct) martensite, which has a unit cell different 

from body-centered cubic (bcc: a = b = c) ferrite (which forms during the slow cooling). 

The martensitic structure shows high hardness due to its distorted lattice structure in 

which two edges are equal, and the third one is elongated (bct: a = b ≠ c), due to the 

presence of interstitial carbon atoms. Hence, it is also called the solid solution of iron 

and carbon (Avner 1997; Callister Jr. and Rethwisch 2014; Luo et al. 2010; Vilar 2012; 

Vora and Dahotre 2013). 

However, the lattice parameters of martensite in steels vary with carbon content 

in a nearly linear fashion. The tetragonality (c/a ratio or axial ratio) and the volume of 

the unit cell increase with the carbon content based on the following equation 4.18 

(Nishiyama 1978). 

c/a = 1 + 0.045 wt.% C.       (4.18) 

It is clear from equation 4.18 that, when the carbon content is very low (< 0.25 

wt.%), the structure of martensite would be cubic and it is mainly due to the axial ratio 

is so close to unity that the tetragonality cannot be detected as well as if the martensite 

can be cubic as long as the carbon content is very small (Nishiyama 1978; Sauvage et 

al. 2003; Zhang et al. 2016). To use the term ‘martensite’, the existence of carbon-

producing tetragonality is not an important requirement. The martensitic transformation 

can be defined as a phase transformation, occurs by a cooperative atomic movement 

that directly affects the crystal structure and tends to change. A given martensitic 
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structure produced by cooperative atomic movements can be confirmed by the 

existence of various characteristics such as lattice imperfections (example: 

dislocations). In low carbon steels, the martensite crystals are lath-shaped, and 

dislocations can be seen in the crystals (Nishiyama 1978). 

Sivanandham et al. (2013) analyzed the microstructural and corrosion properties 

of laser surface melted Grade 420F stainless steel and EN32B low carbon steel. The 

laser surface treatments were performed using laser powers of 2, 2.5, and 3 kW with 

maintaining scan rate of 12 and 20 mm s-1. The SEM analysis revealed that the 

microstructures of the steels were altered due to fast heating and cooling rates 

associated with the LSM process. It was noticed in Grade 420F SS, martensite with 

retained austenite formed. Whereas full lath martensite is developed in EN32B steel. 

An electrochemical corrosion study indicates that the LSM process increased the 

resistance against corrosion for both the steels in corrosive solution (Sivanandham et 

al. 2013). A study that describes the influence of LSM on surface properties of EN353 

steel is carried out by Sivanandham et al. (2017). The LSM treatment is done using 

laser powers of 2, 2.5, and 3 kW and a scan rate of 12 mm s-1. An interesting 

microstructure containing ferrite and pearlite transformed to martensite by the LSM 

process of low carbon alloy steel. The XRD patterns of LSM and untreated steels are 

given in Figure 2.14(a-d). It indicates the existence of the ferrite phase in the untreated 

steel. The LSM process resulted in the formation of Fe-C and martensite, along with 

Fe-Cr-C and Fe-Mn-C. The effect of modification of the surface directly influenced the 

hardness and increased wear and corrosion resistance (Sivanandham et al. 2017). 
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Figure 2.14 XRD pattern of EN353 steel, (a) untreated, laser treated at (b) 2.0 kW 

(c) 2.5 kW and (d) 3.0 kW 

Kwok et al. (2007) investigated the effect of LSM (at 2.5 kW) on corrosion 

properties of high-speed steels (HSSs) by potentiodynamic polarization technique. 

Surfaces of HSSs were melted by an Nd: YAG (Neodymium: Yttrium-Aluminum-

Garnet) laser with a power of 2.5 kW. Microstructural analysis revealed fine-grained 

martensite with little retained austenite after the LSM process. It is also observed, LSM 

process benefited in improved microhardness. A noble shift in the corrosion potential 

and a reduction in the corrosion current density proved that the LSM process is quite 

superior in spontaneous passivation and beneficial in the improvement of corrosion 

resistance in 0.6 M NaCl and 0.5 M NaHCO3 solutions at 25 °C. They concluded that 

the microstructural alteration with disconnection and refinement of large carbides and 

the rise in passivating alloying elements such as Cr, Mo, and W in solid solution 

resulted in improved corrosion resistance of high-speed steels (Kwok et al. 2007). 

Majumdar and Manna studied the effect of laser surface alloying (LSA) of 

Grade 304 stainless steel to examine the localized corrosion (pitting) and erosion-
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corrosion resistance. LSA was performed after the deposition of Mo on the substrate by 

the plasma spray method. The LSA process resulted in enhancement of microhardness 

values and alteration of the microstructure of the surface. Corrosion and erosion-

corrosion resistances of surface modified stainless steel were improved as compared to 

without treatment in 20 wt.% sand in corrosive 3.5 wt.% NaCl solution (Majumdar and 

Manna 1999). Basha et al. (2013) studied the surface properties of 16Cr-5Ni martensite 

stainless steel by laser surface alloying (LSA) and laser transformation hardening 

(LTH). The slurry erosion resistance of 16Cr-5Ni steel was improved by LSA and LTH. 

Commercially available Co-based Wallex-50 and Ni-based Tribaloy-700 powders were 

used for laser surface alloying. They have conducted slurry jet erosion tests with silica 

sand particles (average size 200 μm) and maintained flow velocities of 10 and 12 m s-

1. Improved hardness and altered microstructures are important factors for the 

enhancement of slurry erosion wear resistance by about 3 times as compared to 

untreated samples (Basha et al. 2013). 

Carboni et al. studied the effect of LSM using 1 kW on Grade 316L stainless 

steel in 0.05 M NaCl solution. Microstructural and phase analyses of melted layers with 

a thickness of 400 µm were examined. The pitting corrosion resistance was 

significantly improved due to the development of fine-grained and homogenized 

microstructure. It is also found that the elimination of unfavorable inclusions also 

benefited in the enhancement of corrosion resistance (Carboni et al. 2002). 

Elemuren et al. studied the slurry erosion-corrosion behavior of AISI 1018 (a 

low carbon steel) long radius pipe elbow using a loop apparatus. Potash slurry 

(containing 95.6 wt.% KCl and 3.2 wt.% NaCl, and 1.2 wt.% Insoluble) with different 

sand concentrations (10, 20, and 30 wt.% particles) are circulated at a flow velocity of 

4 m s-1 for five days. Authors have found weight loss, surface roughness, and hardness 

are highest at the downstream side of the elbow where the sand concentration is also 

highest (Elemuren et al. 2019). It also analyzed the slurry EC behavior of AISI 1018 

steel and observed that the EC rate of steel pipe elbow was enhanced by the wear 

phenomena. The tests were carried out for 120 h and found that the EC rate is directly 

proportional to the fluid velocity (2.5, 3, 3.5, and 4 m s-1) and sand concentration (10, 

20, and 30 wt.%) (Elemuren et al. 2018). The surface morphology of the EC sample 
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was examined using SEM and found evidence for pitting corrosion. The Raman spectra 

show the existence of γ-FeOOH, α-FeOOH, α-Fe2O3, and Fe3O4 as corrosion products 

(Elemuren et al. 2020). 

Walczak et al. conducted experiments to analyze the erosion-corrosion behavior 

of X65 steel coupled with modeling. The EC tests were done using an impingement test 

rig which circulates a slurry containing different chloride concentrations of 0.005, 0.05, 

and 0.5 M and silica particles (250–350 μm) with a velocity of 3 m s-1. They have 

concluded that high chloride ions directly influence and play a significant role in the 

erosion-corrosion of low carbon steel (Walczak et al. 2020). 

Islam and Farhat investigated the combined effect of erosion and corrosion of 

X70 line pipe steel under an impingement slurry (containing 2.0 g/L NaCl and Al2O3 

particles) flow condition. The test outcomes revealed that erosion and corrosion 

mutually increase one another, hence an additional material removal. They found that 

damage mechanisms include plastic deformation and fracture of worn surfaces. 

Moreover, slurry EC eliminates the work-hardened layer along with the passive layer 

and enhances erosion-corrosion of the X70 steel (Islam and Farhat 2013). The authors 

also presented a comparative EC study of different API (X42, X70, and X100) steels 

under a similar environment. It is found that X100 steel exhibited maximum EC 

resistance as compared to X42 and X70 because of better surface properties and 

corrosion resistance (Islam and Farhat 2017). 

Khan et al. studied the EC behavior of two different steel pipe elbows. EC tests 

were conducted by utilizing a loop system. Silica sand particles (average size 50 µm 

and concentration of 5 wt.%) were dispersed in water and circulated. They observed 

that the EC rate is about four times more in AISI 1018 as compared to Grade 304L 

stainless steel. A higher erosion rate is noticed at the exit side of the elbow due to high 

particle-wall impaction (Khan et al. 2019).  
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2.13 Tools for the investigation of FAC and EC 

Various tools are available for investigating flow corrosion and erosion on the 

laboratory scale. Major tools used by the researchers include rotating probes, jet 

impingement system, and flow loop system. There are a number of rotating probe 

techniques namely rotating disk electrode (RDE), rotating cylinder electrode (RCE), 

and rotating cage (RC), [Figure 2.15] (Efird 2011c; Schmitt and Bakalli 2009). Each 

technique has its own merits and demerits. In rotating probes methods, the sample 

rotates in stationary electrolytes and it is appropriate to analyze the mass transfer 

process along with corrosion kinetics. Furthermore, this method is quite effective when 

the electrolyte contains a high concentration of sand particles. The jet impingement 

system (Figure 2.16) impinges the electrolyte or fluid to the sample from a nozzle. The 

main advantage of this technique is impact angle control. However, rotating probe and 

jet impingement techniques are not suitable choices to replicate the flow regime of a 

practical pipe flow. The flow loop system (Figure 2.17) is more suitable to investigate 

the flow corrosion and erosion by imitating the flow pattern more realistically. This 

method provides a better insight into the effect of hydrodynamic parameters on flow 

accelerated corrosion and erosion-corrosion (Schmitt and Bakalli 2008; Zhang et al. 

2013). 

 

Figure 2.15 Rotating Cage (RC) with test coupons (Khan et al. 2015)  
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Figure 2.16 Jet impingement system (Zhao et al. 2015) 

 

Figure 2.17 Schematic of a flow loop system (Zhang et al. 2013) 
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2.14 Summary of literature and importance of the study 

Flow accelerated corrosion (FAC) and erosion-corrosion (EC) are the major 

threat to the low carbon low alloy steel pipelines of the oil gas industry particularly at 

the pipe elbow due to the complex flow pattern. It is necessary to study the FAC 

behavior of 90° pipe elbow under an Indian oilfield water environment using a 

circulating flow loop apparatus, which can simulate the functional conditions of a 

practical piping system more realistically. API X70, one of the widely used (in oil and 

gas field) line pipe steel is chosen for this study. Computational fluid dynamics (CFD) 

analysis can be used for a better understanding of the synergetic effect of 

electrochemical behavior and hydrodynamics. 

Researchers have studied the performance of various corrosion inhibitors for 

pipeline applications. Most of them are not environmentally friendly. The oleic acid 

hydrazide (OAH), a capable green inhibitor protects the steel under static conditions. 

However, there is no report available to see the inhibition efficiency of OAH under 

flow conditions particularly at a steel pipe elbow. Since the fluid flow plays a vital role 

in the mass transfer process and the removal of corrosion products on the metal surface 

(Zhang et al. 2013), the inhibition efficiency of the OAH inhibitor on X70 steel in FAC 

condition needs to be examined. Furthermore, it is understood that laser surface melting 

(LSM) is one of the promising and cost-effective techniques, which can be used to 

improve the surface performance of the pipeline steels by altering surface metallurgy. 

It is essential to study the FAC and EC behavior of laser surface melted X70 line pipe 

steel at a 90° pipe elbow coupled with computational fluid dynamics (CFD).  
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2.15 Objectives of the study 

❖ To study the Flow Accelerated Corrosion at pipe elbow using loop system and 

CFD. 

❖ To investigate the effect of inhibition using organic inhibitors on Flow 

Accelerated Corrosion. 

❖ To study the Erosion-Corrosion behavior using sand particles. 

❖ To evaluate the effect of surface modification on Flow Accelerated Corrosion 

and Erosion-Corrosion. 
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2.16 Outline of the thesis 

Chapter 1 presents the introduction to the research work. 

Chapter 2 delivers the literature review and importance of the study, where a critical 

review on flow accelerated corrosion (FAC), and erosion-corrosion (EC) of iron-based 

alloys and its mitigation using inhibitors and surface modification techniques were 

explained. 

Chapter 3 contains the materials and methods, where the details of the experimental 

setup and the procedures. 

Chapter 4 contains the results and discussion, where all the experimental, simulation, 

and characterization results were explained in the following subsection. 

4.1: discusses the experimental and simulation results of flow-accelerated corrosion 

(FAC) of API X70 steel. 

4.2: presents the detailed investigation on the effect of oleic acid hydrazide inhibitor 

on FAC of X70 steel. 

4.3: discusses the experimental and characterization results of the effect of laser 

surface melting on FAC of X70 steel. 

4.4: discusses the results of the experiments and simulation on the effect of laser 

surface melting on slurry erosion-corrosion of X70 steel. 

Chapter 5 delivers the conclusions of the thesis, presenting the significant findings 

from all the studies carried out towards the research objectives and the major 

conclusions drawn. 
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3 MATERIALS AND METHODS 

3.1 API X70 Steel 

The material used for the flow accelerated corrosion (FAC), and erosion-corrosion (EC) 

studies is API X70 steel. The steel was procured from JSW Bellary as 13 mm thick 

plate of dimension 40 × 60 mm. The chemical composition (wt.%) of X70 steel 

examined using OES (according to ASTM standard: E415-14) is given in Table 3.1 

(ASTM 2014). 

Table 3.1 Composition (wt.%) of the API X70 steel 

Element 
Composition 

(wt.%)  

C 0.050 

Mn 1.488 

S 0.004 

P 0.011 

Si 0.217 

Al 0.039 

Cr 0.164 

Ni 0.011 

Nb 0.046 

Mo 0.098 

V 0.043 

Ti 0.014 

Ca 0.0027 

B 0.0003 

N 0.0045 

Fe Balance 
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▪ Microstructure of the as-received API X70 sample 

A small section of API X70 steel obtained from the plate is used for the microstructural 

examination, which is sectioned through the wire electrical discharge machining 

(EDM) to avoid thermal effects on the microstructure and other properties such as 

corrosion and hardness. The sample was ground by 320, 400, 600, 800, 1000, 1200 grit 

emery papers and further cloth polishing was done up to 0.5-1-micron diamond paste 

to achieve a mirror finish surface. The samples were cleaned with deionized water and 

acetone, followed by ultrasonication for final cleaning to start experiments. The dried 

sample is etched with a 2% nital solution for 30 s. The microstructure of steel was 

observed using an optical microscope (Axio Lab.A1 by ZEISS Germany). 

3.2 Design and fabrication of flow loop system for FAC and EC tests 

A piping loop apparatus is utilized in this flow accelerated corrosion and erosion-

corrosion study that can imitate the flow pattern in a piping system more realistically 

(Zeng et al. 2015). The flow loop system containing an in-house design and assembly 

of pipes, a centrifugal pump, a reservoir, a paddle-wheel flow meter, a pressure gauge, 

and a 90º elbow test section is illustrated in Figure 3.1. Polypropylene pipes with an 

inner diameter (D) of 48 mm were used to fabricate the flow loop system. The 

centrifugal pump with 1 HP Motor was used to circulate the electrolyte through the 

loop system at a flow velocity of 3 m s-1 from a 40 L reservoir. The surfaces of pump 

interior parts, which will contact the electrolyte, such as the impeller and casing wall, 

were coated with an erosion-corrosion resistant, industrial polymer coating, Rilsan® 

Fine Powders by Arkema France. To understand the basic characteristics of fluid flow 

and determine the entrance length, the density, viscosity, Reynolds number are 

calculated. The calculated values of density, kinematic viscosity, and dynamic viscosity 

of the fluid are 1030.4 kg m-3, 0.7178 mm2 s-1, and 0.00074 kg m-1 s-1 respectively. 

Reynolds number based on fluid characteristics, flow velocity, and the dimension of 

the pipe was obtained as 200613. Since the Reynolds number is much greater than 4000, 

the fluid flow is turbulent. To achieve a fully developed steady flow at the elbow test 

section, sufficient entrance length (Le) must be provided. Since the fluid flow is 

turbulent, the entrance length is 50 times the hydraulic diameter (D) (Shalaby 2018a). 

The loop system was fabricated by providing the minimum entrance length 2.4 m at the 
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upstream of the elbow test section. To eliminate the recirculation of the fluid, 1.3 m 

length was given downstream of the elbow test section. The detailed calculations are 

provided in the appendix. 

 

Figure 3.1 Photograph of fabricated flow loop system 

3.3 In-situ corrosion and erosion-corrosion tests 

▪ Electrochemical measurements for FAC and EC study 

Electrochemical measurements were performed by utilizing a potentiostat with a 

computer as per the ASTM standard (ASTM G3 2013). For that, a three-electrode 

electrochemical cell was incorporated into the elbow test section as shown in Figure 

3.2a. API X70 steel samples, a platinum plate, and a saturated calomel electrode (SCE) 

were utilized as working electrodes (WE), a counter electrode (CE), and a reference 

electrode (RE) respectively. All the electrochemical tests were conducted after 5 h of 

stabilization run in the loop system. The electrochemical impedance spectroscopy (EIS) 

experiments were carried out at open circuit potential (OCP) with a sinusoidal 

alternating amplitude of 10 mV from 10,000 Hz–0.1 Hz to obtain the charge transfer 

resistance (Rct). The Tafel extrapolations were conducted at −250 to +250 mV (SCE) 

vs OCP with a scan rate of 0.5 mV s-1 to quantify the corrosion rate. The electrochemical 

experiments and analyses were carried out by using an SP-150 Bio-Logic Potentiostat 
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with the help of EC-Lab® V10.44 software. The same input parameters were used for 

conducting electrochemical corrosion tests in static conditions for ease of comparison. 

All the tests were conducted at room temperature and atmospheric pressure. 

 

Figure 3.2 (a) Distribution of electrodes at 90º pipe elbow test section (b) azimuthal 

angles with annotation of angles φ, (c) polar angles with annotation of angles θ 

▪ Weight loss measurement for erosion-corrosion (EC) study 

After continuous 14 h of EC tests, all the working electrodes were removed carefully, 

cleaned based on ASTM standard (ASTM G1 2003), and weight loss was measured 

using a CONTECH high precision balance (CAS-234) with an accuracy of 0.0001 g to 

obtain the EC rate. 
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3.4 Position of electrodes at 90º elbow test section 

A detailed illustration of the 90º elbow test section is given in Figure 3.2(a-c). After 

polishing and drying, the test specimens with an exposed area of 5 × 5 mm were joined 

to copper wires to establish the electrical connections for electrochemical analysis. A 

total of twenty test specimens including 13 at the extrados (outer face) and 7 at the 

intrados (inner face) are anchored and fixed into the elbow test section using silicone 

sealant. It was applied in such a way that it does not block the fluid flow over the 

electrodes. The electrodes E1, E2, E3, and E4 in column A are located at the extrados 

of the elbow test section at a common azimuthal angle (φ) 135º and polar angles (θ) 

72º, 54º, 36º, and 18º respectively. The electrodes E5, E6, E7, E8, and E9 in column B 

are located at the extrados of the elbow test section at a common azimuthal angle (φ) 

180º and polar angles (θ) 75º, 60º, 45º, 30º, and 15º respectively. The electrodes E10, 

E 11, E12, and E13 in column C are located at the extrados of the elbow test section at 

a common azimuthal angle (φ) 225º and polar angles (θ) 72º, 54º, 36º, and 18º 

respectively. The electrodes E14, E15, and E16 in column D are located at the intrados 

of the elbow test section at a common azimuthal angle (φ) 315º and polar angles (θ) 

67.5º, 45º, and 22.5º respectively. The electrode E17 in column E is located at the 

intrados of the elbow test section at an azimuthal angle (φ) 0º and a polar angle (θ) 45º. 

The electrodes E18, E19, and E20 in column F are located at the intrados of the elbow 

test section at a common azimuthal angle (φ) 45º and polar angles (θ) 67.5º, 45º, and 

22.5º respectively. The angles for locating the electrodes are selected by giving some 

gap between two electrodes to understand the synergetic effect of hydrodynamic 

parameters and electrochemical reactions of X70 steel on FAC at various sites of the 

pipe elbow. 

3.5 Composition of the oilfield water 

A simulated oilfield (Indian) water solution was used as the electrolyte in this study. 

The composition of synthetic oilfield water is given in Table 3.2. The pH of this 

synthetic solution prepared from analytical grade (Sigma-Aldrich) reagents was 7.5. 
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Table 3.2 Chemical composition of synthetic oilfield water 

Chemical compound Weight per liter (g/L) 

NaCl 47.385 

MgCl2 0.5718 

MgCO3 0.5069 

CaCO3 0.7985 

NaHCO3 1.931 

CaSO4 0.1415 

3.6 Oleic Acid Hydrazide (OAH) inhibitor for FAC study 

OAH inhibitor is a mixture of ethyl oleate (0.042 mol) and hydrazine hydrate (0.042 

mol) in ethanol (120 ml) which was refluxed on a water bath for 3 h. After completion 

of the reaction, the solvent was removed and dried. The residue was poured into the 

ice-cold water under mechanical agitation to get the homogeneous product. The mass 

obtained was filtered, washed with water, and recrystallized from ethanol (Jayaroopa 

et al. 2013). The chemical structure of OAH is shown in Figure 3.3. The concentrations 

of OAH used in the FAC study were 0.05 g/L (0.168 mM), 0.15 g/L (0.506 mM) and 

0.30 g/L (1.012 mM). Before mixing with the electrolyte, the OAH was dissolved in 

acetone in the ratio of 1:5 (OAH to acetone) and formed various concentrations of 

OAH. 

 

Figure 3.3 Chemical structure of Oleic Acid Hydrazide (Quaraishi et al. 2000) 

3.7 Silica sand (erodent) particles for erosion-corrosion (EC) tests 

Silica sand particles with an average size of 400-500 µm with sand loading of 1.5 wt.% 

were used as erodent particles in erosion-corrosion experiments. Before the EC tests, 

the silica sand particles were washed in boiling water, hydrochloric acid, acetone, and 

deionized water to eliminate the contaminations and microorganisms. From the SEM 

image (Figure 3.4), it is clear that the sand particle grains have sharp corners and edges. 

                                                                 

    —        —           —        —   —       
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In general, the range of silica sand hardness is about 750–1200 HV, higher than steel 

hardness (Ajmal et al. 2019; Gheisari and Polycarpou 2018). The density of the sand 

particles used in this study is 2153 kg m-3. The sand particle density calculation is 

provided in the appendix. 

 

Figure 3.4 SEM image of silica sand (erodent) particles used in the EC study 

3.8 Laser surface melting (LSM) of API X70 steel 

LSM of the API X70 steel plates (13 mm thickness) was carried out utilizing a 10-kW 

diode laser (LDF-60-10000, Laserline GmbH, Germany) integrated to 1000-micron 

fiber (NA: 0.22 micron) and 6+2 axis robotic workstation. Figure 3.5 illustrates the 

processing setup utilized for laser surface melting. A 20 × 5 mm laser beam with a 

multi-mode intensity profile (top-hat profile in slow axis and Gaussian profile in fast 

axis) obtained by employing a combination of collimating, homogenizing and focusing 

optics was used for the purpose. The rectangular laser beam of 915–1050 wavelength 

was focused at 185 mm on the surface of the steel plate and scanned with a speed of 10 

mm s-1, laser powers of 2, 2.5, and 3 kW (under pulsed mode with 90-millisecond pulse 

width and 10 Hz frequency) and under nitrogen-shielding (at 2 bar pressure) 

atmosphere. The laser powers and the scanning speed selected for the purpose were 
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based on preliminary experiments performed for assessing the influence of processing 

parameters in obtaining an LSM depth of more than 300 microns on the X70 steel plate 

of 13 mm thickness. 

 

Figure 3.5 Laser processing setup integrated with a robotic system 

3.9 Surface analyses 

• SEM analysis 

A detailed surface observation is the first step of a scientific study. Compared to a 

traditional optical (light) microscope, a scanning electron microscope (SEM) offers 

clear, high-resolution images of the sample surface. SEM utilizes an electron beam 

whose wavelength is shorter than that of light and targets the specimen, which interacts 

with the atoms of the sample. It leads to the formation of a high-resolution image with 

nano-scale features by detecting secondary electrons (Zhou et al. 2007). The higher 

magnification SEM images deliver much useful information regarding the morphology 

of the sample. In this work, the surface morphologies of the representative corroded 

samples were examined with the help of an SEM by ZEISS (GeminiSEM 360) 

Germany, after the FAC and EC tests. It helps to analyze the protective nature of the 



 

47 

 

corrosion products formed on the surface of the sample. The operating voltages used in 

this study were 5 kV, 10 kV, 15 kV, and 20 kV. The mode of operation was secondary 

electron imaging mode. 

• Surface and cross-sectional microstructure 

To understand the microstructural changes that occurred by laser surface melting, 

detailed analysis of surface and cross-sectional microstructures of the UT and LSM 

samples were performed using an optical microscope (Axio Lab.A1 by ZEISS 

Germany) and SEM (by JEOL JDX-3530, Japan). Before the examination polishing 

and etching were done as described in section 3.1. 

• EDS analysis 

EDS (Energy Dispersive X-Ray Spectroscopy) is an analytical technique used for the 

elemental analysis or chemical characterization of a sample. It identifies the elements 

present along with their distribution and concentration by detecting the X-ray. These 

X-rays are generated by the following process. The electron beam hits the inner shell 

of an atom and knocks off an electron and leaves a positively charged hole which 

attracts another electron from an outer shell to fill the vacancy. Then an electron moves 

from the outer higher-energy to the inner lower-energy shell and releases the 

characteristic X-ray. The energy of this X-ray is unique to each element (Anderhalt 

2007). In this work, the EDS analysis was performed on UT and LSM sample surfaces. 

This study helps to determine the atomic composition of the elements segregated at the 

grain boundaries of the samples. 

• Raman spectroscopy analysis 

Raman spectroscopy identifies the chemical compound and molecular structure. This 

non-destructive chemical analysis technique works based on the interaction of light 

with the chemical (molecular) bonds within a material. The light scattering technique 

utilized by Raman spectroscopy facilitates the scattering of incident light (wavelength 

750–850 nm) from a high-intensity laser light source by a molecule. A minor amount 

of light is scattered at different wavelengths due to the Raman effect, which provides 

the required chemical structure information. This scattering is termed the Raman 
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scattering (Synetos and Tousoulis 2018). In this work, the corrosion products 

(compounds) were characterized by Raman spectroscopy analysis by using a HORIBA 

JOBIN – YVON, LabRAM HR Raman microscope. The Raman peaks were obtained 

from the corrosion products (powder), which were carefully removed from the sample 

surface after the experiments. 

• FTIR-ATR analysis 

The existence of specific functional groups can be confirmed by the Fourier transform 

infrared spectroscopy – attenuated total reflectance (FTIR–ATR) technique. The 

variations in the chemical structure (surface chemistry) or alteration in the environment 

are confirmed by the shift in the FTIR spectrum (frequency of absorption bands) and 

intensity variations (Anderson and Voskerician 2010). In this work, the adsorption of 

the oleic acid hydrazide (OAH) inhibitor molecule on the specimen was confirmed by 

FTIR- ATR analysis. 

• XPS analysis 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that works 

based on the photoelectric effect. It is used to confirm the presence of an element and 

species of an element based on the electron configuration of an atom and chemical 

bonds. Each element has characteristic binding energy. The binding energy varies 

depending upon the chemical environment of the atom. The achievable analysis depth 

of this surface chemistry study is about 10 nm and it requires an ultra-high vacuum 

(Verma 2007). In this work, the presence of oleic acid hydrazide (OAH) inhibitor film 

on the exposed electrode surface was confirmed by XPS analysis by utilizing an X-ray 

photoelectron spectrometer (Thermo scientific, Multilab 2000). 

• Microhardness analysis 

Hardness, a characteristic of a material, is defined as the resistance to indentation (the 

smaller the indentation, the harder the material). The Vickers hardness testing method 

works based on an optical measurement system. According to ASTM E-384 standard, 

hardness value can be obtained by converting the measured indentation, that formed by 

the application of a light load with a diamond indenter at a definite dwell time. 
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Microhardness measurements on the surface as well as across the treated layer depth 

were carried out on untreated (UT) and laser surface melted (LSM) samples utilizing a 

Vickers micro-hardness-testing machine (SHIMADZU HMV-G20ST Version 1.03) 

with 0.2 kg load for 15 seconds. A pyramidal indenter (angle between opposite forces 

at the vertex of 136°) was utilized for this study. 

• XRD analysis 

X-ray diffraction (XRD) is an analytical technique used to perform the microstructural 

analysis of crystalline material. It can be used to determine the crystallographic 

structural properties such as lattice parameters, crystallite size, micro-strain, crystal 

imperfections, and crystalline phases by a detailed analysis of a diffraction pattern 

(Cullity and Stock 2001). A qualitative microstructural analysis was conducted on UT 

and LSM (2.5 kW) sample surfaces by XRD with Cu-Kα radiation (wavelength of 

1.542 Å). The X-ray diffractometer used for this study (D/MAX-RAPID II, Rigaku, 

Japan) is a highly sophisticated and sensitive equipment, available on the laboratory 

scale. 

• EBSD analysis 

Electron backscatter diffraction (EBSD), when working with a Scanning electron 

microscopy (SEM), assists for the characterization of the grain orientations, local 

texture, and phase identification of a material (Schwarzer et al. 2009). In this study, the 

EBSD technique was utilized to analyze the microstructures and phase transformation 

of untreated (UT) and treated (LSM) samples, more effectively and efficiently than the 

traditional light microscopy or SEM. A surface area of 200 × 80 μm2 [Radial Direction 

(RD) × Transverse Direction (TD)] was scanned with a step size of 0.15 μm and a 

magnification of 1000X. The SEM-EBSD system used for this scan was Hitachi 

S3400N- TSL Hikari, Tokyo, Japan. 

• AFM analysis 

The atomic force between the probe and the sample surface facilitates the observation 

of the surface topography (primary shape) by the atomic force microscopy (AFM) 

technique. This advanced surface analysis provides high-resolution 3D nano-scale 
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images which can be used to understand the properties such as morphology, surface 

texture, and roughness. The AFM scan permit the characterization of the particles with 

a wide range of sizes (1 nm to 8 μm) and it works based on the van der Waals forces 

between the sample and the AFM tip (Barceló and Farré 2012). In this study, AFM was 

also utilized to observe the 3D surface topographies of the eroded sample surfaces by 

using Park systems AFM – NX 20 with tapping mode in the air, silicon nitride probe; 

k = 42 N/m and fo = 300 kHz, at 20 μm. 

• Optical profilometry analysis 

Surface features such as irregularities and topography can be detected by conducting a 

non-contact optical profilometry (OP) scan that utilizes light. The wear-scar analysis 

can be accurately done by this simple and cost-effective method with the vertical 

resolution of several angstroms and lateral resolution in the range of 0.3 - 0.5 μm 

(Visscher and Struik 1994). The 3D surface topographies and surface roughness 

parameters of the demonstrative eroded samples (wear profile) were obtained by optical 

profilometry scans using Taylor Hobson PRECISION (TALYSURF CCI) optical 

profilometer. All profilometry scans were performed according to ISO 25178-2 

standard (ISO 25178 2012). 

3.10 Computational fluid dynamics (CFD) simulation 

Professional fluid simulation software ANSYS FLUENT was utilized for the 

computational fluid dynamics (CFD) simulation. A 3D geometrical model which is 

matching with the loop system used for the study was drawn using pre-processing 

software Gambit. The horizontal pipe, upstream of the elbow test section, was set as 

2.4 m to reach a fully-developed steady flow, before entering the elbow (test section) 

region. The vertical pipe downstream of the elbow test section exit was set as 1.3 m to 

avoid possible backflow at the outlet of the elbow. The interval size of 0.004 m was 

selected for volume meshes. To get more stability and to generate less diffusivity, 

hexahedral cells were utilized in the simulation. The simulation was executed in two 

stages. 
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• Single-phase CFD analysis 

In the first stage, single-phase flow (only liquid phase) was considered, and the behavior 

of fluid flow at the elbow test section was analyzed. The boundary conditions were 

fixed as the flow velocity of 3 m s-1 at the inlet and a pressure outlet at the outlet. 

Reynolds number 200613 (˃4000) recommend that the fluid is in turbulent flow 

condition (Murdock 2006). The density and viscosity of the fluid were calculated and 

set as 1030.4 kg m-3 and 0.00074 kg m-1 s-1 respectively. The fluid was considered 

incompressible. Hence, the numerical simulation was solved by using K-ε turbulent 

model (double equation model). Turbulent kinetic energy (K), the measure of the 

intensity of turbulence of fluid, the kinetic energy per unit mass of the turbulent 

fluctuations, was set as 1 m2 s-2. The rate at which turbulent kinetic energy is converted 

to internal thermal energy is the turbulent dissipation rate (ɛ), which was set as 1 m2 s-

3 (Huang et al. 2016; Zhang et al. 2013). Turbulent intensity (I) obtained from the 

Reynolds number was fixed as 3.5% (Ajmal et al. 2019; Zeng et al. 2016b). The inner 

wall roughness of the polypropylene pipe was set as 10 μm. A convergence criterion of 

1 × 10−10 was utilized to solve the K-ε turbulent equation by the iterative method. 

• Multiphase CFD analysis 

In the second stage, the numerical simulation of two-phase flow (liquid with sand 

particle) was performed. To examine the contours of erosion rate and sand 

concentration at the elbow test section, the discrete phase model (DPM) was enabled to 

a single-phase flow model by adopting the two-way coupled Eulerian-Lagrangian 

approach. The liquid phase was considered as a continuous phase and sand particles as 

a discrete phase. The sand particles were treated as inert particles with an average size 

of 0.5 mm. The primary and secondary phases were set as liquid and solid, respectively. 

The density of the sand particles was set as 2153 kg m-3. The sand particles' mass flow 

rate based on sand loading (1.5 wt.%) of the erosion-corrosion test was set as 0.175 kg 

s-1. The mass flow rate calculation of sand particles is provided in the appendix. 
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4 RESULTS AND DISCUSSION 

Pipeline corrosion is a critical problem in almost all industries including petroleum, 

gas, refineries, nuclear, and water transportation. However, flow accelerated corrosion 

(FAC) and erosion-corrosion (EC) are found to be a dominating factor of failure of 

materials due to the presence of an aggressive corrosive environment and slurry in the 

pipeline. This chapter deals with understanding the corrosion and erosion-corrosion 

kinetics and their influence by hydrodynamic parameters such as velocity and shear 

stresses at the 90º elbow test section. It also explored the possible mitigation strategies 

using green inhibition and surface modification to improve the life of the pipeline (API 

X70 steel). Results and discussion chapter consists of four sections as (i) Flow-

accelerated corrosion of X70 steel, (ii) influence of various concentration of green 

inhibitor (Oleic acid hydrazide - OAH) on FAC, Effect of laser surface melting (LSM) 

on (iii) FAC and (iv) EC in simulated oilfield solution. 

4.1 Flow-accelerated corrosion (FAC) of API X70 steel 

The effect of flow accelerated corrosion on API X70 steel was studied in the simulated 

oil field water. Twenty electrodes were placed at the 90º elbow test section of the flow 

loop system which can imitate the flow pattern in a piping system more realistically. A 

comparative study of the electrochemical analyses and the computational fluid dynamic 

(CFD) simulation was performed in the pipe elbow to understand the synergetic effect 

of electrochemical reactions and hydrodynamics in FAC. Surface morphology and 

corrosion products were examined using characterization tools, SEM, and Raman 

spectroscopy. 

4.1.1 Microstructure of API X70 steel 

It is well known that microstructural characteristics directly influence the mechanical, 

tribological properties, and corrosion behavior of steel (Verlinden et al. 2007). To 

examine a microstructure of the as-received API X70 line pipe steel, a standard 

metallographic method was used, the obtained microstructure is shown in Figure 4.1. It 

is found that ferrite and pearlite are the major constituents in the microstructure of the 

steel. A large amount of ferritic phase matrix appears as white in color and non-uniform 

polygonal shapes, whereas the pearlite appears as dark in color. Other researchers also 
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reported that thermomechanical treated steel exhibited a mixture of ferritic and pearlitic 

microstructure (Cervantes-Tobón et al. 2014; Villalobos et al. 2018). 

 

Figure 4.1 Optical micrograph of as-received API X70 steel (1000X) 

4.1.2 Phase analysis of API X70 steel 

X-ray diffraction technique (using Cu-Kα radiation) is used to examine phases present 

in the API X70 steel. The recorded X-ray diffractogram is shown in Figure 4.2. Lattice 

parameters and the Miller indices (hkl) of lattice planes are calculated by considering 

the wavelength of Cu-Kα radiation (1.542 Å). The lattice planes were identified as 

(110), (200), (211), and (220) which are corresponding to Bragg’s diffraction angles 

(2θ) of 44.56º, 64.80º, 82.17º, and 98.77º respectively (JCPDS: 03-065-7528 and 01-

085-1410). These peaks and corresponding Miller index confirm the presence of the 

bcc-ferritic phase (α). Furthermore, a minor peak at the lower diffraction angle of about 

40.03° represents the presence of cementite [(hkl):(201), (JCPDS: 01-072-1110)]. 

These results obtained from the XRD data proved the presence of pearlite (a mixture of 

α and Fe3C) in the X70 steel which is also confirmed through the microstructure 

observed in Figure 4.1 by optical microscope (Benarrache et al. 2019; Masoumi et al. 

2019). 

10 µm

Ferrite

Pearlite
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Figure 4.2 X-ray diffractogram of as-received API X70 steel 

4.1.3 Computational fluid dynamics (CFD) simulation 

CFD results, including velocity contours and wall shear stress contours, were obtained 

by post-processing simulation data and shown in Figure 4.3(a, b) and Figure 4.4(a, b), 

respectively. The magnitudes of shear stresses obtained from CFD simulation are listed 

in Table 4.1. From the cross-sectional planar views (Figures 4.3b and 4.4b), it is clear 

that the velocity and wall shear stress at the 90º elbow test section are proportional with 

the reference to the central plane of the pipe. It is also revealed that compared to 

extrados, fluid velocity and wall shear stress are greater at the intrados. It is interesting 

to see a small variation in shear stress values at columns A, B, and C for extrados of the 

elbow [see Figure 3.2(a-c)]. However, at different polar angles, shear stresses were 

significantly changed due to high turbulence and flow velocity at the extrados. 

Similarly, to examine and compare shear stress at various polar angles at the intrados 

for different columns D, E, and F with respect to the extrados columns of A, B, and C. 

It is found that the significant increment of shear stress at different polar angles and 

fixed azimuthal angle along the flow direction (θ = 90º to θ = 0º). The lowest shear 
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stress 8.4 Pa is obtained at the extrados electrode E5 (θ = 75º, φ = 180º) and the 

maximum wall shear stress 27.6 Pa is simulated at intrados electrode E17 (θ = 45º, φ = 

0º). 

 

Figure 4.3 Contours of velocity magnitude for elbow test section obtained by CFD 

simulation (a) elbow view, (b) cross-sectional planar views at various angles of 

elbow 

 

(b)

θ = 0 θ = 20 θ = 45 θ = 70 θ = 90 

(a)
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Figure 4.4 Contours of wall shear stress for the elbow test section obtained by CFD 

simulation (a) elbow view, (b) cross-sectional planar views at various angles of 

elbow 
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Table 4.1 Shear stress values corresponding to the electrodes located at different 

angles 

 
Azimuthal 

Angle (φ) 
Polar Angle (θ) Electrodes 

Shear Stress 

(Pa) 

E
x
tr

a
d

o
s 

(O
u

te
r 

fa
ce

) 

135º 

(Column A) 

72º E1 11.3 

54º E2 15.2 

36º E3 18.2 

18º E4 20.5 

180º 

(Column B) 

75º E5 8.4 

60º E6 10.5 

45º E7 13.3 

30º E8 16.1 

15º E9 20.8 

225º 

(Column C) 

72º E10 11.5 

54º E11 14.3 

36º E12 17.2 

18º E13 20.4 

In
tr

a
d

o
s 

(I
n

n
er

 f
a
ce

) 

315º 

(Column D) 

67.5º E14 24.8 

45º E15 25.2 

22.5º E16 25.6 

0º 

(Column E) 
45º E17 27.6 

45º 

(Column F) 

67.5º E18 24.0 

45º E19 24.7 

22.5º E20 25.7 
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4.1.4 Corrosion behavior 

• Under static condition 

Corrosion tests of X70 steel were carried out using the Tafel extrapolation method in 

the synthetic oil field water in the static condition. Tafel plot is given in Figure 4.5. 

Fitted corrosion kinetics parameters such as corrosion potential (Ecorr), Tafel slopes (βa 

and βc), corrosion current density (icorr) are tabulated in Table 4.2. The corrosion current 

density and corrosion rate under the static condition were 4.4 µA/cm2 and 2 mpy 

respectively. Sherif and Almajid studied the corrosion behavior of X70 steel in static 

condition after its immersion for 24 h in high concentrated chloride (4.0 wt.% NaCl) 

solution. They noticed a corrosion rate of about 3.7 mpy (Sherif and Almajid 2015). 

 

Figure 4.5 Tafel plot of API X70 sample under static condition test in synthetic 

oilfield water 

Table 4.2 Fitted parameters and corrosion rates from static corrosion test 

Ecorr 

(mV) SCE 

βa 

(mV/decade) 

βc 

(mV/decade) 

icorr 

(µA/cm2) 

Corrosion Rate 

(mpy) 

-755.5 40.8 -65.4 4.4 2.0 
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• Under flow condition (FAC) 

Figure 4.6(a-e) exhibits the Tafel plots for API X70 steel electrodes, namely E1-E4 

(Figure 4.6a), E5-E9 (Figure 4.6b), E10-E13 (Figure 4.6c), E14-E16 (Figure 4.6d), and 

E17-E20 (Figure 4.6e) obtained after FAC test in the loop system. It is analyzed from 

Tafel plots shown in Figure 4.6(a-e) that, all the samples are quite prone to the active 

dissolution of metal while electrolyte is flowing in the loop system and anodic Tafel 

plots of the entire electrodes exhibited a higher current density trend (Lopes-Sesenes et 

al. 2013) over static condition (Figure 4.5). Corrosion kinetics parameters such as 

corrosion potential (Ecorr), Tafel slopes (βa and βc), corrosion current density (icorr), and 

corrosion rates acquired from Tafel plots [Figure 4.6(a-e)] are listed in Table 4.3. 

Corrosion current densities of the electrodes of column A [E1-E4, azimuthal 

angle (φ = 135º)] are noted about 252.9 µA/cm2 [E1, polar angle (θ = 72º)], 256.7 

µA/cm2 [E2, polar angle (θ = 54º)], 259.6 µA/cm2 [E3, polar angle (θ = 36º)], and 261.4 

µA/cm2 [E4, polar angle (θ = 18º)]. Corrosion current densities of the electrodes of 

column B [E5-E9, azimuthal angle (φ = 180º)] are observed about 248.6 µA/cm2 [E5, 

polar angle (θ = 75º)], 250.9 µA/cm2 [E6, polar angle (θ = 60º)], 253.3 µA/cm2 [E7, 

polar angle (θ = 45º)], 257.4 µA/cm2 [E8, polar angle (θ = 30º)], and 262.2 µA/cm2 [E9, 

polar angle (θ = 15º)]. Corrosion current densities of the electrodes of column C [E10-

E13, azimuthal angle (φ = 225º)] are found about 253.5 µA/cm2 [E10, polar angle (θ = 

72º)], 255.4 µA/cm2 [E11, polar angle (θ = 54º)], 257.8 µA/cm2 [E12, polar angle (θ = 

36º)], and 260.2 µA/cm2 [E13, polar angle (θ = 18º)]. Corrosion current densities of the 

electrodes of column D [E14-E16, azimuthal angle (φ = 315º)] are noted about 283.6 

µA/cm2 [E14, polar angle (θ = 67.5º)], 291.2 µA/cm2 [E15, polar angle (θ = 45º)], and 

297.5 µA/cm2 [E16, polar angle (θ = 22.5º)]. Corrosion current density of the electrode 

E17 of column E [azimuthal angle (φ = 0º), polar angle (θ = 45º)] is noted about 322.8 

µA/cm2. Corrosion current densities of the electrodes of column F [E18-E20, azimuthal 

angle (φ = 45º)] are found about 283.2 µA/cm2 [E18, polar angle (θ = 67.5º)], 290.8 

µA/cm2 [E19, polar angle (θ = 45º)], and 298.5 µA/cm2 [E20, polar angle (θ = 22.5º)]. 

Similarly, corrosion rates of the electrodes of column A (E1, E2, E3, and E4) 

are noted about 467.6 mpy (E1), 474.5 mpy (E2), 479.9 mpy (E3), and 483.2 mpy (E4). 

However, corrosion rates of the electrodes of column B (E5, E6, E7, E8, and E9) are 
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found about 459.5 mpy (E5), 463.9 mpy (E6), 468.3 mpy (E7), 475.9 mpy (E8), and 

484.7 mpy (E9). Similarly, corrosion rates of the electrodes of column C (E10, E11, 

E12, and E13) are observed about 468.7 mpy (E10), 472.2 mpy (E11), 476.6 mpy (E12), 

and 481.0 mpy (E13). Corrosion rates of the electrodes of column D (E14, E15, and 

E16) are found approximately 524.3 mpy (E14), 538.3 mpy (E15), and 550.1 mpy 

(E16). The corrosion rate of electrode E17 of column E is noted to be about 596.8 mpy. 

For column F, corrosion rates of the electrodes (E18, E19, and E20) are observed about 

523.7 mpy (E18), 537.6 mpy (E19), and 552.0 mpy (E20). 

From Table 4.3, it can be summarized that the corrosion current density and 

corrosion rate are increased onward the fluid flow path (Figure 3.2); however, corrosion 

potentials did not shift significantly. Moreover, the corrosion rates of the electrodes in 

column A are similar to that of column C. Similarly, the corrosion rates of the electrodes 

in column D, are quite similar to the used electrodes in column F. A careful examination 

of corrosion behavior of various electrodes shows that the corrosion rate reduces from 

intrados to extrados (El-Gammal et al. 2010; Poulson 1999). However, the corrosion 

rate is the highest at intrados electrode E17 at a polar angle (45º) and a fixed azimuthal 

angle (0º) and the lowest at extrados electrode E5 at a polar angle (75º) and a fixed 

azimuthal angle (180º). It can be deduced that the effect of flow is quite significant for 

the internal corrosion of pipeline steel as corrosion current density and corrosion rate 

under flow condition are adequately more than that under static condition (Jiang et al. 

2005; Lopes-Sesenes et al. 2013; Vera et al. 2015). 
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Figure 4.6 Tafel plots for the electrodes (a) E1-E4, (b) E5-E9, (c) E10-E13, (d) 

E14-E16, and (e) E17-E20 of FAC tests with velocity of 3 m s-1 in synthetic oil field 

water 
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Table 4.3 Fitted parameters and corrosion rates for the Tafel plots of working 

electrodes from the FAC test 

 

Column, 

Azimuthal 

Angle (φ), 

Polar Angle (θ) E
le

ct
ro

d
e
 

Shear 

Stress 

(Pa) 

Ecorr 

(mV) 

SCE 

βa 
(mV/de

cade) 

βc 
(mV/d

ecade) 

icorr 

(µA/c

m2) 

Corr. 

Rate 

(mpy) 

E
x
tr

a
d

o
s 

(O
u

te
r 

fa
ce

) 

A, 135º, 72º E1 11.3 -548.2 124.5 -149.3 252.9 467.6 

A, 135º, 54º E2 15.2 -547.9 137.7 -159.6 256.7 474.5 

A, 135º, 36º E3 18.2 -544.5 137.9 -164.6 259.6 479.9 

A, 135º, 18º E4 20.5 -543.2 133.3 -165.7 261.4 483.2 

B, 180º, 75º E5 8.4 -547.8 117.8 -146.6 248.6 459.5 

B, 180º, 60º E6 10.5 -542.7 111.8 -153.2 250.9 463.9 

B, 180º, 45º E7 13.3 -544.4 144.6 -152.5 253.3 468.3 

B, 180º, 30º E8 16.1 -539.5 142.3 -166.9 257.4 475.9 

B, 180º, 15º E9 20.8 -543.5 137.1 -159.3 262.2 484.7 

C, 225º, 72º E10 11.5 -547.3 123.7 -144.5 253.5 468.7 

C, 225º, 54º E11 14.3 -544.3 121.5 -154.3 255.4 472.2 

C, 225º, 36º E12 17.2 -546.5 138.7 -148.7 257.8 476.6 

C, 225º, 18º E13 20.4 -545.2 148.9 -155.8 260.2 481.0 

In
tr

a
d

o
s 

(I
n

n
er

 f
a

ce
) 

D, 315º, 67.5º E14 24.8 -550.8 160.7 -154.9 283.6 524.3 

D, 315º, 45º E15 25.2 -545.8 148.3 -170.2 291.2 538.3 

D, 315º, 22.5º E16 25.6 -546.2 159.6 -167.3 297.5 550.1 

E, 0º, 45º E17 27.6 -543.0 189.1 -192.5 322.8 596.8 

F, 45º, 67.5º E18 24.0 -550.4 166.8 -155.3 283.2 523.7 

F, 45º, 45º E19 24.7 -543.8 134.8 -173.9 290.8 537.6 

F, 45º, 22.5º E20 25.7 -542.3 158.8 -181.5 298.5 552.0 
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4.1.5 Electrochemical impedance spectroscopy (EIS) test 

• Under static condition 

Figure 4.7 shows the Nyquist plot of API X70 sample obtained by static EIS test in 

oilfield solution. The impedance parameters calculated by using an electrical equivalent 

circuit which is given in Figure 4.8 are tabulated in Table 4.4. The charge transfer 

resistance (Rct) obtained after analyzing the impedance plot is about 1670 Ω cm2. 

Alizadeh and Bordbar studied corrosion properties of X70 steel after 90 days immersion 

in a mixture of 0.5 M Na2CO3, 1 M NaHCO3, and 0.1 M NaCl solutions by static EIS 

test. They have noticed that the charge transfer resistance (Rct) is about 1067 Ω cm2 

(Alizadeh and Bordbar 2013). Sherif and Almajid also studied the corrosion and 

passivity behavior of X70 steel in static condition after its immersion for 24 h in 4.0 

wt.% NaCl solution and it is found that the charge transfer resistance (Rct) was about 

2598 Ω cm2 (Sherif and Almajid 2015). 

 

Figure 4.7 Nyquist plot of API X70 sample under static condition test 
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Figure 4.8 Equivalent circuit for EIS fitting for FAC study 

Table 4.4 Fitted parameters and charge transfer resistance of static corrosion test 

Rs (Ω cm2)
 

QCPE (F. s^(a-1))
 

a Rct (Ω cm2) 

7.1 0.0002472 0.8 1670 

• Under flow condition (FAC) 

Figure 4.9(a-e) exhibits Nyquist plots for the electrodes E1-E4 (Figure 4.9a), E5-E9 

(Figure 4.9b), E10-E13 (Figure 4.9c), E14-E16 (Figure 4.9d), and E17-E20 (Figure 

4.9e) after FAC test in simulated oilfield water. The impedance spectra were analyzed 

using an electrical equivalent circuit according to Figure 4.8. Impedance kinetics 

parameters such as solution resistance (Rs), constant phase element (QCPE), and charge 

transfer resistance (Rct) are listed in Table 4.5. The semi-circle radii of the capacitive 

loops responsible for the charge transfer resistances are much smaller for all the 

electrodes over the Nyquist plot obtained for the static condition (Lopes-Sesenes et al. 

2013). Further, the charge transfer resistance (Rct) of the extrados and intrados 

electrodes were decreased onward the fluid flow path due to an increment in the wall 

shear stress and flow velocity at all located angles [azimuthal angle (φ) and polar angle 

(θ)]. 

Charge transfer resistance (Rct) of the electrodes of column A [E1-E4, azimuthal 

angle (φ = 135º)] are observed about 75.2 Ω cm2 [E1, polar angle (θ = 72º)], 74.2 Ω 

cm2 [E2, polar angle (θ = 54º)], 71.6 Ω cm2 [E3, polar angle (θ = 36º)], and 69.1 Ω cm2 

[E4, polar angle (θ = 18º)]. However, charge transfer resistance (Rct) of the electrodes 

of column B [E5-E9, azimuthal angle (φ = 180º)] are found about 76.1 Ω cm2 [E5, polar 

angle (θ = 75º)], 74.8 Ω cm2 [E6, polar angle (θ = 60º)], 74.3 Ω cm2 [E7, polar angle (θ 
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= 45º)], 74.0 Ω cm2 [E8, polar angle (θ = 30º)], and 71.8 Ω cm2 [E9, polar angle (θ = 

15º)]. Similarly, charge transfer resistance (Rct) of the electrodes of column C [E10-

E13, azimuthal angle (φ = 225º)] are observed about 83.7 Ω cm2 [E10, polar angle (θ = 

72º)], 75.5 Ω cm2 [E11, polar angle (θ = 54º)], 75.6 Ω cm2 [E12, polar angle (θ = 36º)], 

and 74.0 Ω cm2 [E13, polar angle (θ = 18º)]. Charge transfer resistance (Rct) of the 

electrodes of column D [E14-E16, azimuthal angle (φ = 315º)] are noted about 80.0 Ω 

cm2 [E14, polar angle (θ = 67.5º)], 75.2 Ω cm2 [E15, polar angle (θ = 45º)], and 70.5 Ω 

cm2 [E16, polar angle (θ = 22.5º)]. Similarly, charge transfer resistance (Rct) of the 

electrode E17 of column E [azimuthal angle (φ = 0º), polar angle (θ = 45º)] is found 

about 73.8 Ω cm2. Similarly, charge transfer resistance (Rct) of the electrodes of column 

F [E18-E20, azimuthal angle (φ = 45º)] are observed about 75.1 Ω cm2 [E18, polar 

angle (θ = 67.5º)], 74.7 Ω cm2 [E19, polar angle (θ = 45º)], and 73.9 Ω cm2 [E20, polar 

angle (θ = 22.5º)]. 
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Figure 4.9 Nyquist plots for the electrodes (a) E1-E4, (b) E5-E9, (c) E10-E13, (d) 

E14-E16, and (e) E17-E20 of FAC tests in synthetic oil field solution of fluid 

velocity 3 m s-1 
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Table 4.5 Fitted parameters and charge transfer resistance for the Nyquist plots of 

electrodes from the FAC test 

 
Column, 

Azimuthal 

Angle (φ),  

Polar Angle (θ) E
le

ct
ro

d
e
 

Shear 

Stress 

(Pa) 

Rs
 

(Ω cm2) 

QCPE
 

(F. s^(a-1)) 
a 

Rct 

(Ω cm2) 

E
x
tr

a
d

o
s 

(O
u

te
r 

fa
ce

) 

A, 135º, 72º E1 11.3 9.6 0.0004810 0.6877 75.2 

A, 135º, 54º E2 15.2 9.1 0.0004050 0.7184 74.2 

A, 135º, 36º E3 18.2 11.1 0.0002304 0.7575 71.6 

A, 135º, 18º E4 20.5 11.4 0.0003991 0.7129 69.1 

B, 180º, 75º E5 8.4 10.0 0.0003347 0.7255 76.1 

B, 180º, 60º E6 10.5 7.9 0.0001911 0.7835 74.8 

B, 180º, 45º E7 13.3 10.8 0.0002275 0.7902 74.3 

B, 180º, 30º E8 16.1 11.9 0.0005228 0.6905 74.0 

B, 180º, 15º E9 20.8 12.7 0.0002532 0.7459 71.8 

C, 225º, 72º E10 11.5 8.0 0.0000850 0.8339 83.7 

C, 225º, 54º E11 14.3 9.0 0.0002067 0.7551 75.5 

C, 225º, 36º E12 17.2 10.1 0.0006575 0.6606 75.6 

C, 225º, 18º E13 20.4 12.1 0.0006244 0.6756 74.0 

In
tr

a
d

o
s 

(I
n

n
er

 f
a
ce

) 

D, 315º, 67.5º E14 24.8 7.8 0.0000926 0.8101 80.0 

D, 315º, 45º E15 25.2 8.6 0.0001818 0.7609 75.2 

D, 315º, 22.5º E16 25.6 10.4 0.0002376 0.7462 70.5 

E, 0º, 45º E17 27.6 9.5 0.0007521 0.6579 73.8 

F, 45º, 67.5º E18 24.0 8.6 0.0001571 0.7745 75.1 

F, 45º, 45º E19 24.7 8.8 0.0001771 0.7813 74.7 

F, 45º, 22.5º E20 25.7 11.3 0.0003937 0.7030 73.9 
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4.1.6 Analyses of corroded samples 

• Scanning electron microscopy (SEM) analysis of corroded samples 

SEM images for electrode number E7, E11, E14, and E17 were taken after FAC tests 

to examine surface morphologies of electrodes which are shown in Figure 4.10(a-d). It 

is obviously noticed that the electrodes (E7 and E11) at extrados have lower corrosion 

and its products over the electrodes (E14 and E17) at intrados and the corrosion current 

densities were found quite higher at E14 and E17. 

 

Figure 4.10 SEM micrographs of working electrodes after FAC experiment with 

flow velocity 3 m s-1 (a) E7, (b) E11, (c) E14, and (d) E17 

• Raman spectroscopy analysis of corrosion products 

The Raman spectrum of corrosion products formed on the selected electrode (E17) 

which has the highest corrosion after the FAC test is shown in Figure 4.11. The 

measured Raman band frequencies for the developed corrosion products at the 

specimen are given in Table 4.6. Data indicates that the compositions of corrosion 

compounds followed by FAC test are as FeCO3 (1080.89 cm-1), α-Fe2O3 (291.92 cm-1), 

E7 E11

E14 E17
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γ-Fe2O3 (710.82 cm-1), goethite α – FeOOH (299.85 cm-1), and akageneite β – FeOOH 

(390.78, 490.84, 534.92, 605.20 cm-1). It is noticed that the characteristic peak at 

1080.89 cm-1 of FeCO3 is quite strong as compared to other compounds formed for X70 

steel in simulated oilfield solution. These products also inform that the possible 

corrosion products formed due to the reaction with carbonates and dominated reduction 

reaction (Guzonas et al. 1998; Kiosidou et al. 2017; Zhang et al. 2013). 

 

Figure 4.11 Raman spectrum of the electrode E17 followed by FAC test 

Table 4.6 Measured Raman band frequencies for corrosion products of a 

representative electrode (E17) after FAC test (wavelength of 532 nm) 

Raman bands (cm-1) Phases Identified References 

1080.89 FeCO3 (Zhang et al. 2013) 

291.92 α-Fe2O3 (Zhang et al. 2013) 

710.82 γ-Fe2O3 (Guzonas et al. 1998) 

299.85 α – FeOOH (Kiosidou et al. 2017) 

390.78, 490.84, 

534.92, 605.20 
β – FeOOH (Kiosidou et al. 2017) 
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4.1.7 Discussion 

Comparative analysis of static and dynamic (FAC) electrochemical experimental 

results reveal that the X70 steel undergoes accelerated corrosion under flow condition 

than the static condition. Potentiodynamic polarisation analyses show that the corrosion 

rate under flow condition is about 250 times higher than that of static condition. 

Similarly, Nyquist plots of electrochemical impedance spectroscopy measurements 

disclose that the charge transfer resistance (Rct) of the X70 steel samples under flow 

condition is about 22 times lower than that of static condition. During the continuous 

turbulent flow with high shear stress and velocity, a repeated depassivation (removal of 

the formed protective passive film) and repassivation (reformation of the protective 

passive film) occurs on the X70 steel samples. As a result of this process, the rate of 

highly reactive parent metal dissolution (corrosion) accelerates in the oilfield water 

environment (Hodgkiess et al. 1999; Wood 2009). 

Potentiodynamic polarisation analyses indicate that the electrochemical 

corrosion activity of X70 steel is varied at various sites of the elbow in the flow 

condition. The corrosion rates obtained at the intrados and extrados of the elbow are 

596.8 mpy (E17 - maximum) and 459.5 mpy (E5 - minimum) respectively. The shear 

stress is also maximum at E17 and minimum at E5. The shear stresses and corrosion 

rate were increased onward the fluid flow path. Corrosion rates at intrados electrodes 

are higher than that at extrados electrodes due to the higher shear stress at intrados 

(Efird et al. 1993; El-Gammal et al. 2010; Obanijesu 2009; Poulson 1999). It is 

observed that a 27.44% increment in the corrosion rate of innermost electrode E17 

compared to the outermost electrode E7 located at the 90º elbow test section. The flow 

velocity of simulated oilfield water plays a vital role by providing a fresh electrolyte to 

the sample surface that has a large capacity to take in the soluble ions thereby increasing 

the corrosion rate with velocity (Kain 2014). 

From the Tafel plots [Figure 4.6(a-e)], it is clear that API X70 steel electrodes 

are prone to active dissolution while the electrolyte is flowing in the loop system which 

can be attributed to the electrolyte flow that enhances the diffusion of iron species and 

increases the electrochemical reactivity (Kain et al. 2011). The electrochemical 

corrosion of carbon steel in chloride and carbonate-containing solutions are controlled 
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by possible anodic and cathodic reactions (Sun et al. 2016; Zhang et al. 2011b). The 

redox reactions of X70 steel in the simulated oilfield water can be expressed by the 

following equations (4.1-4.3): 

Oxidation reaction (anodic dissolution of Fe ion) 

Fe → Fe2+ + 2e−   (E° = −0.440 VSHE)  (4.1) 

Reduction reaction (cathodic - oxygen reduction at neutral to alkaline solution) 

O2 + 2H2O + 4e−  → 4OH−  (E° = +0.401 VSHE)  (4.2) 

(Overall reaction)  2Fe + O2 + 2H2O → 2Fe2+ +  4OH−  (4.3) 

The available Fe2+ ion will react with OH− and dissolved O2 in the electrolyte 

after that as given in equations (4.4 and 4.5): 

Fe2+ + 2OH−  → Fe(OH)2      (4.4) 

4Fe(OH)2 + O2 + 2H2O →  4Fe(OH)3    (4.5) 

These products are unstable and converted into oxides as expressed in equation (4.6): 

2Fe(OH)3  →  Fe2O3 + 3H2O     (4.6) 

However, apart from oxide products, α – FeOOH (goethite) and β – FeOOH 

(akageneite) are found as the key compositions of corrosion products from the Raman 

spectrum. Since the cathodic and anodic reactions occur at the meeting location of metal 

and electrolyte, FeOOH yields at the external surface of the metal. The corrosion 

mechanism in the presence of an aqueous medium can be expressed as in equation (4.7): 

Fe(OH)3  → FeOOH +  H2O      (4.7) 

The mechanism of electrochemical reactions due to the presence of anion (Cl−), 

accelerates the corrosion by promoting anodic dissolution that can be expressed as 

follows in equations (4.8 and 4.9): 

Fe + 2Cl−  → FeCl2 + 2e−      (4.8) 

4FeCl2 + 8OH− + O2 →  4FeOOH + 8Cl− + 2H2O    (4.9) 
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The precipitation of FeCO3 is thermodynamically possible when the 

concentration of Fe2+ and CO3
2- ions exceed the solubility product. Formation of the 

FeCO3 film at the substrate by one-step reaction with carbonate, or two-steps reactions 

with bicarbonate, the following mechanisms can be used which are given in equations 

(4.10-4.13): 

Fe → Fe2+ +  2e−        (4.10) 

 Fe2+ + CO3
2−  → FeCO3       (4.11) 

Fe2+ + 2HCO3
−  → Fe(HCO3) 2      (4.12)  

Fe(HCO3) 2  → FeCO3 + CO2 + H2O     (4.13) 

The FAC study reveals that the electrochemical corrosion kinetics parameters 

fluctuate corresponding to the position of the electrodes within the elbow. Transit of 

active groups (OH−, dissolved O2, Cl− and CO3
2−) to the electrode surface and also 

higher of cathodic kinetics would be intensified by the higher shear stress and flow 

velocity. This process leads to the higher dissolution rate of X70 steel samples located 

at the intrados of the pipe elbow. Furthermore, at the extrados, with lesser shear stress 

and fluid flow velocity, resulting in the lesser dissolution rate leads to a depressed 

cathodic reaction rate on the sample. This change is due to the counter rotating vortices 

and various scale eddies generated at the pipe elbow. At the region near the extrados, 

relatively lower fluid velocity and shear stress exist. It leads to the presence of a 

homogeneous flow field on the extrados (Wang et al. 2016). 

Furthermore, Figure 4.9(a-e) shows that the Nyquist plots of electrochemical 

impedance spectroscopy measurements are defined by a single capacitive loop. The 

capacitive loop was responsible for the charge transfer process at the metal-electrolyte 

meeting location. The semicircle radii of the capacitive loops in the impedance spectra 

were decreased onward fluid flow path. Furthermore, the charge transfer resistance (Rct) 

was lower on the intrados due to the higher shear stress and velocity compared to the 

extrados. It is found that less than 1% lower charge transfer resistance (Rct) of innermost 

electrode E17 as compared to the outermost electrode E7 located at the 90º elbow test 

section. 
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Figure 4.12(a-e) shows the variations of shear stress, charge transfer resistance 

(Rct), and corrosion current density (icorr) of working electrodes onwards the flow path 

at various azimuthal angles (φ) of the 90º elbow test section after FAC test.  It also 

reveals that when shear stress decreases, corrosion current density also decreases. 

However, the charge transfer resistances were increased with a reduction in shear 

stresses. To notice electrodes E8 (column B) and E11 (column C), small variations were 

also noticed due to the counter rotating vortices and various scale eddies formation by 

turbulent fluid flow (Wang et al. 2016). 

 

Figure 4.12 Fluctuations of shear stress, charge transfer resistance (Rct), and 

corrosion current density (icorr) of working electrodes onwards the fluid flow path at 
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various azimuthal angles φ of the elbow (a) φ = 135º, (b) φ = 180º, (c) φ = 225º, (d) 

φ = 315º, and (e) φ = 0º, φ = 45º after FAC experiments 

The SEM micrographs [Figure 4.10(a-d)] of the exposed specimens 

demonstrate that both the intrados (E14 and E17) and extrados (E7 and E11) electrodes 

have irregular and loose corrosion products. Raman spectroscopy results (Figure 4.11, 

Table 4.6) reveals that a large proportion of FeCO3 was formed over oxides as a 

corrosion product. The Raman spectrum also indicates that a small fraction of other 

compounds formed by FAC test as α-Fe2O3, γ-Fe2O3, α – FeOOH, and β – FeOOH. 

Compared to the extrados electrodes the intrados electrodes have more disconnected 

corrosion compounds and a higher corrosion rate. Among these four electrodes, 

electrode E17 is having a more loose and porous structured corrosion product because 

of higher shear stress and fluid flow velocity at the intrados compared to extrados. 

These irregular and porous corrosion compounds cannot protect the substrate from 

further corrosion degradation in the used simulated solution. 

The computational fluid dynamics (CFD) simulation demonstrates that there are 

distinct shear stress (see Table 4.3) and fluid flow velocities at various parts of the 

elbow test section as a result of the geometrical diversity. The minimum wall shear 

stress 8.4 Pa is simulated at extrados for the electrode E5 with a polar angle (75º) and 

azimuthal angle (180º). The maximum wall shear stress 27.6 Pa is simulated at intrados 

for the electrode E17 of polar angle (45º) and azimuthal angle (0º). At this inner wall 

region of the elbow, flow accelerates due to the effect of elbow curvature within the 

boundary layer and results in a high-velocity gradient, indicating the wall shear stress 

is significantly higher. The high shear stress resulting from high flow velocity and 

turbulence decreases the boundary layer thickness causing an increase in corrosion rate 

thus increasing the FAC rate (El-Gammal et al. 2010; Kain 2014; Kain et al. 2011; Lin 

and Ferng 2014). The highest rate of corrosion present at the intrados electrode of the 

90º pipe elbow where the shear stress and flow velocity is maximum. The corrosion 

rate is increased onward the fluid flow path and from the extrados to the intrados, with 

the same variation in shear stress and fluid velocity. This is in agreement with the 

outcomes of other researchers (Zhang et al. 2013). CFD simulation results and 

experimental results are demonstrated that fluid flow parameters played a crucial role 

in the FAC of X70 steel. It is mainly related to the high wall shear stress under high 
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flow velocity conditions. Because of the geometrical structure and alignment of the 

elbow, the metal dissolution rate is more at the intrados than at the extrados (Zhang et 

al. 2013). Therefore the comparative study of electrochemical analyses with CFD 

simulation demonstrates that the higher corrosion rate is associated with high shear 

stress and fluid flow velocity at the 90º pipe elbow. 

4.1.8 Summary 

The effect of hydrodynamic parameters such as flow velocity and shear stress on API 

X70 steel was studied in the static and dynamic corrosive environment. A loop system 

was utilized to imitate the flow through a pipe more realistically. Hydrodynamic 

parameters (obtained from CFD simulation) especially shear stress, and flow velocity 

of the fluid flow played a vital role in flow accelerated corrosion (FAC), and the major 

findings are given below. 

• FAC of API X70 steel depends on hydrodynamic parameters of the fluid flow such 

as wall shear stress and flow velocity. 

• It is observed that, within the elbow, corrosion rate and corrosion current density at 

the intrados (inner face) are more as compared to the extrados (outer face). 

However, onward the flow path corrosion rate is increased. 

• The maximum and minimum corrosion rates observed are 596.8 mpy (intrados 

electrode E17) and 459.5 mpy (extrados electrode E5), respectively. 

• High corrosion current density and corrosion rate are due to the turbulent flow with 

higher shear stress and flow velocity particularly in the intrados of the 90º pipe 

elbow. 

• The experimental results are in agreement with the CFD simulation results.  
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4.2 Effect of oleic acid hydrazide (OAH) inhibitor on FAC of API X70 steel 

Oleic acid hydrazide (OAH), an organic compound, is a promising environment-

friendly, green inhibitor which can be used to protect low alloy steels against corrosion 

(Quaraishi et al. 2000; Quraishi and Ansari 2003). The influence of OAH inhibitor at 

various concentrations (0.05 g/L, 0.15 g/L, 0.30 g/L) on API X70 steel was studied in 

the simulated oilfield water in the flow loop system. For the flow accelerated corrosion 

(FAC) tests, twenty X70 steel samples were placed at various locations of the 90º elbow 

test section. The electrochemical impedance spectroscopy technique was utilized to 

analyze the efficiency of the OAH inhibitor. The corroded surface morphologies and 

corrosion products were analyzed with the help of SEM and Raman spectroscopy 

techniques. FTIR and XPS analyses were conducted to understand the interaction of 

inhibitor molecules with the sample surface in simulated solution. 

4.2.1 Polarization resistance and inhibition efficiency 

Electrochemical impedance spectroscopy (EIS) technique was utilized to find out the 

polarization resistance and inhibition efficiency of X70 steel at different concentrations 

of OAH inhibitor (0.05 g/L, 0.15 g/L, 0.30 g/L) in the circulating simulated oilfield 

water at a flow velocity of 3 m s-1. The impedance spectra were examined using the 

electrical equivalent circuits given in Figure 4.13(a, b). Here, the impedance 

parameters, such as Rs, CPE, Rct, Rp, and Rf, are solution resistance, constant phase 

element, charge transfer resistance, polarization resistance, and film resistance 

respectively. Figure 4.14(a-f) exhibits Nyquist plots for electrodes E2 (Figure 4.14a), 

E4 (Figure 4.14b), E7 (Figure 4.14c), E10 (Figure 4.14d), E17 (Figure 4.14e), and E19 

(Figure 4.14f). The inhibition efficiency of the OAH inhibitor was computed with the 

help of polarization resistances using equation 4.14, where 𝑅𝑝 and 𝑅𝑝
0 are the 

polarization resistance in the presence and absence of inhibitor, respectively. 

𝜂% =
𝑅𝑝−𝑅𝑝

0

𝑅𝑝
× 100     (4.14) 
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Figure 4.13 Electrochemical equivalent circuits for EIS fitting for the EIS 

measurements in FAC condition for (a) without inhibitor solution (b) with OAH 

inhibitor solution 

The polarization resistances (Rp) and inhibition efficiencies (𝜂%) are tabulated 

in Table 4.7. It is seen that the polarization resistances and inhibition efficiencies were 

varying concerning the positions of the electrodes at the elbow test section. The 

polarization resistances (Rp) in the absence of the inhibitor are significantly less than 

those in the presence of the inhibitor. The enlargement of capacitive loop radii (is shown 

in Nyquist plots) and increase of calculated Rp values when the concentration of the 

inhibitor increases are attributed to the adsorbed inhibitor molecule, which directly 

influences the resistance of the metal dissolution reactions (Du et al. 2009; Neville and 

Wang 2009; Zeng et al. 2015). 



 

79 

 

 

Figure 4.14 Nyquist plots for the electrodes (a) E2, (b) E4, (c) E7, (d) E10, (e) E17, 

and (f) E19 with and without OAH inhibitor FAC test 

 

0 100 200 300 400 500 600

0

100

200

300

400

500

600
Φ = 135º,  

 θ = 54º 
Column A :  

Extrados

(Outer face)

Electrode: E2 

- 
Z

''
 (


 c

m
2

)

Z' ( cm2
)

 Blank

 0.05 g/L OAH

 0.15 g/L OAH

 0.30 g/L OAH

(a)

0 100 200 300 400 500 600

0

100

200

300

400

500

600
Φ = 135º,  

 θ = 18º 
Column A :  

Extrados

(Outer face)

Electrode: E4  Blank

 0.05 g/L OAH

 0.15 g/L OAH

 0.30 g/L OAH

- 
Z

''
 (


 c

m
2

)

Z' ( cm2
)

(b)

0 100 200 300 400 500 600

0

100

200

300

400

500

600
Φ = 180º,  

 θ = 45º 
Column B :  

Extrados

(Outer face)

Electrode: E7 
 Blank

 0.05 g/L OAH

 0.15 g/L OAH

 0.30 g/L OAH

- 
Z

''
 (


 c

m
2

)

Z' ( cm2
)

(c)

0 100 200 300 400 500 600

0

100

200

300

400

500

600

 Blank

 0.05 g/L OAH

 0.15 g/L OAH

 0.30 g/L OAH

Φ = 225º,  

 θ = 72º 
Column C :  

Extrados

(Outer face)

Electrode: E10 

- 
Z

''
 (


 c

m
2

)

Z' ( cm2
)

(d)

0 100 200 300 400 500 600

0

100

200

300

400

500

600
Φ = 0º,  

 θ = 45º 
Column E :  

Intrados

(Inner face)

Electrode: E17 
 Blank

 0.05 g/L OAH

 0.15 g/L OAH

 0.30 g/L OAH

- 
Z

''
 (


 c

m
2

)

Z' ( cm2
)

(e)

0 100 200 300 400 500 600

0

100

200

300

400

500

600
Φ = 45º,  

 θ = 45º 
Column F :  

Intrados

(Inner face)

Electrode: E19  Blank

 0.05 g/L OAH

 0.15 g/L OAH

 0.30 g/L OAH

- 
Z

''
 (


 c

m
2

)

Z' ( cm2
)

(f)



 

80 

 

Table 4.7 Polarization resistances (𝑹𝒑) and Inhibition efficiencies (𝜼%) obtained 

from impedance (FAC) study with OAH inhibitor 

 

Column, 

Azimuthal 

Angle (φ), 

Polar Angle (θ) E
le

ct
ro

d
e 

𝑹𝒑 (Ω cm2) 𝜼% 

0 0.05 0.15 0.30 0.05 0.15 0.30 

g/L (OAH Inhibitor) g/L (OAH Inhibitor) 

E
x
tr

a
d

o
s 

(O
u

te
r 

fa
ce

) 

A, 135º, 72º E1 75.2 92.4 131.3 311.0 18.6 42.7 75.8 

A, 135º, 54º E2 74.2 92.0 125.1 321.9 19.3 40.7 76.9 

A, 135º, 36º E3 71.6 92.0 118.2 377.7 22.2 39.4 81.0 

A, 135º, 18º E4 69.1 90.3 109.5 560.8 23.5 36.9 87.7 

B, 180º, 75º E5 76.1 93.7 116.3 343.7 18.8 34.6 77.9 

B, 180º, 60º E6 74.8 90.9 114.7 399.1 17.7 34.8 81.3 

B, 180º, 45º E7 74.3 90.0 111.0 411.8 17.4 33.1 82.0 

B, 180º, 30º E8 74.0 89.9 109.8 386.0 17.7 32.6 80.8 

B, 180º, 15º E9 71.8 88.1 99.0 317.3 18.5 27.5 77.4 

C, 225º, 72º E10 83.7 92.0 111.3 290.2 9.0 24.8 71.2 

C, 225º, 54º E11 75.5 91.7 107.2 377.6 17.7 29.6 80.0 

C, 225º, 36º E12 75.6 90.3 103.6 497.2 16.3 27.0 84.8 

C, 225º, 18º E13 74.0 89.7 98.5 429.1 17.5 24.9 82.8 

In
tr

a
d

o
s 

(I
n

n
er

 f
a
ce

) 

D, 315º, 67.5º E14 80.0 91.9 114.5 295.9 12.9 30.1 73.0 

D, 315º, 45º E15 75.2 90.7 109.7 315.6 17.1 31.4 76.2 

D, 315º, 22.5º E16 70.5 88.5 105.6 475.8 20.3 33.2 85.2 

E, 0º, 45º E17 73.8 91.8 103.0 381.1 19.6 28.3 80.6 

F, 45º, 67.5º E18 75.1 89.3 113.9 428.9 15.9 34.1 82.5 

F, 45º, 45º E19 74.7 88.3 110.9 534.9 18.6 42.7 75.8 

F, 45º, 22.5º E20 73.9 88.3 106.8 308.8 19.3 40.7 76.9 
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4.2.2 Analyses of corroded samples 

• Scanning electron microscopy (SEM) analysis of corroded samples 

Figure 4.15(a, b) displays the SEM surface morphologies of API X70 electrodes after 

corrosion tests under flow condition. In the absence of the inhibitor (Figure 4.15a), 

more porous corrosion compounds were noticed on the electrode surface. However, the 

corrosion products formed during FAC test with the presence of inhibitor (Figure 4.15b) 

have found good protection against corrosion of substrate as compared to the corrosion 

products formed without inhibitor. Furthermore, the electrodes were covered by some 

corrosion products in both blank and inhibited solutions, due to the effect of 

hydrodynamic parameters such as velocity and shear stress. 

 

Figure 4.15 SEM micrographs of electrode E17 after FAC tests (a) without 

inhibitor, and (b) with 0.30 g/L OAH inhibitor 

• Raman spectroscopy analysis of corrosion products 

Figure 4.16(a-c) shows the Raman spectra of samples after the FAC test with various 

concentrations (0.05 g/L, 0.15 g/L, 0.30 g/L) of OAH inhibitor. Table 4.8 represents 

the measured Raman band frequencies and corrosion products formed on the surface of 

electrode E17.  It is indicating that the compositions of corrosion compounds obtained 

after the FAC test in the presence of OAH inhibitor are α-Fe2O3 (hematite), γ-Fe2O3 

(maghemite), γ-FeOOH (lepidocrocite), and β – FeOOH (akageneite). Furthermore, the 

main constituent of the corrosion product is Fe2O3. From Raman spectra, it is observed 

that a small fraction of corrosion products were formed after FAC tests in the presence 

of the OAH inhibitor as compared to the absence of inhibitor. It is also interesting to 
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find that the major constituent FeCO3 compound in the absence of inhibitor got changed 

with only oxides. 

 

Figure 4.16 Raman spectra of the electrode - E17 after FAC test at 3 m s-1 velocity 

in OAH inhibited solution (a) 0.05 g/L, (b) 0.15 g/L, (c) 0.30 g/L 
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Table 4.8 Measured Raman band frequencies for corrosion products of the 

electrode - E17 after FAC test with OAH inhibitor (wavelength - 532 nm) 

OAH 

Inhibitor 

(g/L) 

Raman bands (cm-1) 
Phases 

Identified 
References 

0.05 

249.19, 526.78, 1306.44 γ-FeOOH (Kiosidou et al. 2017) 

657.78 α-Fe2O3 (Guzonas et al. 1998) 

375.58 γ-Fe2O3 (Guzonas et al. 1998) 

0.15 
379.04, 526.77, 651.43, 1305.29  γ-FeOOH (Kiosidou et al. 2017) 

248 β-FeOOH (Guzonas et al. 1998) 

0.30 

249.19, 526.77, 651, 1306.44 γ-FeOOH (Kiosidou et al. 2017) 

375.57 γ-Fe2O3 (Guzonas et al. 1998) 

308.05 β-FeOOH (Kiosidou et al. 2017) 

• FTIR-ATR analysis for inhibitor study 

Fourier transform infrared spectroscopy – attenuated total reflectance (FTIR–ATR) 

spectra were recorded in the range 4000–500 cm-1 to investigate the possible interaction 

of the OAH inhibitor molecule with the X70 steel surface. FTIR characterization of the 

OAH was carried out to determine the functional groups that exist in it, while that of 

the corrosion compounds is to confirm that the inhibition takes place due to the 

connection between the specimen and the OAH inhibitor. Figure 4.17 shows the FTIR 

spectra of pure OAH and corrosion compounds obtained after the FAC test with 0.30 

g/L OAH inhibitor. The assignment of vibration type and functional groups are 

presented in Table 4.9. In the spectrum of pure OAH, the peaks at 2922.16 cm-1 and 

2852.72 cm-1 are corresponding to the stretching vibration of the 𝐶 − 𝐻 bond. The 

peaks at 3318.90 cm-1 and 1627.92 cm-1 are corresponding to the stretching and bending 

vibration of the 𝑁 − 𝐻 bond, respectively. The peaks at 1462.04 cm-1, 1372.57 cm-1, 

and 723.3 cm-1 are corresponding to the  𝐶 − 𝐻 bending vibration. The presence of one 

strong peak at 1737.83 cm-1 is corresponding to the 𝐶 = 𝑂 stretching vibration (Bruice 

2014; Mistry 2009; Zhang et al. 2011a). FTIR of the pure OAH inhibitor showed the 

presence of oxygen and nitrogen atoms in functional groups (𝑁 − 𝐻) and (𝐶 = 𝑂). 
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The general characteristics of typical corrosion inhibitors are met by the oxygen and 

nitrogen atoms present in the OAH inhibitor (Alaneme et al. 2016). 

 

Figure 4.17 FTIR spectra of corrosion products on electrode 17 after FAC test with 

0.30 g/L OAH inhibitor and pure OAH Inhibitor 

In the FTIR spectrum of the corrosion product of API X70 steel after FAC test, 

it was found that the 𝐶 − 𝐻 bending at 1462.04 cm-1, 1372.57 cm-1, and 723.3 cm-1 were 

shifted to 1402.96 cm-1, 1254.97 cm-1, and 669.18 cm-1, the 𝑁 − 𝐻 bending of 1627.92 

cm-1 is also shifted to 1647.88 cm-1. These shifts in the FTIR spectrum of corrosion 

products of inhibited X70 steel samples compared to the pure OAH inhibitor is directly 

attributed to the interaction of inhibitor molecules with steel substrate which resulted 

in inhibition. The following frequencies of vibration were disappeared in the FTIR 

spectrum of corrosion product of API X70 steel after the FAC test: 𝐶 − 𝐻 stretching 

vibration at 2922.16 cm-1 and 2852.72 cm-1, the 𝑁 − 𝐻 stretching vibration at 3318.90 

cm-1 and the 𝐶 = 𝑂 stretching vibration at 1737.83 cm-1. This result shows that the 

OAH inhibitor was adsorbed on the metal surface to form (Fe-Inh)2+ complex (Alaneme 

et al. 2016; Ameh et al. 2017). 
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Table 4.9 FTIR band frequencies and the functional group assigned for pure OAH 

and corrosion products of electrodes after FAC test with OAH inhibitor (0.30 g/L) 

Wavenumber  

(cm-1) 

[Pure OAH  

Inhibitor] 

Wavenumber (cm-1) 

[Corrosion products 

with OAH Inhibitor] 

Functional 

Group 

Vibration  

Mode 
References 

2922.2 - 𝐶 − 𝐻 Stretching 

(Bruice 2014; 

Mistry 2009; 

Zhang et al. 2011a) 

2852.7 - 𝐶 − 𝐻 Stretching 

1737.8 - 𝐶 = 𝑂 Stretching 

3318.9 - 𝑁 − 𝐻 Stretching 

1627.9 1647.9 𝑁 − 𝐻 Bending 

1462.0 1403.0 𝐶 − 𝐻 Bending 

1372.6 1255.0 𝐶 − 𝐻 Bending 

723.3 669.2 𝐶 − 𝐻 Bending 

• X-ray photoelectron spectroscopy (XPS) analysis for inhibitor study 

XPS survey spectrum of the surface of electrode E17 after the FAC test with 0.30 g/L 

OAH inhibitor is shown in Figure 4.18. It exhibits evidence of the elements such as C, 

O, Fe, Ca, N, Na, Mg, and Mn. The nitrogen (N) in the corrosion product clearly 

confirms the presence of fatty-acid derivative inhibitor film on the exposed electrode 

surface. Figure 4.19(a-d) shows the high-resolution XPS spectra with the binding 

energy of elements such as C, N, O, and Fe. The information about the ionic state of 

elements and compounds formation was obtained by peak fitting. The binding energies 

and peak assignments are tabulated in Table 4.10. To examine the XPS plots, indicating 

a clear the presence of OAH inhibitor on the corroded sample. 
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Figure 4.18 XPS survey spectrum for the surface products on electrode E17 after 

FAC test with 0.30 g/L OAH 

 

Figure 4.19 High resolution XPS spectra of electrode 17 after FAC test with 0.30 

g/L OAH inhibitor: (a) C 1s, (b) N 1s, (c) O 1s, and (d) Fe 2p3/2 and Fe 2p1/2 
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Table 4.10 XPS spectral analysis for the surface products formed on API 5L X70 

steel after FAC test in the presence of 0.30 g/L OAH inhibitor 

Elements 
Valence 

state 

Binding 

Energy (eV) 

Possible 

assignment  

for peaks 

References 

C 1s 

284.2 
Adventitious/ 

𝐶 − 𝐻,  𝐶 − 𝑁 
(Zeng et al. 2015) 

289.1 𝐶 = 𝑂 (Liu et al. 2015) 

N 1s 

398.7 𝐶 − 𝑁 (Zeng et al. 2015) 

399.8 NH, NH2 (Zeng et al. 2015) 

O 1s 

530.6 Fe2O3, FeOOH 
(Guo et al. 2016; Zhao 

and Chen 2012) 

531.0 Fe2O3, FeOOH 
(Guo et al. 2016; Zhao 

and Chen 2012) 

532.3 Organic O 
(Liu et al. 2015; Usman 

et al. 2017) 

Fe 

2p3/2 711.2 Fe2O3, FeOOH 
(Guo et al. 2016; Zhou et 

al. 2017) 

2p1/2 724.3 Fe2O3, FeOOH 
(Guo et al. 2016; Nam et 

al. 2014) 

4.2.3 Discussion 

The polarization resistances (𝑅𝑝) of FAC study with OAH inhibitor indicate that it 

protects the X70 steel at 0.30 g/L. However, the distribution of inhibition efficiencies 

(Figure 4.20) measured by the EIS method reveals that inhibition efficiencies at 0.05 

g/L, 0.15 g/L, and 0.30 g/L OAH vary corresponding to the position of the electrodes 

within the elbow test section under FAC condition. This is due to variations in 

hydrodynamic parameters such as wall shear stress and velocity at the various locations 

of the elbow test section. Also, the secondary flow and flow separation effect, which 

directly leads to the generation of counter rotating vortices, and various scale eddies at 

the elbow will control the flow pattern and promote the mass transfer process of anions 

near the pipe wall (El-Gammal et al. 2010; Wang et al. 2016; Zeng et al. 2016b). The 

CFD simulation results discussed in the previous section also indicated that the shear 

stress and velocity are different at various locations of the elbow test section. The 

inhibition efficiencies of OAH for FAC tests are increasing from low (0.05 g/L) to high 

(0.30 g/L) concentration. When the inhibitor concentration is more, the surface 
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coverage or adsorption of inhibitor molecules on the active sites of the electrode 

increases, and then more active sites are blocked, as shown in Figure 4.21(a-c). 

Therefore, inhibition efficiency increases from lower to higher concentrations of OAH 

(Zeng et al. 2017). 

 

Figure 4.20 Distribution of inhibition efficiencies of OAH inhibitor in FAC 

condition for all twenty electrodes 

 

Figure 4.21 Schematic of adsorption (OAH inhibitor molecules) on elbow test 

section at various concentrations (a) 0.05 g/L (b) 0.15 g/L, and (c) 0.30 g/L  
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Nyquist plots [Figure 4.14(a-f)] from the electrochemical impedance 

spectroscopy measurements are defined by a capacitive loop in the absence and 

presence of the OAH inhibitor in FAC conditions. The capacitive loop was responsible 

for the charge transfer process at the electrode-electrolyte interface by the reaction. The 

semicircle radii of the capacitive loops in the impedance spectra were increased by the 

addition of the OAH inhibitor in the flow condition. Polarization resistances (𝑅𝑝) 

increased with the increase of concentration of OAH inhibitor, which indicates 

protection of X70 steel. 𝑅𝑝values of the electrodes with inhibitor-containing electrolyte 

were higher than that of without it. It indicates that the OAH inhibitor was adsorbed on 

the specimen surface and is quite efficient for chosen alloy and environment 

significantly at 0.30 g/L concentration (Liu et al. 2009; Neville and Wang 2009). 

It is accepted that the organic compounds mitigate the corrosion by the 

adsorption process at the metal-electrolyte interface (L. Riggs Jr 1973). Organic 

compounds act as mixed-type inhibitors, which provide a barrier to dissolution at the 

anode and a barrier to oxygen reduction at cathodic sites (Sastri 2011). A possible 

inhibition mechanism exhibited by the organic OAH molecule is the adsorption process 

on the metal surface. It acts as an obstacle for the degradation of the X70 steel in the 

electrolyte by providing a strong barrier to electrochemical corrosion reactions. It is 

generally accepted that the first step in the adsorption of an organic inhibitor on a metal 

surface usually involves the replacement of one or more water molecules adsorbed at 

the metal surface as given in equation 4.15 (Ashassi-Sorkhabi and Asghari 2008). 

𝐼𝑛ℎ(𝑠𝑜𝑙) + 𝑛𝐻2𝑂(𝑎𝑑𝑠) ↔  𝐼𝑛ℎ(𝑎𝑑𝑠) + 𝑛𝐻2𝑂(𝑠𝑜𝑙)   (4.15) 

The inhibitor may then combine with freshly generated Fe2+ ions on the steel 

surface, forming metal-inhibitor complexes as given in equations 4.16 and 4.17 (Oguzie 

et al. 2007): 

𝐹𝑒 →  𝐹𝑒2+ + 2𝑒      (4.16) 

𝐹𝑒2+ +  𝐼𝑛ℎ(𝑎𝑑𝑠)  →  [𝐹𝑒 − 𝐼𝑛ℎ](𝑎𝑑𝑠)
2+     (4.17) 

The OAH inhibitor used in this study consists of hydrazide, and it forms metal-

inhibitor complexes due to Fe–N interactions. Mostly, hydrazide products adsorb onto 

the metal surfaces due to the formation of lone pairs of electrons, which are already 
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present in nitrogen and oxygen atoms (polar groups) through the π-electrons present in 

these molecules as illustrated in Figure 4.22 (Quaraishi et al. 2000). The subsequent 

complex (Fe-Inh)2+, depending on its relative solubility, can either inhibit or catalyze 

further metal dissolution. At low concentrations, the quantity of OAH in the solution is 

deficient in forming a complex with the metal ions so that the resulting adsorbed 

intermediate will be dissolved in the solution. But at higher concentrations, the 

availability of OAH molecules for complex formation is more, which then diminishes 

the solubility of the surface layer, leading to a better inhibiting effect (Ashassi-Sorkhabi 

and Asghari 2008). However, hydrodynamic parameters of the turbulent fluid flow can 

also influence the inhibition of steel corrosion. The existence of more inhibitor 

molecules at the metal surface and better inhibition performance is ensured by the flow 

of fluid. However, the mass transfer process of the metal ions (Fe2+) to the bulk of the 

solution is enhanced by the hydrodynamic effect of the flow. Hence, the formation of 

(Fe-Inh)2+ complex or protective inhibitor film on the metal surface is retarded by fluid 

hydrodynamics. The high shear stress, parallel to the pipe wall and turbulence caused 

by the high flow velocity retards the adsorption process of (Fe-Inh)2+ complex and 

damages the protective inhibitor film that previously has adsorbed on the metal surface. 

These processes lead to changes in inhibition efficiency at various locations of the pipe 

elbow and act as a negative effect on inhibition efficiency (Ahmed 2012; Ashassi-

Sorkhabi and Asghari 2008; Lopes-Sesenes et al. 2013). 
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Figure 4.22 Schematic of the interaction of OAH inhibitor molecules at the internal 

wall of the pipe and elbow under turbulent flow condition 

The FTIR spectrum (Figure 4.17) of corrosion products of inhibited FAC 

sample shows that there is a small shift as compared to the pure OAH inhibitor. This is 

also attributed to the interaction of inhibitor molecules with the sample. The SEM 

morphologies [Figure 4.15(a, b)] indicate fewer corrosion products are formed at high 

concentration (0.30 g/L) OAH inhibitor. This also implies that; OAH inhibitor protects 

the electrodes from severe FAC damage. XPS spectra (Figures 4.18 and 4.19) also 

reveal that the OAH is forming an inhibitor film on the surface of the API X70 steel 

sample under FAC condition. 
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4.2.4 Summary 

The inhibition effect of a green inhibitor, a fatty acid derivative, oleic acid hydrazide 

(OAH) was studied in the dynamic corrosive environment. A loop system was utilized 

to imitate the flow through a pipe more realistically. The major findings of this study 

are given below. 

• Studied green corrosion inhibitor-oleic acid hydrazide (OAH) is good in the 

protection of the API X70 steel with higher efficiency in the dynamic corrosive 

environment at 0.30 g/L concentration. The maximum inhibitor efficiency is found 

at 87.7% for 0.30 g/L concentration. This organic inhibitor forms metal-inhibitor 

complexes by adsorption behavior of the organic adsorbate on the sample surface. 

• The inhibition efficiencies of the API X70 samples at the elbow test section is 

varying concerning the locations of the electrode. This is due to the drastic changes 

in flow patterns resulting from the hydrodynamic parameters such as turbulence, 

velocity, and shear stress, as well as the flow separation, and secondary flow effect, 

which will lead to the generation of counter rotating vortices, and various scale 

eddies at the elbow. 

• Compared to 0.30 g/L, the inhibition efficiency of OAH for FAC is relatively low 

at 0.05 and 0.15 g/L. The maximum inhibition efficiencies observed for 0.05 g/L, 

and 0.15 g/L OAH concentrations are 23.5%, and 42.7% respectively. This is due 

to the hydrodynamic effect of flow, such as high wall shear stress and velocity 

during the FAC test, which prevents the adsorption of the inhibitor and damages 

the adsorbed inhibitor film at a lower concentration. 

• The hydrodynamic parameters control the flow pattern, alter the mass transfer rate 

of OAH inhibitor molecules and metal ions (Fe2+) at various locations of the elbow 

test section, and influence the inhibition effect of the OAH inhibitor under flow 

condition. 
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4.3 Effect of laser surface melting (LSM) on FAC of API X70 steel 

The effect of laser surface melting - LSM (laser powers 2, 2.5, and 3 kW) on flow 

accelerated corrosion (FAC) of API X70 steel was studied in the synthetic oil field 

water. Seven electrodes at extrados (E1, E5, E7, and E9) and intrados (E14, E16, and 

E17) were selected at the 90º elbow test section of the flow loop system for testing. 

Static corrosion tests were also performed to compare the flow condition effect on LSM 

steel. Microstructural and microhardness tests were performed to analyze the surface 

metallurgical changes such as elemental segregation, surface defects due to the LSM 

process on API X70 steel. 

4.3.1 Corrosion behavior of laser surface melted (LSM) API X70 steel 

• Under static condition 

Corrosion behavior of laser surface melted (LSM) X70 steel samples were analyzed 

with the help of the Tafel extrapolation method in the synthetic oil field water in static 

condition and plots are shown in Figure 4.23. The calculated corrosion rates from the 

plots for the laser powers 2, 2.5, and 3 kW under the static condition are 1.8, 1.4, and 

1.9 mpy respectively. The LSM sample with laser power 2.5 kW shows better corrosion 

resistance as compared to other treated samples. 

 

Figure 4.23 Tafel plots of laser surface melted (laser powers 2, 2.5, and 3 kW) X70 

samples under static condition  
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• Under flow condition (FAC) 

FAC tests of laser-treated (laser powers 2, 2.5, and 3 kW) X70 steel of seven electrodes 

at extrados and intrados positions were carried out using the Tafel extrapolation method 

in the synthetic oil field water in the loop system. Tafel plots of the electrodes E1, E5, 

E7, and E9 (extrados) and E14, E16, and E17 (intrados) for the laser powers 2, 2.5, and 

3 kW are shown in Figures 4.24(a), 4.24(b) and 4.24(c) respectively. It is noticed from 

plots that the samples were susceptible to higher corrosion under flow condition. 

Corrosion rates obtained from the Tafel plots are tabulated in Table 4.11. From that, it 

is very much clear that, corrosion rates of laser-treated samples are more at FAC 

condition than at static condition due to the presence of hydrodynamic parameters by 

the fluid flow (Jiang et al. 2005; Lopes-Sesenes et al. 2013; Vera et al. 2015). 

Among the laser melted samples, 2.5 kW laser power electrodes exhibited 

relatively lesser corrosion rates or better protective behavior over other power treated 

samples. Corrosion rates of the extrados electrodes of 2.5 kW laser power are noted 

about 8.5 mpy [E1, polar angle (θ = 72º)], 8.6 mpy [E5, polar angle (θ = 75º)], 12.1 

mpy [E7, polar angle (θ = 45º)], and 18.5 mpy [E9, polar angle (θ = 15º)]. Furthermore, 

corrosion rates of the intrados electrodes of 2.5 kW laser power are noted about 12.3 

mpy [E14, polar angle (θ = 67.5º)], 13.7 mpy [E16, polar angle (θ = 22.5º)], and 24.6 

mpy [E17, polar angle (θ = 45º)]. It clearly indicates the corrosion rates of the electrodes 

decrease from intrados to extrados for selected electrodes (El-Gammal et al. 2010; 

Poulson 1999). However, the corrosion rates are highest in electrode E17 at a polar 

angle (45º) and a fixed azimuthal angle (0º) in column E and lowest in electrode E1 at 

a polar angle (72º) and a fixed azimuthal angle (135º) in column A. Furthermore, the 

corrosion rates of the untreated (UT) X70 samples are in the range of 450-600 mpy 

under the same FAC condition (see section 4.1.4). Therefore, it is inferred that the laser 

surface melting results in a significant reduction in corrosion rates of X70 steel samples 

over UT. The shear stress values obtained from CFD simulation (see section 4.1.3) 

corresponding to each electrode are also tabulated in Table 4.11. The corrosion rate is 

directly proportional to the wall shear stress. 
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Figure 4.24 Tafel plots of laser surface melted X70 samples tested under FAC 

condition for the laser powers (a) 2 kW, (b) 2.5 kW, (c) and 3 kW 

Table 4.11 Fitted parameters and corrosion rates for the Tafel plots of laser surface 

melted (laser powers 2, 2.5, and 3 kW) API X70 samples under FAC condition 
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4.3.2 Electrochemical impedance spectroscopy (EIS) test 

• Under static condition 

Passivation behavior of laser surface melted (laser powers 2, 2.5, and 3 kW) X70 steel 

samples were analyzed by electrochemical impedance spectroscopy (EIS) method in 

static condition. Figure 4.25 shows the Nyquist plots of laser melted X70 samples 

obtained by static EIS test. The charge transfer resistances for the laser powers 2, 2.5, 

and 3 kW obtained after analyzing the impedance spectra using an electrical equivalent 

circuit given in Figure 4.26 were 2462, 2532, and 2356 Ω cm2 respectively. From this, 

it is clear that the 2.5 kW laser power sample shows better corrosion resistance as 

compared to 2 and 3 kW. 

 

Figure 4.25 Nyquist plots of laser surface melted (laser powers 2, 2.5, and 3 kW) 

API X70 samples under static condition 

 

Figure 4.26 Equivalent circuit used for EIS plot fitting  
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• Under flow condition (FAC) 

FAC tests of laser-melted (laser powers 2, 2.5, and 3 kW) X70 steel of various 

electrodes at extrados and intrados of the elbow were carried out using the 

electrochemical impedance spectroscopy (EIS) method in the synthetic oil field water 

in the loop system. Nyquist plots of the electrodes E1, E5, E7, and E9 (extrados) and 

E14, E16, and E17 (intrados) for the laser powers 2, 2.5, and 3 kW are shown in Figures 

4.27(a), 4.27(b), and 4.27(c) respectively. The charge transfer resistance of each sample 

obtained after analyzing the impedance spectra using the electrical equivalent circuit 

given in Figure 4.26 is tabulated in Table 4.12. It is seen that compared to static 

condition the semi-circle radius of the capacitive loop which is responsible for the 

charge transfer resistance is much smaller (Lopes-Sesenes et al. 2013). It indicates that 

higher metal dissolution occurred during FAC tests compared to the static corrosion 

tests. 

Among the laser melted samples, 2.5 kW laser power electrodes exhibited 

relatively higher charge transfer resistances or better protective behavior. Charge 

transfer resistances of the extrados electrodes of 2.5 kW laser power are noted about 

1594 Ω cm2 [E1, polar angle (θ = 72º)], 1467 Ω cm2 [E5, polar angle (θ = 75º)], 1191 

Ω cm2 [E7, polar angle (θ = 45º)], and 891 Ω cm2 [E9, polar angle (θ = 15º)]. 

Furthermore, charge transfer resistances of the intrados electrodes of 2.5 kW laser 

power are noted about 1061 Ω cm2 [E14, polar angle (θ = 67.5º)], 1010 Ω cm2 [E16, 

polar angle (θ = 22.5º)], and 844 Ω cm2 [E17, polar angle (θ = 45º)]. The charge transfer 

resistances of the electrodes decrease from extrados to intrados (El-Gammal et al. 2010; 

Poulson 1999). The charge transfer resistances are highest in electrode E1 at a polar 

angle (72º) and a fixed azimuthal angle (0º) in column A and lowest in electrode E17 

at a polar angle (45º) and a fixed azimuthal angle (135º) in column E. The charge 

transfer resistances of the untreated (UT) X70 samples are in the range of 70-90 Ω cm2 

under the same FAC condition (see section 4.1.5).  

Therefore, it is clear that all the LSM samples show better corrosion resistance 

compared to the UT samples. The shear stress values obtained from CFD simulation 

(see section 4.1.3) corresponding to each electrode are also tabulated in Table 4.12. The 
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charge transfer resistances for the electrodes are fluctuating depending upon the wall 

shear stress values within the elbow test section. 

 

Figure 4.27 Nyquist plots of laser surface melted X70 samples tested under FAC 

condition for the laser powers (a) 2 kW, (b) 2.5 kW, (c), and 3 kW 
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Table 4.12 Fitted parameters and charge transfer resistance for the Nyquist plots of 

laser surface melted (laser power: 2 kW) API X70 samples under FAC condition 

 
Azimuthal 

Angle (φ) 

Polar 

Angle 

(θ) 

E
le

ct
ro

d
es

 

Shear 

Stress (Pa) 

Rct (Ω cm2) 

2 2.5 3 

kW 
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x
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s 
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r 
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ce

) 

135º 

(Column A) 
72º E1 11.3 1300 1594 1264 

180º 

(Column B) 

75º E5 8.4 1019 1467 1143 

45º E7 13.3 843 1191 1143 

15º E9 20.8 629 891 781 

In
tr

a
d

o
s 

 

(I
n

n
er

 f
a
ce

) 

315º 

(Column D) 

67.5º E14 24.8 797 1061 864 

22.5º E16 25.6 623 1010 842 

0º  

(Column E) 
45º E17 27.6 467 844 699 

4.3.3 Material characterizations 

• Microhardness of untreated (UT) and laser surface melted (LSM) samples 

The microhardness measurements of UT and LSM (laser powers 2, 2.5, and 3 kW) X70 

samples were performed with the help of a Vickers hardness testing machine by 

applying a 0.2 kg load for 15 s. The cross-sectional microstructure with hardness test 

indents and corresponding micro-hardness profile of the 2.5 kW LSM sample is 

depicted in Figure 4.28(a, b). The microhardness values were obtained as: 220 HV 0.2 

- UT < 312 HV 0.2 - 3 kW < 318 HV 0.2 - 2 kW < 330 HV 0.2 - 2.5 kW. It clearly 

illustrates hardness improvement from 260 HV to 330 HV in the laser-treated zone as 

against 220 HV to 240 HV in the substrate. These microhardness values of the LSM 

treated samples are mainly due to the formation of the martensite phase (Agarwal et al. 

2014; Kayali and Anaturk 2013). This similarity in the microhardness values of the 

LSM samples and martensite phase suggests that the ferrite and perlite (untreated 

condition) transformed into martensite during the rapid melting and solidification 

process associated with the laser surface melting (Luo et al. 2010). 
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Figure 4.28 Cross-sectional (a) microstructure with hardness test indents and (b) 

corresponding micro-hardness distribution profile of the 2.5 kW LSM sample 

• Microstructural analysis of UT and LSM samples 

As microstructure in contact determines the hardness and tribological performance of 

steel, Scanning Electron Microscopy - SEM (surface) and optical microscopy - OM 

(cross-sectional) images of UT and LSM X70 steel, were compared and assessed for 

their properties. Surface SEM images of UT and LSM (2.5 kW and 3 kW) samples with 

magnifications of 2000X and 5000X are given in Figures 4.29(a-c) and 4.30(a-c), 

respectively. Figure 4.31(a-c) depicts the cross-sectional (optical) microstructures of 

UT and LSM samples with a magnification of 100X. The laser-treated zone thickness 

of 2.5 kW and 3 kW LSM samples are observed at about 472 and 748 μm, respectively. 

As the LSM process of steel involves fast localized melting and solidification 

on the surface as well as subsurface, a unique and refined microstructure is formed. To 

see optical and SEM micrographs, a distinguishable microstructure was obtained for 

X70 steel, after LSM treatment. A vast variation in terms of dendritic formation, grain 

size, and morphological features is observed on LSM treated samples due to higher 

nucleation density and low growth rate. A fine-grain dendritic microstructure can be 

seen in the laser-treated area as against typical pearlitic-ferritic structure in the bare 

alloy (substrate) or unaffected base metal, which is the best agreement with reported 

studies of laser hardened and melted steels (Vora and Dahotre 2013; Zhao et al. 2016). 

(b)

Hardness test 
Indents

(a)

0 microns

1700 microns
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To see SEM micrographs from Figures 4.29(a-c) and 4.30(a-c), it can be 

inferred that, the ferrite-pearlite structure of untreated (UT) steel got transformed to 

displacive transformation products, which is primarily martensite, with a small fraction 

of Widmanstätten ferrite and bainite (Avner 1997; Callister Jr. and Rethwisch 2014; 

Yilbas et al. 2013; Zhao et al. 2016). According to Bhadeshia et al. (2017), these 

displacive transformations consists of Widmanstätten ferrite, bainite, and martensite 

involve the cooperative atomic movements and displays lath, plate, and wedgelike 

microstructures and supported by Martino et al. (2014) (Bhadeshia and Honeycombe 

2017; Di Martino and Thewlis 2014). However, the rapid cooling process associated 

with the LSM process of steels promotes the transformation of austenite into martensite, 

a diffusionless transformation (Vilar 2012; Vora and Dahotre 2013). Furthermore, 

careful observation of LSM microstructures did not show cracks or pores, indicating 

accommodation of stresses due to optimum processing parameters and conditions 

utilized for processing and low-carbon content steel chemistry (Mudali and Dayal 1992; 

Zhao et al. 2016). 
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Figure 4.29 Surface: SEM images (2000X) of X70 steel (a) Untreated - UT; and 

Laser surface melted - LSM (b) 2.5 kW, (c) 3 kW 

 

(a) UT

(b) 2.5 kW (c) 3 kW
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Figure 4.30 Surface: SEM images (5000X) of X70 steel (a) Untreated - UT; and 

Laser surface melted - LSM (b) 2.5 kW, (c) 3 kW 

(a) UT

(b) 2.5 kW (c) 3 kW
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Figure 4.31 Cross-section: optical micrographs (100X) of X70 steel (a) Untreated - 

UT; and Laser surface melted - LSM (b) 2.5 kW, (c) 3 kW  

(a) UT

(b) 2.5 kW (c) 3 kW

500 μm100X

500 μm100X 100X
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• Elemental analysis of UT and LSM samples 

The energy-dispersive spectroscopy (EDS) technique was used for the elemental 

analysis. The EDS results of the UT and LSM (laser power 2.5 kW) X70 samples are 

given in Figure 4.32(a, b). It is interesting to see that two additional elements, titanium 

and nickel, were segregated on the LSM sample due to the melting and solidifying 

process. In addition to that, the elemental weight % of copper and manganese were 

increased after the LSM process. A slight decrease in the weight % of chromium and 

niobium was also observed. These grain-boundary elemental segregations are quite 

beneficial for corrosion resistance, which assist in the formation of passive film on the 

surface of steel (AlMangour et al. 2019; Alves et al. 2001). The rapid heating process 

entailed in LSM prevents the decomposition of metallic carbides such as NbC and TiC, 

and further stops the growth of austenitic grains in the melted region and also improves 

the strength of steel drastically (Zhao et al. 2016). 
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Figure 4.32 EDS spectra, and chemical compositions of API X70 steel samples (a) 

untreated, and (b) laser surface melted (laser power - 2.5 kW) 

• Phase analysis of UT and LSM samples 

In order to understand the phase transformation and refinement of grain size, the 

microstructural analysis was performed with the X-ray diffraction (XRD) technique and 

compared for UT and LSM (laser power 2.5 kW) X70 steel samples. XRD patterns and 

crystallographic structure parameters obtained are depicted in Figure 4.33 and Table 

4.13. Miller indices (hkl) of lattice planes of the unit cells are tabulated along with their 

d-spacing (the spacing between planes) according to Bragg’s law (Bindu and Thomas 

2014; Zhang and Guyot 1999). A careful observation of diffraction patterns of UT and 

LSM layers indicating that there is a meager lower angle shift in diffraction angle (2Ө) 

along with clear peak broadening in the LSM sample, indicating a relative expansion 

in average lattice parameter as compared to the untreated steel. This could be attributed 

(a) Untreated API X70

(b) LSM (2.5 kW) API X70

Element Weight %

Cr K 0.15

Mn K 1.55

Nb L 0.93

Cu K 0.24

Fe K 97.13

Element Weight %

Cr K 0.10

Mn K 2.08

Nb L 0.81

Cu K 0.38

Ti K 0.19

Ni K 0.16

Fe K 96.27
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to the induced micro-strain (calculated according to Wilson’s formula) and crystallite-

size (calculated according to Scherrer’s equation) reduction effects in martensite cells 

of LSM (Holzwarth and Gibson 2011; Klug and Alexander 1974; Miranda and Sasaki 

2018; Rai et al. 2016). 

 

Figure 4.33 XRD patterns of the untreated and LSM (2.5 kW) X70 steel 

The full width at half maximum (FWHM) is obtained from the best fitting of 

XRD data and it varies inversely with possible crystallite size of grains at a given 

diffraction angle. The increased microstrain values (Table 4.13), accompanying peak 

broadening of the LSM sample, which is often produced by high dislocations and lattice 

distortions. These results are indicating movements of the unit cell about its normal 

position and changes in unit cell dimensions (Hargreaves 2016). Dislocation density, 

measured according to crystallite size, was also observed to be about 22% higher in 

LSM than UT steel. 

Hence, it is clear that the reason for increment in peak width, intensity, and shift 

in peak position (2Ө) of laser melted sample is due to the significant reduction in 

crystallite size and increment in microstrain and dislocation density. Thus variation in 

crystallographic structure parameters further confirmed a martensite transformation in 

20 40 60 80 100

(2
0

1
)

(2
0

1
)

 Unteated X70

 X70 LSM 2.5 kW Martensite

Ferrite

 

In
te

n
s

it
y

 (
a

.u
.)

2 (degrees)

Fe
3
C

Fe
3
C

(110)

(200)
(211)

(220)

(110)

(200)
(211)

(220)



 

108 

 

the laser melted layer of X70 steel (Sauvage et al. 2003). Thus, LSM treatment that 

resulted in grain refinement and martensite transformation of the X70 steel surface 

could alter the erosion-corrosion behavior (Vilar 2012; Zhao et al. 2016). 

Table 4.13 Parameters obtained from XRD patterns of untreated and LSM - X70 

steel 

 Untreated 

2Ө (°) 44.56 64.80 82.17 98.77 

FWHM β (°) 0.2784 0.4791 0.5008 0.7531 

Crystallite Size L (nm) 32.24 20.53 22.00 16.94 

d spacing (nm) 0.2033 0.1439 0.1173 0.1015 

Rel. Int. (%) 100 23.20 30.43 3.87 

hkl 110 200 211 220 

Dislocation density 

(δ) × 10-3 (nm-2) 
0.9621 2.3726 2.0665 3.4859 

Microstrain (Ɛ) × 10-3 2.9640 3.2936 2.5062 2.8180 

 LSM 2.5 kW 

2Ө (°) 44.54 64.74 82.13 98.72 

FWHM β (°) 0.2854 0.5800 0.5937 0.7445 

Crystallite Size L (nm) 31.44 16.95 18.55 17.12 

d spacing (nm) 0.2034 0.1440 0.1174 0.1016 

Rel. Int. (%) 100 12.99 21.35 5.89 

hkl 110 200 211 220 

Dislocation density 

(δ) × 10-3 (nm-2) 
1.0118 3.4799 2.9059 3.4101 

Microstrain (Ɛ) × 10-3 3.0413 3.9921 2.9732 2.7883 
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• Microstructural and phase analysis with EBSD technique 

Electron Backscatter Diffraction (EBSD) tool is utilized in this study to analyze the 

clarity of microstructure and the phases of UT and LSM samples. EBSD, joined with 

scanning electron microscopy (SEM), is a powerful research technique for studying 

structural properties co-relationship. EBSD has flexibility concerning magnification 

level and resolution and utilizes highly sophisticated postprocessing algorithms to 

define crystallographic orientations, microstructural features, and phase identification 

(Gussev and Leonard 2019). 

The image quality (IQ) map is represented in grayscale, and it offers a depiction 

of the actual microstructure as in conventional scanning or optical microscopy 

(Zhilyaev et al. 2003). The IQ map characterizes not only the actual microstructure, but 

also the grain boundaries, voids, and even microcracks (Kim and Szpunar 2009). Figure 

4.34(a-c) depicts the image quality (IQ) maps obtained for untreated (UT), and laser 

surface melted (2.5 and 3 kW) X70 steel samples. The UT sample reveals the ferritic 

structure, whereas the LSM samples disclose a typical lath martensite structure with 

grain boundaries which usually form in low carbon steel under rapid cooling from the 

austenite region. These images further did not exhibit any type of cracks and pores for 

treated samples of selected laser powers. It is only possible due to the accommodation 

of stresses by employing optimum processing parameters for operation and low carbon 

steel (Mudali and Dayal 1992; Zhao et al. 2016). 

Inverse pole figure (IPF) maps of selected regions of UT and LSM (for laser 

powers 2.5 and 3 kW) X70 steel samples are presented in Figure 4.35(a-d). The IPF 

map instructs grain structure and grain orientation that constitutes the steel is 

occasionally called a map of crystal orientations with IPF coloring (Gussev and 

Leonard 2019; Lavigne et al. 2017). The color-coding system in the IPF map is 

beneficial to distinguish every grain and its preferred orientation. The IPF coloring 

corresponds to the crystallographic orientation normal to the observed plane, as 

indicated by the stereographic triangles shown in Figure 4.35d. For example, the grains 

oriented along {001}, {110} and {111} parallel to the normal direction are indicated in 

red, green, and blue, respectively (Kitahara et al. 2006; Masoumi et al. 2017). 
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From the IPF maps of UT and LSM samples, it can be confirmed that the UT 

sample shows a stronger texture and better-preferred orientation as compared to the 

LSM counterparts, possibly due to the controlled manufacturing technique 

(Thermomechanical Treatment) of API X70 steel (Villalobos et al. 2018). The reason 

for a comparatively weaker and random texture of laser-treated layers is the rapid 

solidification which forces the high nucleation density and inhibition of nucleation 

growth that leads to the formation of very fine grains without any preferred orientation 

(Vora and Dahotre 2013). 

The morphology and crystallographic features are shown by the IPF map of 

untreated (UT) X70 steel sample [Figure 4.35(a, d)] implies, which primarily consists 

of ferrite (bcc) and a small amount of martensite (hcp). Mohtadi-Bonab et al. explained 

similar microstructure and phases for API 5L X70 line pipe steel and also confirmed 

the presence of a small amount of martensite, a major fraction of ferrite along with 

pearlite (Mohtadi-Bonab et al. 2017). Shin et al. also reported that the 

thermomechanical treated X70 steel leads to the formation of various phases, including 

martensite (Shin et al. 2007). Similar observations and results were presented by Dunne 

et al. also (Dunne et al. 2016). The IPF maps of LSM samples shown in Figure 4.35(b-

d), clearly represent the detailed morphology and crystallographic features of the mixed 

martensite structure (bcc and hcp), primarily of lath martensite. The hcp martensite is 

formed due to the presence of manganese (1.488 wt.% > 1 wt.%) in the X70 steel 

(Nishiyama 1978). 

The EBSD phase maps of untreated (UT) X70 steel samples are depicted in 

Figure 4.36a. From that, it is seen that the X70 steel consists of ferritic (95.6%) and 

martensitic (4.3%) phases, as expected, with the IPF and IQ maps. The phase maps of 

laser surface melted (2.5 and 3 kW), X70 steel samples are shown in Figure 4.36(b, c). 

The 2.5 kW LSM sample shows the presence of ferritic (87.8%) and martensitic 

(12.1%) phases. The phases displayed by the 3 kW LSM sample are slightly higher in 

ferritic (92.4%) content and slightly lower in martensitic (7.5%) content over the 2.5 

kW treated sample. It is well known that the phase identification with the EBSD 

technique is working based on the crystallographic structure parameters. Based on this 

approach, presently the bcc martensite formed is recorded as bcc ferrite (basically 
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without interstitials, very low carbon content). However, the rapid cooling and 

solidification associated with the LSM process of X70 steel (Fe-Mn-C alloy) with ultra-

low carbon content (0.05 wt.% < 0.25 wt.%) and manganese (1.488 wt.% > 1 wt.%) 

results in the transformation of fcc austenite to the bcc as well as hcp martensite by 

cooperative atomic movements (Nishiyama 1978; Sauvage et al. 2003; Zai et al. 2020; 

Zhang et al. 2016). Martensitic transformation of steel could be confirmed with the help 

of micro-hardness and transformed microstructures. In the present study of LSM 

samples, higher micro-hardness over untreated steel is in good agreement with the 

martensitic transformation. Hence, it can be concluded that, as a result of rapid melting 

and cooling, the ferrite-pearlite structure of untreated (UT) steel got transformed to 

displacive transformation products such as martensite, Widmanstätten ferrite, and 

bainite by the cooperative atomic movements and displays lath, plate, and wedgelike 

microstructures in LSM samples (Bhadeshia and Honeycombe 2017; Di Martino and 

Thewlis 2014). 

The grain size diameter and grain size liner intercept obtained through EBSD 

scans for untreated, and LSM (2.5 and 3 kW) samples are well depicted in Figures 

4.37(a-c) and 4.38(a-c), respectively. It is clearly found grain refinement in LSM 

samples. LSM samples 2.5 kW treatment contains more refined grains than 3 kW 

treatment. The reason for the presence of a greater number of fine grains on the LSM 

samples than the UT counterpart is the melting and self-quenching. This quenching 

process associated with the LSM process promotes the nucleation density and reduces 

the grain growth and thus the grains are refined (Vora and Dahotre 2013). In steels, a 

reduction in grain size can reduce the susceptibility to corrosion. In Fe-based alloys, as 

a result of increased rates of diffusion in fine-grained microstructures, passive film 

stability improves thus the corrosion resistance (Ralston and Birbilis 2010). Wang and 

Li (2003) studied the electrochemical properties of the nano-crystalline surface of the 

steel, and showed, that compared to samples with coarser grain size, fine-grained 

structures exhibited more rapid repassivation kinetics, which is an indication of stable 

films (Wang and Li 2003). 
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Figure 4.34 Image Quality (IQ) maps obtained for (a) Untreated (UT), (b) LSM: 2.5 

kW, and (c) LSM: 3 kW, X70 samples 

 

RD - Rolling Direction

TD - Transverse Direction
RD

TD

(a) Untreated (UT) (b) LSM : 2.5 kW (c) LSM : 3.0 kW

30 μm 30 μm 30 μm
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Figure 4.35 Inverse Pole Figure (IPF) maps obtained for (a) Untreated, (b) LSM: 

2.5 kW, and (c) LSM: 3 kW, X70 samples, and (d) Stereographic triangles (IPF key 

is same for all maps) 

 

 

(a) Untreated (UT) (b) LSM : 2.5 kW (c) LSM : 3.0 kW

30 μm 30 μm 30 μm

(d)
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Figure 4.36 Phase maps obtained for (a) Untreated, (b) LSM: 2.5 kW, and (c) LSM: 

3 kW, X70 samples 

(a) Untreated (UT) (b) LSM : 2.5 kW (c) LSM : 3.0 kW

30 μm 30 μm 30 μm
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Figure 4.37 Grain size (Diameter) obtained for (a) Untreated, (b) LSM: 2.5 kW, and 

(c) LSM: 3 kW, X70 samples 
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Figure 4.38 Grain size (Liner intercept) obtained for (a) Untreated, (b) LSM: 2.5 

kW, and (c) LSM: 3 kW, X70 samples 
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4.3.4 Analyses of corroded samples 

• Scanning electron microscopy (SEM) analysis of corroded samples 

Figure 4.39(a-c) displays the surface morphologies of laser surface melted X70 samples 

as observed in SEM after FAC tests of only one electrode. All the given images 

represent the electrode E17 of different laser power sources of 2, 2.5, and 3 kW. 

Electrode E17 have exhibited the highest corrosion rate in all the laser power 

conditions. Comparatively more corrosion compounds were noticed on the surface of 

3 kW electrode-E17 (Figure 4.39c), which has exhibited the highest corrosion rate. 

Whereas on the surface of 2.5 kW electrode-E17, relatively lesser corrosion compounds 

were formed. The corrosion resistance of 2.5 kW laser power electrodes is also better 

than 2 and 3 kW laser power electrodes. However, the corrosion products formed during 

the FAC test of LSM samples have better protection for the corrosion of substrate 

compared to the corrosion products formed on untreated samples under the same FAC 

condition (see section 4.1.6). Furthermore, all the electrodes were covered by little 

corrosion products. 
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Figure 4.39 SEM morphologies of laser surface melted (LSM) X70 samples 

(electrode E17) after FAC experiments (a) 2 kW, (b) 2.5 kW, (c) 3 kW 

• Raman spectroscopy analysis of corrosion products 

Figure 4.40 demonstrates the Raman spectrum of corrosion products formed on the 

representative electrode (E17) of 2.5 kW laser power, after the FAC test. Table 4.14 

shows the measured Raman band frequencies for the corrosion products. The 

compositions of corrosion compounds formed by FAC were hematite α-Fe2O3 (227 cm-

1), maghemite γ-Fe2O3 (284 cm-1), goethite α-FeOOH (387 cm-1), wüstite FeO (595 cm-

1), and lepidocrocite γ-FeOOH (1307 cm-1) (Guzonas et al. 1998; Hanesch 2009; 

Kiosidou et al. 2017; Thibeau et al. 1978). It is also clear that the characteristic peak at 

227 cm-1 of α-Fe2O3 was strong. 

(a) (b)

(c)
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Figure 4.40 Raman spectrum of electrode E17 of 2.5 kW laser power followed by 

FAC 

Table 4.14 Measured Raman band frequencies for corrosion products of a 

representative electrode (E17) of 2.5 kW laser power after FAC test (wavelength - 

532 nm) 

Raman bands (cm-1) Phases Identified References 

227 α - Fe2O3 (Thibeau et al. 1978) 

284 γ - Fe2O3 (Guzonas et al. 1998) 

387 α - FeOOH (Guzonas et al. 1998) 

595 FeO (Hanesch 2009) 

1307 γ - FeOOH (Kiosidou et al. 2017) 
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4.3.5 Discussion 

Corrosion rates of laser surface melted (LSM) API X70 steel for selected electrodes are 

obtained by conducting potentiodynamic polarisation tests in simulated oilfield water. 

FAC study of untreated and LSM results suggest that the LSM samples resists the 

corrosion better than the untreated samples. It can be seen in Tafel plots that all the 

samples were susceptible to active dissolution under flow condition and anodic Tafel 

plots of the entire electrodes showed a higher corrosion current trend (Lopes-Sesenes 

et al. 2013). It is also noticed that the corrosion rates are more at FAC condition than at 

static condition. This is due to the effect of hydrodynamic parameters of the turbulent 

fluid flow (Jiang et al. 2005; Lopes-Sesenes et al. 2013; Vera et al. 2015). 

FAC study of untreated and LSM samples suggests that the charge transfer 

resistances or polarization resistances are significantly higher for LSM samples as 

compared to UT. However, to see semicircle radius of the capacitive loop which is 

responsible for the charge transfer resistance (Rct) is smaller in FAC conditions as 

compared to static (Lopes-Sesenes et al. 2013). It is indicating that higher metallic 

dissolutions were taken place during flow condition as compared to the static corrosion 

tests. This change is mainly due to the removal of the protective passive layer by the 

fluid flow. 

The key factor for the improvement in corrosion resistance of X70 samples is 

microstructural surface modification. Corrosion is predominantly galvanic in nature, 

which depends on the inhomogeneous microstructural features of the metallic surfaces. 

The microstructural examination is exhibited not only the ferrite phase is transformed 

into the martensite with reduced crystallite size (grain refinement) but also structural 

defects (such as micropores, microcracks, and inclusions) were completely eliminated 

by the rapid heating and solidification process associated with the LSM process of X70 

steel with low carbon content (Mudali and Dayal 1992; Zhao et al. 2016). It can enhance 

corrosion resistance by eradicating the chances of micro galvanic cell formation. 

Interestingly, the grain-boundary elemental segregation that occurred during the LSM 

process is also beneficial for the corrosion resistance, which can support the protective 

passive film formation on the steel surface (AlMangour et al. 2019; Alves et al. 2001). 

From the microhardness test results, it is clear that the laser melted sample has a higher 
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hardness value as compared to the untreated sample which matches the hardness value 

of the martensite phase (Agarwal et al. 2014; Kayali and Anaturk 2013). Hence, the 

high corrosion resistance of laser melted X70 steel is credited due to the homogeneous, 

refined, and single-phase (martensite) microstructure. In contrast to that, the composite, 

and heterogeneous (Ferrite and Pearlite) microstructure with lesser surface hardness 

resulted in relatively low corrosion resistance of untreated X70 steel (Lu and Luo 2015; 

Ralston and Birbilis 2010; Ravikumar and Kumaran 2018; Tang et al. 2004a; b; Zhao 

et al. 2016). 

The corrosion rate and charge transfer resistance of the samples tested under 

FAC condition depend on the hydrodynamic parameter, wall shear stress. At the 

extrados (outer face) the wall shear stress and flow velocity are less compared to 

intrados (inner face) of the elbow test section. Because of that, the electrodes placed at 

intrados underwent more degradation compared to extrados electrodes. Therefore, it 

infers that the FAC experimental results are validating the CFD simulation results. 

Furthermore, the SEM images of corroded samples indicate that relatively lesser 

corrosion products are formed on the LSM samples. Among the LSM samples, 

comparatively lesser corrosion products were formed on the 2.5 kW laser power treated 

sample. The corrosion compounds formed on the representative sample E17 of 2.5 kW 

laser power were also identified using Raman spectroscopy analysis. 

Figure 4.41 shows a comparison chart of polarization resistances (Rp or Rct) 

values obtained from flow accelerated corrosion (FAC) studies. It is found that the use 

of OAH inhibitor (0.30 g/L) and surface engineering by laser surface melting (2.5 kW 

laser power) are very effective methods to improve the FAC resistance in the oilfield 

water solution. LSM resulted in significant improvement in FAC resistance of X70 

steel. 
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Figure 4.41 Comparison of polarization resistances (Rp) obtained from FAC tests 

4.3.6 Summary 

The effect of laser surface melting - LSM (laser powers 2, 2.5, and 3 kW) on API X70 

steel was studied in static and dynamic corrosive environments. A circulating flow loop 

system was utilized to imitate the flow through a pipe more realistically. The major 

findings of this study are given below. 

• The static and dynamic (FAC) corrosion resistance of the X70 steel was 

significantly improved by the laser surface melting (LSM) process. The corrosion 

rate of the LSM samples under flow condition is in the range of 10-50 mpy, 

whereas for untreated steel it is 450-600 mpy. 

• A slight variation in corrosion resistance of different laser power samples (2, 2.5, 

and 3 kW) is found. However, the 2.5 kW laser power sample exhibited better 

passivation and protective behavior than other treated steels. 

• Surface metallurgy alteration of the X70 steel due to the rapid heating and 

solidification that occurred during the LSM process is the prime reason for the 

improvisation of corrosion properties. 
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• Rapid melting and solidification processes associated with the LSM resulted in the 

formation of a homogeneous, refined, martensite microstructure on the X70 steel. 

This microstructural change led to the high FAC resistance of the LSM samples. 

• The protective passive layer formation and FAC resistance improvement of the 

LSM samples benefited from the grain-boundary microalloying elemental 

segregation and grain refinement that occurred during rapid melting and 

solidification. 

• FAC is varied for different samples positioned at various locations. Particularly, 

severe FAC occurred on the samples located at the intrados (inner face) side of the 

elbow test section. This is mainly due to the higher wall shear stress and flow 

velocity at the intrados of the pipe elbow. 

• Corroded sample surfaces were analyzed with the help of SEM and Raman 

spectroscopy methods. SEM analysis suggests that lesser corrosion products were 

formed on the 2.5 kW laser power electrode compared to other LSM and UT 

samples. 

• LSM treated X70 steel exhibited higher corrosion resistance than untreated and 

inhibitor-used conditions. 
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4.4 Slurry erosion-corrosion (EC) study of API X70 steel for UT and LSM 

The presence of sand particles in the oilfield water leads to the erosion-corrosion (EC) 

of pipelines. It is a serious threat to pipeline integrity and sustainability. The synergetic 

effect of electrochemical reaction and mechanical erosion on UT and LSM X70 steel is 

needed to be studied. The effect of laser surface melting – LSM (laser powers 2, 2.5, 

and 3 kW) on erosion-corrosion resistance of X70 steel was analyzed with the 

circulating flow loop system. The electrolyte used in this study was the simulated 

oilfield water with the presence of sand particles (average size of 400-500 µm and sand 

loading of 1.5 wt.%) which was circulating with a flow velocity of 3 m s-1. These tests 

were carried out for both the untreated and laser surface melted X70 steel samples, 

which were assembled at the 90⁰ elbow test section. Seven samples were selected and 

located at extrados (E1, E5, E7, and E9) and intrados (E14, E16, and E17) of the 90º 

elbow test section. Both electrochemical and weight loss measurements were conducted 

for assessing erosion-corrosion behavior of UT and LSM X70 steel. Computational 

fluid dynamic (CFD) simulations were also performed to understand the synergetic 

effect of corrosion and wear in the presence of corrosive fluid and erodents under flow 

condition. Corrosion products and surface topographies were analyzed after the EC test 

with the help of advanced characterization tools such as Raman spectroscopy, atomic 

force microscopy (AFM), and optical profilometry. 

4.4.1 Weight loss measurement 

Erosion-Corrosion (EC) rates were obtained from the weight loss measurements at the 

end of 14 h of EC test in the loop system under oilfield water and sand particles are 

circulated. Table 4.15 shows the EC rates of untreated and laser surface melted at the 

laser powers of 2, 2.5, and 3 kW for X70 samples which are located at various angles 

(azimuthal angle φ and polar angle θ) of the elbow test section. To examine the results, 

it is observed that the laser melted steel samples are more resistant to erosion-corrosion 

as compared to untreated samples. However, 2.5 kW treated electrodes show higher 

erosion-corrosion resistance over 2 and 3 kW. The EC rates of extrados (outer face) 

electrodes such as E1, E5, E7, and E9 are more compared to intrados (inner face) 

electrodes such as E14, E16, and E17. EC rates of these electrodes are increasing along 

the flow direction (from θ = 90° to θ = 0°). Further, it is noticed that the extrados 
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electrode E9 (φ = 180°, θ = 15°) is exhibited the highest EC rate for all the tests, whereas 

the lowest is found for intrados electrode E17 (φ = 0°, θ = 45°). Extrados electrode E9 

can be seen that is located at the downstream side of the elbow test section, and the EC 

rate is 550 µg/ (cm2.h), whereas the innermost electrode E17 shows the EC rate of 413 

µg/ (cm2.h). This variation in EC rates within the elbow test section could be due to the 

fluctuations in the hydrodynamic parameters and differences in erodent particle 

concentration at various locations which is reported by Zeng et al. (2014) for the steel 

X65 (Zeng et al. 2014). 

Table 4.15 Erosion-Corrosion (EC) rates [µg/ (cm2.h)] of untreated and laser 

surface melted (laser powers 2 kW, 2.5 kW, 3 kW) API X70 samples 

 
Azimuthal 

Angle (φ) 

Polar 

Angle 

(θ) 

E
le

ct
ro

d
es

 Erosion-Corrosion (EC) rate, µg/ (cm2.h) 

Untreated 

Laser Surface Melted 

2 2.5 3 

kW 

E
x
tr

a
d

o
s 

 

(O
u

te
r 

fa
ce

) 

135º 

(Column 

A) 

72º E1 641 488 479 493 

180º 

(Column 

B) 

75º E5 652 504 502 507 

45º E7 671 529 520 532 

15º E9 723 566 550 586 
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tr

a
d

o
s 

 

(I
n

n
er

 f
a
ce

) 315º 

(Column 

D) 

67.5º E14 613 443 432 452 

22.5º E16 627 466 461 475 

0º  

(Column 

E) 

45º E17 595 425 413 438 
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4.4.2 Corrosion study under the influences of solution and sand particles 

Tafel extrapolation tests were conducted to obtain the corrosion rates of untreated and 

laser surface melted X70 samples during the EC test. Figure 4.42(a-d) shows the Tafel 

plots of untreated and laser surface melted (2, 2.5, and 3 kW laser powers) X70 steel. 

The corrosion rates obtained from the Tafel plots are listed in Table 4.16. Untreated 

X70 samples were significantly prone to active metal dissolution, which led to higher 

corrosion rates as compared to treated (LSM) samples. This slow metal degradation 

rate of laser melted samples is directly controlled by microstructural transformation. 

The variations in corrosion rates of the electrodes (samples) placed at different 

angular locations (azimuthal angle-φ, polar angle-θ) of the elbow test section are also 

noticed under the influence of sand particles.  Corrosion resistances are lower at 

extrados electrodes (E1, E5, E7, E9) as compared to intrados electrodes (E14, E16, 

E17).  The corrosion resistance of these electrodes is decreasing onward the fluid flow 

path (from θ = 90° to θ = 0°). The lowest corrosion resistance was found for extrados 

electrode E9 (φ = 180°, θ = 15°) which is located at the downstream side of the elbow 

whereas the highest resistance for innermost electrode E17 (φ = 0°, θ = 45°) during all 

the experiments. This dissimilarity in corrosion within the elbow test section is due to 

the variations in turbulent flow regime (Zeng et al. 2016b). 

Furthermore, the laser melted samples of 2.5 kW (laser power) compared to 2 

kW, and 3 kW samples show the lowest corrosion rates at each electrode location. The 

extrados electrode E9 of 2.5 kW laser power exhibits the highest corrosion rate of 18.9 

mpy, whereas the innermost electrode E17 of it shows the lowest corrosion rate of 5.7 

mpy. To see Figure 4.42a shows no change in plots. However, plots in 4.42b 

significantly varied anodic and cathodic curves due to surface inhomogeneity, and 

further 2.5 kW is a quite optimum power supply for surface modification. 
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Figure 4.42 Tafel plots of EC tests of untreated and laser surface melted X70 steel 

samples (a) Untreated; for the laser powers (b) 2 kW, (c) 2.5 kW, (d) 3 kW 
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Table 4.16 Corrosion rates (mpy) of untreated and laser surface melted (laser 

powers 2 kW, 2.5 kW, 3 kW) API X70 samples 

 
Azimuthal 

Angle (φ) 

Polar 

Angle 

(θ) 

E
le

ct
ro

d
es

 Corrosion Rate (mpy) 

Untreated 

Laser Surface Melted 

2 2.5 3 

kW 

E
x
tr

a
d

o
s 

 

(O
u

te
r 

fa
ce

) 

135º 

(Column A) 
72º E1 230.0 8.6 8.0 9.6 

180º 

(Column B) 

75º E5 239.9 10.0 9.8 10.2 

45º E7 248.8 14.9 13.2 15.7 

15º E9 260.0 19.2 18.9 19.6 

In
tr

a
d

o
s 

 

(I
n

n
er

 f
a
ce

) 

315º 

(Column D) 

67.5º E14 209.4 7.1 6.2 7.6 

22.5º E16 218.9 7.7 7.0 8.2 

0º  

(Column E) 
45º E17 201.8 6.7 5.7 6.1 

4.4.3 Electrochemical impedance spectroscopy (EIS) test 

The electrochemical impedance spectroscopy (EIS) technique was used to find out the 

passivation behavior of alloy during EC tests. Figure 4.43(a-d) displays the Nyquist 

plots of untreated and laser surface melted (2, 2.5, and 3 kW laser powers) X70 steel 

electrodes. The equivalent circuit shown in Figure 4.44 was used for fitting the 

experimental EIS data and calculation of its parameters. Here, the impedance 

parameters, Rs, CPE, and Rct (= Rp) are solution resistance, constant phase element, 

charge transfer resistance, and polarization resistance, respectively. The charge transfer 

resistance (Rct) values of each electrode are given in Table 4.17. Laser melted samples 

show higher charge transfer resistance (Rct) compared to untreated steel. It clearly 

shows from the Nyquist plots that the capacitive loops are related to the interfacial 

charge transfer process at the electrode. Larger capacitive loop radii of Nyquist plots of 

the laser melted steel samples, and correspondingly higher Rct values are the indication 

of a slow metal dissolution reaction rate (Du et al. 2009; Neville and Wang 2009; Zeng 

et al. 2015). It can be also seen the Rct values are changing with the position of the 

electrode within the elbow test section. The Rct values of extrados electrodes are less 
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compared to intrados electrodes and along the flow direction (from θ = 90° to θ = 0°) it 

is decreasing. For all the tests, it is found that extrados electrode E9 (φ = 180°, θ = 15°) 

have the lowest Rct values whereas the highest is noticed for intrados electrode E17 (φ 

= 0°, θ = 45°). Hydrodynamic behavior of multiphase flow might have led to the 

variation of charge transfer resistances within the elbow (Zhang et al. 2013). Among 

all the laser-treated X70 steel samples, 2.5 kW laser power electrodes show the highest 

Rct values at each electrode location of the elbow test section. The extrados electrode 

E9 (laser power 2.5 kW) is exhibited the charge transfer resistance of 244.4 Ω cm2, 

whereas the intrados electrode E17 of it shows the charge transfer resistance of 1333 Ω 

cm2. 
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Figure 4.43 Nyquist plots of EC tests of untreated and laser surface melted X70 

steel samples (a) Untreated; for the laser powers (b) 2 kW, (c) 2.5 kW, (d) 3 kW 

 

Figure 4.44 Equivalent circuit used for EIS plot fitting for EC tests 
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Table 4.17 Charge transfer resistances [Rct (Ω cm2)] of untreated and laser surface 

melted (laser powers 2 kW, 2.5 kW, 3 kW) X70 samples 

 
Azimuthal 

Angle (φ) 

Polar 

Angle 

(θ) 

E
le

ct
ro

d
es

 Charge Transfer Resistance - Rct (Ω cm2) 

Untreated 

Laser Surface Melted 

2 2.5 3 

kW 

E
x
tr

a
d

o
s 

 

(O
u

te
r 

fa
ce

) 

135º 

(Column A) 
72º E1 63.8 733.3 923.4 527.6 

180º 

(Column B) 

75º E5 63.3 723.0 793.5 526.6 

45º E7 63.0 336.4 517.7 273.3 

15º E9 57.8 173.6 244.4 171.4 
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tr

a
d

o
s 

 

(I
n

n
er

 f
a
ce

) 

315º 

(Column D) 

67.5º E14 65.6 856.9 1183 751.5 

22.5º E16 64.7 744.6 1012 595 

0º  

(Column E) 
45º E17 65.8 1013 1333 1279 

4.4.4 Surface morphology of electrodes after EC test 

Figure 4.45(a-d) shows the SEM surface morphologies of untreated and laser surface 

melted (2, 2.5, and 3 kW laser powers) X70 steel electrodes E9 (maximum EC rate) 

after 14 h of EC tests in the circulating loop system. Grooves and cutting marks 

appeared on the untreated surface by the movement of corrosive fluid with erodents 

(sand particles). However, laser-treated electrode surfaces show relatively fewer 

grooves and valleys over the untreated sample. It is only possible due to high-strength 

and hardened martensitic, fine grain microstructure which provides protection against 

erosion and corrosion by lessening the newer surface exposure. Also, it can be inferred 

that the 2.5 kW laser power electrode has relatively lower cutting marks. SEM analysis 

suggests that the laser surface melting could protect the steel surfaces from severe 

erosion-corrosion and material removal due to wear phenomena. 
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Figure 4.45 SEM morphologies of X70 samples (electrode E9) after EC tests (a) 

Untreated; for the laser powers (b) 2 kW, (c) 2.5 kW, (d) 3 kW 

Figure 4.46 illustrates the Raman spectrum of corrosion products formed on laser-

treated (2.5 kW laser power) X70 electrode E9 after the EC test. Table 4.18 shows the 

Raman band frequencies and phases identified for corrosion products formed on the 

sample surface after the EC test. It is seen that a sharp peak at the wavenumber of 

248.29 cm-1, confirms the presence of γ-FeOOH (lepidocrocite). Characteristic peaks at 

wavenumbers of 525.47 cm-1 and 1307.19 cm-1 are also due to the existence of γ-

FeOOH. Other corrosion compounds formed on this sample surface were goethite - α-

FeOOH (550.63 cm-1), maghemite - γ-Fe2O3 (376 cm-1), and hematite - α-Fe2O3 (655.34 

cm-1) (Guzonas et al. 1998; Kiosidou et al. 2017). 
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Figure 4.46 Raman spectrum of corrosion products formed on laser-treated (2.5 kW 

laser power) X70 sample (electrode E9) after EC test 

Table 4.18 Raman band frequencies and phases identified for corrosion products 

formed on LSM (2.5 kW laser power) X70 sample (electrode E9) after EC test 

(wavelength of 532 nm) 

Raman bands (cm-1) 
Phases 

Identified 
References 

248.29, 525.47, 

1307.19 
γ-FeOOH 

(Guzonas et al. 1998; 

Kiosidou et al. 2017) 
550.63 α-FeOOH 

376 γ-Fe2O3 

655.34 α-Fe2O3 
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4.4.5 Surface topography after the EC test 

Figure 4.47(a-d) shows the 3D surface topographies of untreated and laser surface 

melted (2, 2.5, and 3 kW laser powers) X70 steel electrodes E9 (maximum EC rate) 

observed by Atomic force microscopy (AFM) after 14 h of EC tests. It is found that the 

untreated sample (Figure 4.47a), has more wavy surfaces than the laser-treated surfaces 

[Figure 4.47(b-d)] after the EC test. The untreated sample has got a rough surface with 

the presence of significant ridges and valleys in the range of 600 – 200 nm as against 

smoother worn surface of laser melted sample with relatively low crests and troughs. 

This smoother surface of the LSM samples further suggests that, during the EC test, 

relatively less material loss coupled with low metallic dissolution could have occurred 

due to the enhanced strength of the laser-melted surface. The 2.5 kW laser power 

electrode (Figure 4.47c) has a smoother surface compared to all other surfaces after EC 

tests. However, the impact of the synergetic effect of erosion and corrosion of erodent 

particles is quite low such that wear of fragile corrosion products could only contribute 

to wear and thus material removal occurred only to a nano-metric level of depth. 
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Figure 4.47 Atomic Force Microscopy (AFM); 3D surface topographies of X70 

sample (E9) after EC tests (a) Untreated, for laser powers (b) 2 kW, (c) 2.5 kW, (d) 

3 kW 

Optical profilometry scans were performed to obtain 3D surface topographies 

and surface roughness parameters of the samples after 14 h of EC tests in synthetic oil 

field water with the presence of sand particles. The arithmetic mean height (Ra) and 

root-mean-square height (Rq) are the most significant surface roughness parameters 

(Dong et al. 1994; Grzesik et al. 2015; Pagani et al. 2017; Qi et al. 2015; Waikar and 

Guo 2008). The root-mean-square height provides information about the standard 

deviation of the height distribution, while arithmetic mean height is the mean surface 

roughness of the examined 3D surface topography (Elemuren et al. 2019). 

Figure 4.48(a-d) displays the 3D surface topographies of worn electrode 

surfaces E5, E7, E9, and E17 of laser surface melted (2.5 kW laser power) X70 steel 

after EC tests. Roughness average (Ra) and root mean square (RMS) roughness (Rq) 

values are given in Table 4.19. It can be said that extrados electrodes (E5, E7, E9) are 

having deeper ridges and valleys than smoother intrados electrode (innermost) E17. 

Furthermore, among the extrados electrodes, more ridges and gullies (rougher surface) 

are present on the surface of electrode E9 (θ = 15°, φ = 180°) which is located at the 



 

137 

 

downstream side of the elbow (Ra = 0.195 µm) and relatively smoother surface is for 

electrode E5 (θ = 75°, φ = 180°) which is located at the upstream side of the elbow (Ra 

= 0.156 µm). Electrode E9 has exhibited the highest EC rate also. Comparatively less 

ridges and valleys are formed on the intrados electrode E17 (θ = 45°, φ = 0°) (Ra = 

0.142 µm) where the EC rate is also lowest. 

 

Figure 4.48 Surface topographies of LSM - X70 samples (2.5 kW laser power) after 

EC tests (a) E5 (b) E7, (c) E9, (d) E17, observed with an optical profilometer 

Table 4.19 surface roughness parameters of the samples E5, E7, E9, and E17 of 

laser surface melted X70 steel (2.5 kW laser power) after 14 h EC test 

Electrodes 
Roughness Average 

Ra (µm) 

Root Mean Square 

(RMS) roughness 

Rq (µm) 

E5 0.156 0.217 

E7 0.183 0.251 

E9 0.195 0.279 

E17 0.142 0.191 
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4.4.6 Computational fluid dynamics (CFD) simulation 

From the experiments, it is understood that the EC rates of the samples fluctuate 

concerning the position of the electrodes within the elbow test section. CFD simulations 

are also performed to find out the causes of the differences in the EC behavior. Figure 

4.49(a-d) illustrates the results of CFD simulations in the form of the contours of 

erosion rate, contours of sand concentration in cross-section, and secondary flow 

(vectors) in cross-section. From that, it is seen that the elbow wall is affected by 

different flow regimes and sand concentrations at various locations. Compared to 

intrados (inner face), the extrados (outer face) shows more erosion rate (Figure 4.49b). 

Remarkably, the erosion rate is gradually increasing along the fluid flow path (from θ 

= 90° to θ = 0°). The downstream side (exit side, from θ = 45° to θ = 0°) of the extrados 

exhibits the highest erosion rate. Moreover, there is an inertia effect of the fluid flow at 

the downstream side. 

Figure 4.49c shows the cross-sectional views of sand concentrations along the 

flow path (θ = 90°, θ = 45°, and θ = 0°). Sand concentration is more at the extrados side 

and a major contributor to enhance the erosion rate. Figure 4.49d displays the cross-

sectional view of secondary flow developed at the elbow curvature, which will 

superimpose on its primary flow at the straight pipe section (Kim et al. 2014). This 

secondary flow is a general characteristic of fluid flow at the elbow (Zeng et al. 2014). 

A disproportion between centrifugal force and radial pressure gradient at the elbow 

leads to the generation of the secondary flow and flow separation effect. In this study, 

the curvature ratio, which is the ratio between the radius of curvature (Rc = 83 mm) and 

hydraulic diameter (D = 48 mm) of the elbow, is 1.73. Since the curvature ratio (Rc/D) 

is greater than 1.5, a swirling (twin-eddy) secondary flow is generated. This secondary 

flow containing a pair of counterrotating vortices modifies the velocity profile of 

primary axial flow and shifts its position from the center of curvature of the elbow to 

the outer core of the elbow (Dutta et al. 2016; Hellström et al. 2011; Shalaby 2018b; 

Weske 1948). 
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Figure 4.49 Computational Fluid Dynamics (CFD) simulation in 90° elbow test 

section (a) contours of erosion rate in 3D geometry, (b) contours of erosion rate, (c) 

contours of sand concentration in cross-section, (d) secondary flow (vectors) in 

cross-section 
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4.4.7 Discussion 

For pipelines carrying oilfield water with sand particles, erosion-corrosion (EC) is a 

severe threat due to the combined effect of mechanical erosion and electrochemical 

corrosion processes. It can bring about more significant damage than the sum of the 

loss resulted from each process separately. EC led material degradation depends on 

several parameters, which act simultaneously. It can be either due to erosion-enhanced 

corrosion or corrosion-motivated erosion (Khayatan et al. 2018; Zeng et al. 2014; Zhao 

et al. 2016). 

The EC rates (assessed from weight loss measurements) indicate that the laser 

melted steel (LSM) samples are more resistant to erosion-corrosion compared to 

untreated samples. The larger capacitive loop radii of Nyquist plots and higher Rct 

values of the laser melted X70 steel are the indications of significant improvement in 

erosion-corrosion resistance in the simulated oilfield environment. Corrosion rates 

obtained by using Tafel plots of laser surface melted steel are quite lower over untreated 

due to refined martensitic microstructure, which is a key factor to stop or reduce EC or 

improvement of resistance against corrosion and erosion. 

From Tafel plots, it is clear that the X70 steel electrodes undergo active 

dissolution under the oilfield slurry erosion-corrosion condition. Fluid flow intensifies 

the electrochemical reactivity by increasing the diffusion of iron species at the metal 

electrolyte interface (Kain 2014; Kain et al. 2011). The flow corrosion rate is directly 

related to the mass transfer process in the pipeline (Poulson 1999). As corrosion is 

principally an electrochemical process, the redox reactions occurring in the studied 

conditions include the anodic dissolution (Fe → Fe2+ + 2e−) and cathodic reduction 

of oxygen (O2 + 2H2O + 4e−  → 4OH−) at the steel surface, as shown in Figure 

4.50(a, b) (Sun et al. 2016; Zhang et al. 2011b). The metal ions may either enter the 

electrolyte as solvated metal ions or may remain on the surface to form a new solid 

phase as a short-time thin passivating film. This thin passivating oxide layer adheres 

to the steel surface and protects the steel from further corrosion by forming a protective 

barrier (of high impedance) to charge transfer (and thus corrosion) between the active 

steel surface and the corrosive fluid. This process of improvisation in corrosion 

resistance of the metal is also called pseudo passivation. The possible anodic and 
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cathodic reactions involved in the fore mentioned process can be described by the 

following equations (4.19-4.21). 

Fe → Fe2+ + 2e−      (4.19) 

O2 + 2H2O + 4e−  → 4OH−     (4.20) 

2Fe + O2 + 2H2O → 2Fe2+ +  4OH−   (4.21) 

Fe2+ will react with OH− and dissolved O2 in the solution after that as specified 

in equations 4.22 and 4.23. Furthermore, γ-FeOOH (lepidocrocite), α-FeOOH 

(goethite), γ-Fe2O3 (maghemite), and α-Fe2O3 (hematite), which were detected as the 

significant corrosion products (film) from the Raman spectrum, yields from Fe(OH)3, 

as detailed in equations 4.24 and 4.25. 

Fe2+ + 2OH−  → Fe(OH)2     (4.22) 

4Fe(OH)2 + O2 + 2H2O →  4Fe(OH)3   (4.23) 

2Fe(OH)3  →  Fe2O3 + 3H2O    (4.24) 

Fe(OH)3  → FeOOH +  H2O     (4.25) 

 

Figure 4.50 Erosion-corrosion mechanism of steel elbow enhanced by wear that 

depassivates the steel surface (a) EC at untreated elbow, (b) EC at LSM elbow  
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Slurry erosion-corrosion results in the removal of the protective passive film 

(depassivation) and the underlying bulk material from the sample surface by 

mechanical wear (particle erosion) as shown in Figure 4.50(a, b). Charge transfer 

process and the parent metal dissolution increase due to this mechanical removal 

and/or rupture of the passive layer and the succeeding exposure of the highly reactive 

parent material. As a result, local micro-galvanic cells between eroded (depassivated) 

and un-eroded (passive) locations might develop and promote easy material removal 

by mass transfer (Hodgkiess et al. 1999; Wood 2009). Improvement in surface 

hardness by laser surface melting (LSM) of steel reduces wear phenomena and so the 

erosion-corrosion phenomenon. Compared to the untreated steel surface, the LSM 

steel surface underwent less erosion by sand particles. Furthermore, the EDS study 

suggests that more alloying elements were segregated at the grain boundaries of the 

LSM sample surface, which will enhance the passive layer formation and therefore the 

corrosion resistance (AlMangour et al. 2019; Alves et al. 2001). 

Major reasons for the performance in erosion-corrosion resistance of the laser 

surface melted X70 samples could be attributed to mainly microstructural changes 

with refinement and also improvement in surface hardness. Corrosion is 

predominantly galvanic, which depends on the microstructural features of the metallic 

surface. From the microstructural and hardness distribution analyses, it is clear that the 

ferrite phase is transformed into hard martensite with reduced crystallite size (grain 

refinement) due to the laser surface melting process. The reason for the grain 

refinement in the LSM sample is the rapid solidification and high cooling rate which 

increases the nucleation density with the reduction in growth rate, which leads to the 

formation of a greater number of fine grains (Vora and Dahotre 2013). In steels, 

reduction in grain size can reduce the susceptibility to corrosion due to the increased 

rates of diffusion in fine-grained microstructures, and improvement in passive film 

stability (Ralston and Birbilis 2010). Wang and Li (2003) studied the electrochemical 

properties of the nano-crystalline surface of the steel, and showed, that compared to 

samples with coarser grain size, fine-grained structures exhibited more rapid 

repassivation kinetics and formed more stable films (Wang and Li 2003). Structural 

defects such as micropores, microcracks, and inclusions were significantly eliminated 
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by the rapid heating and solidification associated with the laser surface melting and 

also low carbon content (Mudali and Dayal 1992; Zhao et al. 2016). From the 

microhardness test results, it is clear that the laser melted sample has a higher hardness 

value compared to the untreated sample which matches the hardness value of the 

martensite phase (Agarwal et al. 2014; Kayali and Anaturk 2013). The erosion-

corrosion resistance and surface hardness can be organized in increasing order as: 220 

HV – (untreated) < 312 HV – (3 kW) < 318 HV – (2 kW) < 330 HV – (2.5 kW).  

Coupled with the above factor, hardness improvement due to martensitic 

transformation will further enhance the wear resistance of laser melted surface than 

softer untreated counterpart (Agarwal et al. 2014; Kayali and Anaturk 2013). Thus, 

erosion-corrosion resistance of laser melted X70 steel got transformed by a 

homogeneous, refined, and single-phase (Martensite) microstructure with enhanced 

surface hardness. In contrast, the presence of composite and heterogeneous (Ferrite 

and Pearlite) microstructure with less hardness in the untreated surface of X70 steel 

resulted in relatively low erosion-corrosion resistance (Lu and Luo 2015; Ralston and 

Birbilis 2010; Ravikumar and Kumaran 2018; Tang et al. 2004a; b; Zhao et al. 2016). 

Figure 4.51 shows the comparison charts of EC rate, corrosion rate, and 

polarization resistance or charge transfer resistance obtained from EC tests of 

untreated and LSM (2.5 kW laser power) X70 steel samples. It is found that the 

difference in EC rates of untreated and LSM samples are less compared to the 

differences in corrosion rate and polarization resistance. It suggests that the influence 

of the sand particles on surface material removal or wear of X70 steel is not much 

significant. This is mainly because of the less sand concentration (1.5 wt.% sand 

loading) and relatively lower flow velocity (3 m s-1) selected for this study. But at the 

same time, a huge improvement in corrosion properties is observed because of the 

surface metallurgical alteration which resulted in the formation of protective passive 

film formation. When the erodent particle's velocity and the flow rate are low, the 

associated impact of erodent particles would be mild (evident from the ridge-height 

and valley-depths). Thus, the EC rate could apparently follow the path of corrosion 

trailed by erosion of corroded products. 
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Figure 4.51 Comparison of (a) EC rate, (b) corrosion rate, and (c) polarization 

resistance after EC tests on untreated and LSM (2.5 kW) X70 steel 

The variations in erosion-corrosion rate, charge transfer resistance (Rct), and 

the corrosion rate of the untreated and laser-treated X70 steel electrodes could also be 

associated with angular locations of the elbow test section as evident from Tables 4.15, 

4.16, and 4.17. Within the elbow test section, these values were fluctuating concerning 

the positions of the electrodes. The extrados electrodes (E1, E5, E7, E9) were always 

prone to severe degradation or erosion-corrosion compared to intrados electrodes (E14, 

E16, E17) in all the tests conducted (Zeng et al. 2020). Furthermore, the erosion-

corrosion of the electrodes were increasing along the direction of fluid flow (from θ = 

90° to θ = 0°). The extrados electrode E9 (φ = 180°, θ = 15°) positioned at the 

downstream side of the elbow exhibited the highest erosion-corrosion, whereas the least 

is observed in the innermost electrode E17 (θ = 45°, φ = 0°) for all the tests. 
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The results obtained from CFD simulations [Figure 4.49(a-d)] are in good 

agreement with the experimental results. From the contours of erosion rate, contours of 

sand concentration in cross-section, and secondary flow (vectors) in cross-section, it is 

clear that these flow properties are varying within the elbow test section. The erosion 

rate is more at the extrados (outer face) than at the intrados (inner face), and it is 

progressively increasing along the fluid flow path (from θ = 90° to θ = 0°). The sand 

concentration (Figures 4.49c and 4.52a) was also more at the extrados, which could be 

one of the principal causes for the higher erosion-corrosion rate of the extrados 

electrodes. The cross-sectional view of secondary flow developed at the elbow 

curvature is presented in Figures 4.49d and 4.52b. Due to the secondary flow effect, a 

pair of counter-rotating vortices drive the slurry to the extrados, and then to the intrados, 

which leads to the higher erosion rates of extrados electrodes (Kim et al. 2014). 

Furthermore, the secondary flow is most energetic on the downstream side of the elbow 

(from θ = 45° to θ = 0°). Therefore, from the CFD simulations, it is well understood 

that the differences in the EC behavior within the elbow are because of the differences 

in flow regimes and sand concentrations at various locations (Zeng et al. 2014, 2016a; 

Zhang et al. 2013). 

 

Figure 4.52 Schematic diagram of (a) Sand concentration at 90º elbow test section, 

and (b) Secondary flow (vectors) at the cross-section “AB”  
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The surface characterizations were carried out after EC tests in the circulating 

loop system. The SEM worn-surface morphologies [Figure 4.45(a-d)] of electrodes E9 

with maximum EC rate demonstrate that relatively fewer grooves and valleys are 

formed on the laser-treated electrode surface. It suggests that laser surface melted 

samples were able to protect the steel substrate from severe erosion-corrosion and 

material removal due to wear. 3D surface topographies [Figure 4.47(a-d)] observed by 

Atomic Force Microscopy (AFM) also confirm that laser-treated samples show more 

protective behavior against erosion-corrosion in this aggressive corrosive environment. 

3D surface topographies [Figure 4.48(a-d)] and surface roughness parameters (Table 

4.19) of 2.5 kW laser power samples (E5, E7, E9, and E17) obtained from optical 

profilometry scans demonstrate that extrados electrodes (E5, E7, E9) are having more 

uneven surfaces with ridges and valleys compared to intrados electrode (innermost) 

E17. Among these electrodes, downstream side extrados electrode E9 (φ = 180°, θ = 

15°) shows more ridges and gullies and highest arithmetic mean height value (Ra = 

0.195 µm), whereas the smoother surface and lowest Ra value is for the intrados 

electrode E17 (φ = 0°, θ = 45°) (Ra = 0.142 µm). 

4.4.8 Summary 

The effect of erosion-corrosion (EC) on untreated and laser surface melted (LSM) API 

X70 steel samples was investigated with the help of a circulating loop system. This 

study reveals that the synergetic effect of electrochemical reaction, wear phenomena, 

and hydrodynamic parameters resulted in EC of X70 samples. Furthermore, the LSM 

samples were exhibited better EC resistance than untreated samples. The following 

major conclusions were made from this slurry erosion-corrosion study. 

• From the weight loss measurements, electrochemical impedance spectroscopy 

(EIS), and Tafel extrapolation tests, it is clear that laser surface melted X70 samples 

have more erosion-corrosion resistance than the untreated counterpart. 

• The major reasons for the improvement in erosion-corrosion resistance of laser 

surface melted samples are the alteration of surface metallurgy and the 

improvement in surface hardness. 
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• Rapid melting and solidification processes associated with the laser surface melting 

resulted in a homogeneous, refined, martensite microstructure. These 

microstructural changes with improved surface hardness led to high EC resistance 

of the LSM sample. 

• The protective passive layer formation of the LSM samples benefited from the 

grain-boundary microalloying elemental segregation that occurred during rapid 

melting and solidification process led to significant EC resistance improvement. 

• Furthermore, it observed that, within the elbow, erosion-corrosion was fluctuating 

for different samples positioned at various locations. Particularly, severe erosion-

corrosion occurred on the samples located at the extrados (outer face) - downstream 

side of the elbow. 

• From the results of CFD simulations, it was understood that the elbow wall was 

influenced by different flow patterns and sand concentrations at various locations 

of the elbow. 

• CFD simulation suggests that the secondary flow effect and high sand concentration 

at the extrados (outer face) - downstream side of the elbow resulted in severe 

erosion-corrosion of the samples placed in that region. 

• SEM surface morphologies, Atomic Force Microscopy (AFM) topographies, 

optical profilometry scans also supported the experimental and simulation results. 

More ridges and valleys were observed on the extrados electrode surfaces and less 

on LSM samples (compared to untreated samples) after EC tests. 
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5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

Effect of flow accelerated corrosion (FAC) and erosion-corrosion (EC) on API X70 

line pipe steel (90° pipe elbow) were studied in the oilfield environment. A loop system 

was utilized to imitate the flow through a pipe more realistically. To mitigate FAC and 

EC of X70 steel two different approaches were also investigated. One such method to 

mitigate FAC is the use of a green organic inhibitor (oleic acid hydrazide - OAH). 

Another method is the surface modification of X70 steel by laser surface melting 

(LSM). Computational fluid dynamics (CFD) simulation is also facilitated to 

understand the synergetic effect of hydrodynamics behavior of the fluid flow and 

electrochemical reactions. 

• The study shows that API X70 steel exhibited a higher corrosion rate and reduced 

charge transfer resistance under flow (dynamic) condition over the static condition 

in the simulated oilfield environment. The turbulent fluid flow with high velocity 

and wall shear stress intensified the electrochemical reactivity and mass transfer 

process at the metal electrolyte interface by removing the protective passive films 

from the internal pipe wall repeatedly. 

• Corrosion rate and corrosion current density at the intrados are more (charge 

transfer resistances at the intrados are less) as compared to the extrados and onward 

the flow path corrosion rate is increased. This variation in corrosion properties with 

respect to the position of the electrode is due to the fluctuations of the 

hydrodynamic parameters within the 90° pipe elbow. 

• The electrochemical experimental results were in good agreement with the CFD 

simulation results. 

• The performance of a green inhibitor, a fatty acid derivative, oleic acid hydrazide 

(OAH) is used in FAC condition at three different concentrations (0.05 g/L, 0.15 

g/L, 0.30 g/L). It is found that OAH is good in the protection of the X70 steel with 

higher efficiency at 0.30 g/L concentration. The maximum inhibitor efficiency was 

found 87.7% at 0.30 g/L concentration. This protection is due to the formation of 

metal-inhibitor complexes by the adsorption behavior of the organic adsorbate on 
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the sample surface. The inhibition efficiencies of the X70 steel samples at the 

elbow test section are also changing with the positions due to the drastic changes 

in flow patterns. 

• The effect of laser surface melting - LSM (laser powers 2, 2.5, and 3 kW) on API 

X70 steel was also studied. The corrosion resistance of the X70 steel was 

significantly improved by the laser surface melting (LSM) process due to the 

surface metallurgy alteration. Rapid melting and solidification processes 

associated with the LSM resulted in the formation of a homogeneous, refined, 

martensite microstructure on the X70 steel. 

• The passive layer formation and FAC resistance improvement of the LSM samples 

benefited from the grain-boundary microalloying elemental segregation and grain 

refinement that occurred during rapid melting and solidification. 

• To compare corrosion resistance in terms of polarization resistance of untreated, 

with OAH inhibitor (0.30 g/L) and LSM treated condition at 2.5 kW laser power, 

LSM treated steel exhibited the highest FAC resistance. 

• Slurry erosion-corrosion tests were conducted on untreated and laser surface 

melted (LSM) X70 steel samples with the help of the circulating loop system. This 

study reveals that the synergetic effect of electrochemical reaction, wear 

phenomena, and hydrodynamic parameters resulted in erosion-corrosion of X70 

steel. The LSM samples exhibit better EC resistance than the untreated counterpart 

after the transformation to harder, refined, homogeneous, martensitic 

microstructure by the LSM process. 

• Erosion-corrosion also depends on the position or location of the samples within 

the elbow. Severe erosion-corrosion occurred on the samples located at the 

extrados (outer face) - downstream side region of the elbow due to the high sand 

concentration and secondary flow effect. 
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5.2 Suggestions for future work 

The oilfield water or produced water contains dissolved gases such as H2S and CO2, 

which easily promote internal corrosion of the pipeline (Palacios 2016). Therefore, 

further studies can be carried out to analyze the effect of those gases on FAC and EC 

of API 5L grade steels in a loop system. Effect of other corrosion inhibitors which are 

effective under static conditions can be studied in FAC conditions using the loop 

system. There is a scope for a detailed study on the effect of laser processing parameters 

on API 5L grade steels and their effect on FAC and EC. 
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APPENDIX 

▪ DETAILED CALCULATIONS 

• Density (ρ) of the oilfield water 

The density (ρ) is an elementary physical property of a matter. For a homogeneous 

object, it is defined as the ratio of its mass (m) to its volume (V). It was determined 

using a method specified in ASTM D1217 (ASTM D1217 2016) using the equation 

given below. 

Density, ρ = 
𝑚

𝑉
 = 

25.7611

25
 = 1.0304 g cm-3 = 1030.4 kg m-3 

where: Mass of empty pycnometer, m0 = 22.8364 g 

Mass of pycnometer with oilfield water, m1 = 48.5975 g 

Mass of oilfield water, m = m1 - m0 = 25.7611 g 

Volume of oilfield water, V = 25 ml 

• Kinematic viscosity (ν) of the oilfield water 

The kinematic viscosity (ν), was calculated from the measured flow times (t), and the 

viscometer constant (C), using the equation given below. It was determined by using a 

method specified in ASTM D445 (ASTM D445 2016). 

Kinematic viscosity, ν = C × t = 0.0097 mm2 s-2 × 74 s = 0.7178 mm2 s-1 

where: C - calibration constant of the viscometer, mm2 s-2 

t - measured flow times, s 

• Dynamic (absolute) viscosity (μ) of the oilfield water 

The dynamic viscosity (μ) was calculated from the calculated kinematic viscosity (ν), 

and the density (ρ), using the equation given below. 

Dynamic viscosity, μ = ν × ρ × 10-3 = 0.7178 × 1030.4 × 10-3 = 0.74 mPa.s  

           = 0.00074 Pa. s (or) Ns m-2 (or) kg m-1 s-1 
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where: ρ - density, kg m-3 

ν - kinematic viscosity, mm2 s-1. 

• Reynolds number (Re) of the fluid flow 

To classify the type of flow through the loop system, the Reynolds number (Re) was 

calculated using the equation given below (Murdock 2006). 

Reynolds number, Re = 
𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
 = 

𝜌𝑉𝐷

𝜇
 = (1030.4 × 3 × 0.048) / 0.00074 

           = 200613 

Where: V - average velocity, 3 m s-1 

D - Pipe internal diameter or Hydraulic diameter, 0.048 m 

ρ – Oilfield water density, 1030.4 kg m-3 

μ - Dynamic (absolute) viscosity, 0.00074 Ns m-2 

• Entrance length (Le) for the elbow test section 

For a turbulent fluid flow, the entrance length is 50 times the hydraulic diameter (D) 

(Shalaby 2018a). 

Entrance length, Le = 50D = 50 × 0.048 m = 2.4 m 

• Turbulent intensity (I) of the fluid flow 

Turbulent intensity (I) was calculated from the Reynolds number (Re) using the 

equation given below (Zeng et al. 2016b). 

Turbulent intensity, I = 0.16 × (Re)
-1/8 = 0.16 × (200613) -1/8 = 0.03477 = 3.5% 

• Sand particle density (ρ) 

Density is defined as the ratio of its mass (m) to its volume (v). The density (ρ) of the 

sand particles was measured by the volume replacement method using the equation 

given below. 

Density of the sand particles (ρ) = 
𝑚

𝑉
  = 

5

2.32288
 = 2.153 g cm-3 = 2153 kg m-3 
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Where: Mass of the sand particles = 5 g 

 Density of the water at 25 ml = 
𝑚

𝑉
 = 

24.792

25
 = 0.992 g cm-3 

 Mass of the water and sand at 25 ml = 27.860 g 

 Mass of water = 27.860 – 5 = 22.860 g 

Volume of water = 22.860 × 0.992 = 22.67712 ml 

Volume of sand particles = 25 – 22.67712 = 2.32288 ml 

• Mass flow rate of sand particles (Ꞷ) 

The calculation of the mass flow rate of sand particles was done based on sand loading 

(1.5 wt.%) of the erosion-corrosion test using the equation given below (Shook and 

Roco 1991). 

Mass flow rate (Ꞷ) = ρAV × 
1.5

100
 = (2153 × 0.00180955 × 3) × 

1.5

100
 = 0.175 kg s-1 

Where: ρ – sand particle density = 2153 kg m-3 

A – cross-sectional area of pipe = π × (radius)2 = 3.14 × (0.024)2 = 0.00180955 m2 

V – average fluid flow velocity = 3 m s-1 
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