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Abstract 

Near-neutral pH stress corrosion cracks (NNpH SCC) are developed under coating disbondments 

on the external surface of pipelines where the surface of pipeline is exposed to the soil solution. 

NNpH SCC initiation and early stage of growth is mainly governed by the dissolution process of 

steel. However, laboratory experiments on polished specimens rarely reproduced cracks in near-

neutral pH environment whose growth rates were consistent with what has been observed on 

pipelines in the field. So, there have to be other factors involved in the crack initiation process 

which have been ignored in most of the crack initiation studies. The presence of mill-scale and 

application of occasional over-load cycles during hydrotesting on pipelines in the field can 

explain this discrepancy. Furthermore, hydrogen involvement in this type of cracking, during 

both crack initiation and growth, has been confirmed in several studies. However, the presence 

of disbonded coatings on the pipeline, which can cause a CO2 concentration gradient along the 

disbondment and may further change the environment and the amount of hydrogen ingress into 

the steel, has been ignored in all previous experiments. Therefore, these tests may not represent 

the true role of hydrogen in near-neutral pH SCC without considering disbonded coatings. This 

study aimed at understanding the contribution of these important factors to NNpH SCC. In this 

study, the role of coating disbondment on hydrogen ingress into pipeline steels and the effects of 

mill-scale and hydrotesting on NNpH SCC crack initiation are investigated. 

To study hydrogen ingress, a specially-designed Devanathan-Stachurski double cell was used for 

hydrogen permeation measurements. This double cell simulated coating disbondment on one side 

of the specimen and at the same time measured hydrogen permeation on the other side. 

Furthermore, a comparative study was developed and crack initiation in mill-scaled and polished 
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specimens and also in samples that were undergone hydrotesting and those, on which no 

hydrotesting was applied, was compared. 

It was found that a simulated coating disbondment acts to change hydrogen ingress along the 

disbondment. The results showed that although corrosion rate was lower under disbonded 

coating at narrower gap sizes (2 and 5 mm) between pipeline steel and the coating, the highest 

level of hydrogen occurred at intermediate gap sizes (5 mm). Also, it was shown that contrary to 

general belief, increasing CO2 concentration in solution did not increase hydrogen ingress into 

pipelines. It was also found that the frequency of crack initiation occurrence from pits was 

increased by the presence of mill-scale and by the application of multiple hydrostatic testing 

stress cycles on pipelines. The results of this study showed that crack initiation experiments on 

polished specimens and without considering real pressure condition, to which pipelines are 

exposed in the field, underestimated short crack growth rates in the near-neutral pH environment.   
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1.1 Introduction 

Pipelines are used all over the world for transportation of large quantities of oil and gas. The 

larger of these pipelines (101.6 mm to 1212 mm in diameter) are named transmission pipelines 

and carry highly pressurized products over large distances. Since they transfer products which 

pose a major threat to the surrounding people as well as the environment, they are manufactured, 

installed, and operated according to well-established standards. Although strictly regulated to 

avoid catastrophic disasters and environmental pollution, pipeline ruptures may occur even with 

the application of preventive measures such as protective coating and cathodic protection. The 

most common integrity concerns in pipelines are caused when pipeline coatings fail and the 

pipeline surface is directly exposed to the soil solution. Stress corrosion cracking (SCC), which 

is an environmentally enhanced cracking, has been reported to cause about 34% of pipeline 

failures in the Canadian pipeline system [1]. One form of SCC which caused ruptures beginning 

in 1986 is called near-neutral pH SCC [2] and is associated with the formation of a very dilute 

bicarbonate-carbonate anaerobic solution with a near-neutral pH under disbonded coatings. 

Carbon dioxide from the decay of organic materials is dissolved in the soil solution. With the 

formation of a buffer solution made of H2CO3 and HCO3
- 

the
 
pH remains in the near-neutral 

range. This happens wherever limited or no cathodic potential can reach the pipeline surface to 

increase the pH level.  

The overall process of NNpH SCC cracking to the failure point is divided into several steps: 

initiation and early stage growth, dormancy stage at about depth of 1 mm, re-initiation of the 

dormant cracks and their propagation and coalescence to reach a critical size and, finally, rapid 

growth and rupture of pipelines [3]. Pipelines spend most of their lifetime in steps one and two. 

Although many investigations focused on initiation of NNpH SCC over the past years, the 
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current understanding of the initiation stage is still evolving because these studies rarely obtained 

small crack growth rates comparable to what is observed in the field. Crack initiation and early 

growth is believed to be a dissolution-controlled process. However, with the corrosion rates 

observed in the simulated soil solutions it would take a very long time for cracks to grow to the 

depth of 1 mm (the dormancy point). This is not reasonable considering the real life span of a 

pipeline (20-30 years). One reason why most of the crack initiation studies failed to reproduce 

cracks in a reasonable time can be that polished samples and the loading conditions which do not 

simulate real pressure changes in the field have been used in those studies. In addition, pipelines 

used in the field are covered with a thick mill-scale layer. Although surface preparation is 

performed before the application of coatings on pipelines, it cannot remove the entire mill-scale 

layer from the pipe surface. Mill-scale is known to have a more positive potential than the steel, 

so there is the possibility of development of macro-galvanic effects between steel and the mill-

scale [4]. This effect could enhance initiation of small cracks. On the other hand, some pipelines 

undergo hydrostatic testing every several years, during which they are pressurized with water to 

pressures exceeding their normal operating pressures. Although this test is performed as a SCC 

management tool to identify critical size cracks, it produces a large amount of plastic 

deformation around stress raisers such as corrosion pits [5]. It has been shown that micro-plastic 

deformation is essential for initiation of stress corrosion cracks [6] and also it can enhance 

dissolution [7] which, in turn, can enhance crack initiation around the pits. Therefore, studying 

the effects of hydrostatic testing and mill-scale on crack initiation and early crack growth 

becomes important and may explain the incidence of higher growth of small cracks in the field.  

Another parameter, whose effect on NNpH SCC cracking is confirmed but not completely 

understood yet, is hydrogen. Since this type of cracking occurs at or near the open circuit 
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corrosion potential of steel, it is accompanied by dissolution of the steel.  The cathodic reaction 

involved in the corrosion process produces hydrogen atoms, some of which are absorbed into the 

steel and play an important role in the cracking process. Although many studies in the open 

literature have focused on the role of hydrogen in NNpH SCC, they did not consider the effect of 

disbondment and environmental changes under disbonded coatings on hydrogen ingress inside 

the pipeline steels. No study in the open literature has quantified the influence of test conditions 

and distance from the holiday of the disbondment on the amount of hydrogen present within the 

metal lattice which, in turn, can explain the different crack growth behaviour observed under 

disbonded coatings. 

Therefore, in order to address the aforementioned issues, this study was divided into two stages. 

In the first stage, hydrogen permeation experiments were conducted using a specially-designed 

Devanathan-Stachurski double cell. This cell enabled the measurement of hydrogen permeability 

along a simulated coating disbondment. In the second stage, crack initiation experiments were 

performed with the purpose of examining the effects of hydrostatic testing and mill-scale on 

crack initiation and early growth stage separately.  

1.2 Thesis Outline 

This thesis reports the findings of two stages of the research. Before addressing the performed 

experiments and results, a detailed background and literature review are given in Chapter 2. 

In Chapter 3, the hydrogen permeation behaviour of X-65 pipeline steel at open circuit potential 

was examined along a simulated coating disbondment. The results for different sections along 

the simulated coating are compared for various gap sizes between the coating and steel specimen 

and also different concentrations of CO2. The effect of applied cathodic potentials ranging from -
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800 to -1200 mV on the environment under the disbondment, and its effect on hydrogen 

permeation behaviour, is also investigated in this chapter. 

Chapters 4 to 6 focus on crack initiation experiments. Knowing that crack initiation in the field 

can take several years and cracks were shown to initiate mostly from pits [1], some pits were 

generated on the specimens to accelerate the crack initiation process.  Chapter 4 covers the 

detailed experimental procedure for generation of these pre-pits on tensile specimens. 

Chapter 5 presents crack initiation experiments that were conducted on four pre-pitted X-52 steel 

specimens under a cyclic load with a frequency close to what gas pipelines usually undergo. To 

determine the effect of hydrostatic testing on crack initiation, two specimens were considered as 

control samples without undergoing any hydrostatic test loading while for the other two samples, 

cyclic loading was interrupted at different intervals and a loading procedure simulating the 

hydrotest pressure changes in the field was applied to them. Finally, the results for different 

conditions were compared and presented in this chapter. 

In Chapter 6, the role of mill-scale on initiation of cracks in the near-neutral environment is 

investigated. Two types of specimens, covered with mill-scale and the other with polished 

surfaces, were tested under the same cyclic load and environmental conditions. The effect of 

mill-scale layer was found after comparing the results on the two types of samples after finishing 

the tests. 

Chapter 7 presents a summary of research findings and some suggestions for future work. 
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2.1 Pipeline background 

Pipelines make great contributions to cost reduction and increased transportation efficiency as 

they allow transportation of crude oil and natural gas under high pressure throughout the world. 

Canada, as one of the significant producers of oil and gas in the world, is home to about 830,000 

km of pipelines which, if laid end to end is enough to go all the way around the world 20 times 

[1]. Pipelines are considered as the most economical for transporting oil and gas but they are not 

risk-free as they would impose life and environment risks in case of rupture followed by an 

explosion. Therefore, safe construction and operation of pipelines is a basic requirement for 

successful deployment of oil and gas transmission systems.  

Safety measures are taken during planning, design, construction and operation of pipelines. The 

most important measures during construction of pipelines to ensure their safe operation in the 

future are the application of a protective coating coupled with installation of a cathodic 

protection system and the initial hydrostatic testing of the pipelines. Protective coatings prevent 

exposure of the pipelines to the soil solution, which would cause corrosion of the pipeline steel 

and cathodic protection is a supplementary action to ensure exposed steel where coatings are 

damaged are protected by passing an electric current through the soil to the pipes. The integrity 

of pipelines is sometimes evaluated with hydrostatic tests during which pipelines are filled with 

pressurized water at pressures in excess of their operational pressure. 

Although preventive actions are taken during construction of pipelines, pipelines rupture still 

occurs. As shown in Figure 2.1, according to National Energy Board of Canada, during 20 years 

from 1992 to 2012, the major causes of Canadian pipelines ruptures were cracking, material, 

manufacturing or construction causes, external interference, metal loss and geotechnical failure 
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[2]. Cracking and corrosion make a large contribution to pipeline failures despite the fact that 

their external surfaces are coated and a cathodic protection system is in place. Among all 

incidents caused by cracking, half was attributed to stress corrosion cracking (SCC) which is the 

focus of this research.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Major causes of Canadian pipelines rupture during years 1992 to 2012 [2]. 

2.2 Stress corrosion cracking (SCC) of pipelines 

Stress corrosion cracking is an environmentally induced, insidious form of cracking which is 

caused by the interaction of three elements, susceptible material, tensile stress below yield 

strength and a corrosive environment promoting cracking. The elimination of any one of the 

variables will eradicate the prospect of stress corrosion cracking [3].  Pipelines are made of 

carbon steels conforming to API 5L standards. Pipeline steels are known to be susceptible to 

SCC although their surfaces are protected by coatings. SCC occurs where coatings disbond from 

the pipeline surface. Coating disbondment may have different reasons including poor surface 
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preparation method which weakens adhesion of coatings, coating damage as it tents over welds 

and poor resistance of coatings against disbondment which can be related to their capacity for 

water absorption from soils or their sensitivity to increased alkalinity produced by cathodic 

protection [4]. Another suggested reason for coating disbondment is an evolution of hydrogen at 

the steel-coating interface when there is excessive cathodic protection current in place [4].  

Tensile stress is an inherent part of pipelines as pressurized gas and crude oil pass through them. 

The internal pressure of pipelines causes three different stresses on pipelines (Figure 2.2): 

circumferential or hoop stress, longitudinal or axial stress and radial stress (which is insignificant 

for the thickness used in transmission pipelines). Hoop stress is two times more than longitudinal 

stress and is the main cause of SCC in the pipelines since most of SCC cracks are oriented 

longitudinally along the pipe. However, stresses caused by internal pressure are not the only 

stresses responsible for SCC. In most cases, residual stresses from pipe manufacturing and 

construction (e.g., field bends) and stresses from in-service damage or soil, combined with hoop 

stress, are the stresses causing pipelines failures. 
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Figure 2.2. Pipe main stresses [5]. 

 

SCC on gas and oil pipelines is a serious and growing concern in the pipeline industry. It was 

first reported over four decades ago in several countries throughout the world [6]. The majority 

of cracks at that time had intergranular morphology. This form of crack is now known as “high 

pH SCC” or “classical SCC”. However, about 30 years ago a new transgranular cracking was 

observed [7] which is called “near-neutral pH SCC” (low pH or non-classical SCC). As it might 

be inferred from their names, two different corrosive environments are involved in these two 

kinds of SCC of pipelines. The high pH environment, which was identified first in the 1960s and 

is known to cause incidents in northern climates [8-9], is mainly concentrated 

carbonate/bicarbonate solution with a pH greater than 9 [9-10]. The second environment is a 

dilute carbonate-bicarbonate solution with a near-neutral pH (pH~6.5). There are some 

similarities between the two forms of pipeline SCC. Both cracks usually occur on the outside 

surface of pipelines in groups and they are mostly oriented longitudinally along the surface. The 

cracks may link to each other to form long shallow flaws that can finally lead to ruptures. In both 

cracks, the fracture surfaces are usually covered with black magnetite film or an iron carbonate 
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film [11]. However, there are differences between them. Since the steels involved and the 

operating pressures do not differ practically for pipelines displaying the two different modes, the 

difference in morphology of these two types of cracking arises from the different environment 

involved in the cracking process. How these environments are formed around pipelines is 

discussed in more details in the next sections. 

2.3 High pH SCC  

The first case of pipeline rupture caused by high pH SCC was reported in 1965 for a US gas 

transmission pipeline [9]. Since this rupture, many investigators focused their work to determine 

the causes and mechanism of this type of SCC and, unlike the near-neutral pH SCC, the pipeline 

industry now has a full understanding of it. As shown in Figure 2.3, these cracks are 

intergranular in morphology and have a narrow width, indicating a lack of corrosion at the crack 

sides. Unlike near-neutral pH SCC, high pH SCC occurs when the cathodic protection current is 

able to reach the affected pipeline steel, so it is more observed in low resistive soil area and in 

pipelines with coatings that can conduct electricity such as coal tar and asphalt [10].  When a 

coating is disbonded, ground water solution penetrates inside the gap between the coating and 

pipe. If enough cathodic current reaches the steel exposed to the ground water, hydroxyl ions are 

formed through equations (2.1) and (2.2) and cause pH of the trapped solution to increase. CO2 

gas present in the soil water from the decay of organic matter is dissolved in this high pH 

solution and a concentrated carbonate/bicarbonate solution with a pH 8 to10 is formed according 

to equations (2.3) to (2.5). In order for the solution to be maintained in this pH range, continuous 

supply of CO2 is essential. Any factor that affects the rate of CO2 generation, such as the soil 

temperature and moisture content will affect the probability of high-pH SCC. This solution forms 

a protective layer on the surface of pipelines which is mainly composed of FeCO3. 
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However, the film layer is protective, within a narrow range of cathodic potential the film 

become unstable where cracking is possible by a film rupture-anodic dissolution mechanism. 

This narrow range is about 100 mV wide and is centered around -720 mV Cu/CuSO4 (CSE) at 

75°C, and moves in the positive (noble) direction with decreasing temperature [12]. This 

potential range is associated with the active-passive transition in the potentiodynamic 

polarization curve obtained for high pH solutions causing high pH SCC. The film rupture-anodic 

dissolution mechanism is accompanied by a mechanical breakdown of the film by plastic 

deformation associated with either low temperature creep or cyclic loading [13]. Once the brittle 

film is broken, the bare exposed metal is corroded along grain boundaries until the surface is 

passivated again. This film break-down and repassivation is repeated and crack growth is 

promoted when the rate of film rupture is greater than the rate of film re-passivation. 
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Figure 2.3. Metallographic section showing a high-pH stress corrosion crack in a gas 

transmission pipeline [14]. 

High temperature promotes this kind of cracking because the rate of CO2 formation increases 

with increasing soil temperature, the formation of the protective film is favoured at higher 

temperatures and the range of potential over which cracking is possible is increased. As a 

consequence, they are mostly found within 20 km downstream of compressor stations [9] where 

temperature and loads are more severe.  

2.4 Near-Neutral pH SCC 

The first SCC incident that was found to be distinctly different from the high pH SCC was 

reported in the mid-eighties for Canadian gas-transmission pipelines [14]. As shown in figure 

2.4, this kind of cracking is transgranular in morphology.  Transgranular SCC (TGSCC) is 

associated with near-neutral pH environments, primarily under disbonded coatings. It has been 

reported that 87% of SCC cases occurred in pipelines that had polyethylene coatings [15]. The 

spirally wrapped nature of polyethylene coatings sticking to the pipeline surface via adhesives 
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makes them easy to de-bond, which is why SCC cracks are most likely found in this type of 

coating. 

 

 

 

Figure 2.4. Metallographic sections of near-neutral pH SCC [14]. 

 

Under a disbonded coating a near neutral-pH (6 < pH < 8), dilute, carbon dioxide (CO2)-

containing electrolyte is formed and can cause NNpH SCC. The reason for the formation of such 

an environment is that cathodic protection cannot reach the pipe under the disbonded coating. 

This happens by either the cathodic protection shielding of the coating or a highly resistive soil. 

This is the other reason that the cracking occurs with polyethylene coatings which tend to block 

the cathodic protection. Another characteristic of NNpH SCC, which is shown in Figure 2.4, is 

being wide in their crevice. This demonstrates the occurrence of significant lateral dissolution 

which is further evidence of a lack of cathodic protection at the cracking sites. Although 

corrosion is evident in this type of cracking, potentiodynamic polarization measurements on 

pipeline steel in near-neutral environments show that anodic current density alone can‟t describe 

the crack growth rates experienced by NNpH SCC [16]. Cracks are often found at the toe of 
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welds where coatings tend to tent due to the weld reinforcement and indicating that stress raisers 

may play a more prominent role in this new form of SCC than in the case of high-pH SCC [14]. 

Since the focus of this study is on NNpH SCC, a detailed review on the mechanistic stages of 

and contributing factors to this kind of cracking will be presented in the next sections. 

2.4.1 Mechanistic Stages of NNpH SCC 

Stress corrosion cracking comprises different phases. Similar to what has been proposed by 

Parkins in 1994 for high pH SCC, a model has been recently defined by Chen et al. for NNpH 

SCC [17]. Figure 2.5 shows a comparison of Parkins‟ model and the recently proposed model. 

Based on the latter model, before the start of cracking there is an incubation period during which 

conditions for cracking develop. This period includes the time during which a coating disbonds 

from the surface. The cracking phases include a period of initiation and early stage of growth 

(Stage I), a period of increasing crack growth and crack coalescence (Stage II) and, finally, a 

period of very rapid crack growth and final failure of the pipeline (Stage III).  

Crack initiation and early stage of growth are believed to be dissolution controlled as their 

growth does not follow fracture mechanics principles. Field findings have shown that NNpH 

SCC cracks have a semi-elliptical shape with large length/depth ratio during their initiation and 

early stage of cracking. This crack profile will result in higher stress intensity levels at the depth 

of crack rather than on the surface and higher crack growth is expected in the crack depth. 

However, this is in contrary to crack profiles found in the field. Experimental work by Wilmott 

et al also showed that growth of shallow cracks is independent of crack stress intensity factor 

[18]. Therefore, non-mechanical driving forces should be responsible for the early stage of crack 
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growth. Corrosion is known to be the main controlling factor in the initiation and early stage of 

crack growth [19].  

 

Figure 2.5. Comparison of Parkin‟s model and the recently proposed model for different stages 

of NNpH SCC [17]. 

 

With a dissolution mechanism during early stage growth, in order for cracks to achieve high 

length/depth ratios, corrosion rates have to be lower in the depth direction compared to the 

surface direction. This would be likely as corrosion in near neutral pH environment is CO2 

dependent. With a build-up of corrosion products inside the crack enclave, a CO2 concentration 

gradient is developed between the surface and the depth of crack, which leads to a reduced 

corrosion rate at the crack depth.  This brings a point where a crack becomes dormant at a depth 

of about 1 mm from the surface. Field observations have shown that less than 5% of found 
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NNpH SCC colonies had cracks that had grown beyond the dormancy point.  Crack growth after 

the dormancy point is a matter of stage II growth. 

Long crack growth in Stage II has been investigated by many researchers and, unlike stage I 

crack growth, corrosion alone cannot account for the observed crack velocities [20]. On the other 

hand, since steel in near-neutral soil solutions shows active behaviour, the mechanism for crack 

growth cannot be attributed to the film rupture-anodic dissolution mechanism. It has been 

reported that stage II growth is influenced by many factors including pressure fluctuations 

parameters, hydrogen, dissolution and low-temperature creep. Different mechanisms have been 

proposed for long-crack growth which will be shortly addressed below: 

2.4.1.1 Hydrogen-Enhanced Dissolution Model 

This model was first presented by Mao et al. [21] and considers the synergistic effect of stress 

and the presence of hydrogen. This model proposes that with the generation of hydrogen on the 

surface and its absorption into the steel, it will diffuse to high-stress zones ahead of crack tip and 

change the internal energy and entropy of the material as well as decrease the interactive atomic 

cohesion, which increases the anodic dissolution rate [21]. They also performed a 

thermodynamic analysis of the interactions between stress and hydrogen to demonstrate the 

changes in free energy during the corrosion process. However, later experimental studies 

performed by Lu et al. [22-23] showed that the active dissolution was almost unaffected by the 

hydrogen charging and tensile stress. This invalidated the proposed hydrogen-facilitated 

dissolution model. 
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2.4.1.2 Crack Tip Strain Rate Model 

Beavers et al. [24] proposed the crack tip strain rate model for describing NNpH SCC crack 

growth. They believed that a critical strain rate is required in order for the crack to grow. This 

model is mainly used for systems that can produce a protective passive film on the surface. The 

brittle passive film can rupture by plastic straining at the crack-tip when crack tip strains exceed 

a critical value which is the strain rate needed for rupture of the film. Bare metal is then exposed 

to the crack-tip electrolyte. Consequently, accelerated local anodic metal dissolution can take 

place, which finally leads to corrosion-assisted crack growth.  

Based on this model the strain rate ( ̇) at crack tip can be calculated using the below equation (f 

denoting the frequency and R= 
              

              
):  

 ̇                                                                                                                                     (2.6) 

However, this model can predict that application of static load (f=0 and R=1) result in zero crack 

tip strain rate and consequently no crack growth which is consistent with laboratory results,  it 

appears that strain rate alone cannot describe crack growth behavior although strain increases the 

dissolution rate and enhances the uptake of hydrogen. This could be primary because of the fact 

that pipeline steels are not passivated in near-neutral pH soil environments. 

2.4.1.3 Superposition model 

In a superposition modeling approach, the time-dependent SCC crack growth is combined with 

the fatigue crack growth contribution to give the total crack growth: 
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Contribution of crack growth through fatigue is also expressed by simple Paris law: 

 
  

  
                                                                                                                             (2.8)                           

where a is the crack size, N is the number of cycles, t is time, and f is the frequency of loading. 

This model was used first by Zhang et al. [25,26] for NNpH SCC crack growth modeling and it 

seemed to fit some of their experimental results. However under more severe pressure 

fluctuations it failed to be an appropriate model for crack growth in NNpH environments. 

Further investigations also revealed that although cracks can initiate under static load, cracks 

would stop growing when a monotonic load or mild load cycles are applied to the steel which 

eventually result in crack bluntness [27].   

Chen et al. [27] later showed that this model cannot fit their experimental results. Instead, they 

proposed a corrosion fatigue model considering load interaction and environmental factors.  

2.4.1.4 Corrosion Fatigue Model 

In contrast to what is inferred from the name of NNpHSCC, cracks would stop growing under 

static loads. Considering the fact that pipelines undergo different pressure fluctuations during 

their service, a corrosion fatigue model which represents the synergistic interaction between the 

environment and cyclic loads could be a more appropriate model for crack growth prediction. 

This idea first was suggested and justified by Chen et al. [27]. They proposed that beyond the 

dormancy point corrosion cannot be responsible for the growth of cracks and another mechanism 

must become active. They could correlate very well their experimental results with a corrosion 

fatigue model. Based on this model, crack growth can be correlated to a combined factor 

incorporating both the mechanical driving forces and the environmental contribution: 
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(
  

  
)   (

       
 

  )
 

                                                                                                            (2.9) 

where ΔK is the change in stress intensity during cyclic loading, Kmax is the maximum stress 

intensity,  f is the loading frequency, a, n, α, β and γ are all constants, with α+β=1, and b is the 

contribution of SCC, which was found to be about one order of magnitude lower than the first 

term in Stage II crack growth and can be ignored. It is noteworthy that the effect of ΔK on crack 

growth is associated with crack closure effects by changing R (ΔK) and the effect of Kmax 

reflects the minimum stress intensity level that must be achieved at the crack tip for fatigue 

damage to occur. The frequency term in the equation arises from the effect of environment on 

the crack growth and its final exponent was 0.1 in near-neutral pH environments. Considering 

the fact that contribution of corrosion to the total growth (b) can be negligible, the effect of 

frequency on the crack growth was found to originate from the contribution of hydrogen to the 

crack growth. Based on equation (2.9), crack growth increases as the frequency of loading 

condition decreases. With decreasing frequency, hydrogen atoms will have enough time to 

diffuse to the high-stress zone ahead of the crack tip and contribute to crack growth. However, it 

has been shown both experimentally and theoretically that there would be a point where 

hydrogen saturation happens at the fracture zone ahead of the crack tip. It is assumed that the 

crack growth reaches a maximum rate when the hydrogen concentration at the crack tip reaches 

the saturation point. So, this frequency point is considered as the critical frequency, on the order 

of 10
-3

 Hz in the laboratory tests. This frequency can change depending on the loading 

conditions, temperature, mechanical properties of the steel and hydrogen diffusivity [28]. Figure 

2.6 shows the effect of frequency on the crack growth obtained from laboratory tests using CT 

specimens [29]. 
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This model was also able to determine two thresholds for crack growth, expressed in terms of the 

combined factor (
       

 

  
). The lower threshold (8547     √           ) determines the 

minimum combined factor for growth of sharp cracks and the upper one (14246 

    √          ) indicates the threshold above which blunt cracks grow continuously. If the 

combined factor is between the two thresholds, the crack will experience discontinuous growth 

with crack growth and dormancy intervals [30]. 

 

Figure 2.6. Effect of frequency on the crack growth in C2 solution [29]. Note that constant 

amplitude loading refers to tests with constant ΔK.  

 

2.4.2 Factors Contributing to the Near- Neutral pH SCC 

Near-neutral pH SCC, like other SCC cases, needs three conditions to be developed : corrosive 

environment, mechanical loads which in this case as discussed before needs to be cyclic loads 

and susceptible material. Many studies so far have been studying the effect of different 
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mechanical, metallurgical, and environmental factors on near-neutral pH SCC. In this section, an 

overview of the work done to better understand the effect of these parameters on NNpH SCC is 

provided. 

2.4.2.1 Mechanical Factors 

a) Loading Parameters 

Williams et al. [31] used a fatigue machine with three-point bending configuration to study 

surface crack growth during exposure of API X-60 steel samples to NS4 solution, which is a 

solution simulating soil solution found in near-neutral pH SCC cases. They showed that the 

majority of growth was on the surface and little growth was detected in the depth direction. This 

is consistent with field findings as cracks have high length/depth ratio. In addition, their results 

under variable amplitude cyclic loads also indicated that crack growth is accelerated on 

subsequent cycles following an underload and this acceleration effect was attributed to reducing 

crack closure on subsequent cycles because of the underload. The acceleration effect was found 

to be more significant when there was an even distribution of underloads throughout the load 

history compared to when they were grouped together in blocks. 

Later on, Yu et al. [29] also confirmed the accelerated growth by application of under-load. They 

performed a comparative crack propagation study on X60 pipeline steel in near-neutral pH 

solution under both constant and variable amplitude loadings. Their findings suggested that 

minor cycles with very high R-ratios that had been considered to be non-propagating based on 

constant amplitude crack growth model can cause significant crack growth in the presence of 

underloads. With the application of a spectrum consisting of underload and minor cycles crack 
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growth was found to increase by a factor of up to 10 when compared with constant amplitude 

underloading without the inclusion of minor cycles in the low-frequency range. 

Zhang et al. [32] used a three-point bending test system and found that the type of fracture 

observed on the surface was strongly influenced by both frequency and R ratio. TGSCC was 

found to be more pronounced at lower frequencies and higher R ratios while at higher 

frequencies and lower R ratios, fracture surface features were rougher than the fatigue pre-

cracked surfaces which were attributed to corrosion fatigue. They also showed that for a given 

ΔK, lower frequencies result in higher crack growth because a longer time was available for 

environmental crack growth to take place during each cycle. They used the superposition model 

to express the total environmental crack growth rate. 

Beavers et al. [25] performed some experiment to find the effects of cyclic loading parameters 

including frequency, R ratio and ΔK on the NNpH SCC crack growth. They concluded that 

specific conditions of R and frequency determine whether cracks either continue to grow or 

decelerate. They found that cracks tend to decelerate at high R and low frequency and finally 

become dormant under this condition. In their experiment, dormancy could be prevented by 

changes in environment or loading that sharpens the crack. For instance, low R values were 

reported to sharpen cracks. They also claimed that a small number of low R cycles (e.g., 

complete depressurization) causes most of NNpH SCC damage on gas transmission lines. 

In an effort by Beavers [24] to find the conditions favouring crack dormancy and re-initiation of 

dormant cracks, he proposed that R ratio and frequency (which determine a critical crack tip 

strain rate) can be employed to demarcate between dormancy and growth. He also showed that 

unloading and re-loading cycles has a great contribution to the crack growth and can re-initiate 
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dormant cracks. Another factor which was determined in this study to help in re-initiation of 

dormant cracks was increasing CO2 level in the solution. The role of CO2 in the crack growth is 

mainly attributed to its effect on the production of hydrogen. So both hydrogen level and the 

unloading can cause activation of dormant cracks.  

b) Stress raisers 

According to the National Energy Board of Canada, all their studied ruptures associated with 

NNpH SCC were related to some kind of stress raiser [9]. Considering eleven ruptures they 

reviewed, five of them happened near the long seam weld of the pipe, five were associated with 

general corrosion (reduced wall thickness) and one initiated from a dent on the pipe surface. 

Been et al. [33] considered the effect of dents on NN-pH SCC crack growth behaviour through a 

combination of a corrosion fatigue model and an existing Dent Assessment Model (DAM). 

Stresses were calculated around both constrained and unconstrained dents for 80% SMYS 

(specified minimum yield strength) and for zero operating stress. The selected indent diameters 

were 50, 100, and 200 mm and the results were presented for a X-65 pipe with a wall thickness 

of 9.53 mm. Findings from the Dent Assessment Model showed that stress intensification was 

higher for unconstrained dents than for restrained dents and lower ductility resulted in higher 

local stresses at an unrestrained dent. These results combined with SCC model results revealed 

that crack growth rate was higher for unconstrained dents and also crack growth was enhanced 

by larger high-stressed areas as cracks slow when encountering lower stresses. They also 

reported that materials with higher strength and lower ductility caused higher crack growth rates. 

Brongers et al. [34] also demonstrated that dents promote SCC in both gas and liquid pipelines. 

They reported that NNpH SCC is more prevalent at dents than high-pH SCC suggesting the 
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importance of stress raisers in this kind of cracking. They showed that cracking tended to occur 

around the shoulder of a dent where metallurgical changes are minimal, but cyclic and maximum 

stresses are high. In their investigation, most failures occurred in dents on the bottom of the pipe, 

suggestive of rock dents.  

c) Residual stress 

Residual stresses are usually introduced into pipelines by welding and forming processes during 

assembly, installation, or repair. During fabrication of pipes, residual stress can be developed 

from both the forming into the cylindrical shape and also the welding of the pipe along the seam 

[35]. During the welding process, regions heated to a liquid or highly plastic state, fused, are 

created and then allowed to cool locally. Upon cooling and contraction of metal, the fusion zone 

is stretched into high tension, typically up to the yield strength. A zone of residual tension then 

extends out into the heat-affected zone (HAZ) on either side of the weld [36]. Some post-weld 

heat treatment is commonly used as a stress reliever to reduce the tensile stresses created by 

welding, but it would be hard to achieve complete thermal stress relief. In order to prevent 

additional residual stresses from thermal strains, the whole component has to have a uniform 

temperature during the heating cycle. This is especially important in complex welded assemblies 

where large thermal stress gradients can develop during heating or cooling. Figure 2.7 shows the 

distribution of residual stress for a low carbon steel butt weld before and after stress relief heat 

treatment and shot peening [37]. 



27 

 

 

Figure 2.7. Distribution of residual stress for a low carbon steel butt weld before and after stress 

relief heat treatment and shot peening [37]. 

 

Since fatigue and SCC initiate at the surface, residual stresses would have a significant influence 

on their initiation. It has been reported that there is a correlation between residual stresses and 

locations of line pipe SCC [38]. Beavers et al. [39] showed that the residual stresses at SCC 

colonies could be as high as 216 MPa, which is almost twice as high as residual stresses in areas 

that did not show signs of cracking. Since the effect of residual stress is mainly important during 

the crack initiation process and one focus of this research is on the crack initiation in NNpH 

environment, its effect will be addressed in more detail in a separate section under crack 

initiation.  
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d) Hydrostatic testing 

Hydrostatic testing is used as both a test for the structural integrity of new pipelines before they 

are used and also a tool for SCC management. It is usually performed by filling the pipeline with 

water and increasing the pressure to pressure levels exceeding the operating pressure of the 

pipeline.  The highest pressures during the hydrostatic test can vary from 100 to 110% of the 

specified minimum yield strength (SMYS) depending on pipeline condition. Pressure is kept at 

this level for a short period to ensure the strength of pipeline.  Next pressure is lowered to about 

90% SMYS and is kept at that pressure for a longer period of time with the purpose of detecting 

possible leaks [40]. Hydrostatic testing is repeated every several years to ensure that the pipeline 

would be safe for operation in the following years. In general, hydrostatic testing is a 

straightforward and effective way for removing defects that exceed their critical size for the 

hydrotest pressure and has been used by the oil and gas pipeline industry for the past decades 

[41]. It is also believed that hydrostatic testing can retard the growth of surviving cracks in the 

pipelines for a temporary period [42]. For instance, Zheng et al. [43] studied the effect of 

hydrostatic testing on the crack growth of several X-52 pipes with some SCC cracks. In their 

work, a saw tooth load spectrum with a maximum load equal to 95% yield and R=0.8 was 

applied to the pipes for 42 days prior to hydrostatic testing and crack growth was then measured. 

For the first Hydrotest, the pressure of pipes was dropped to zero and then increased in steps up 

to 108% yield. The hold time for each pressure level up to 108% yield was varied from 2 to 20 

min and the hold time at maximum pressure during hydrotest was one hour. After hystrotest the 

same previous load spectrum was continued and SCC was monitored for 57 days. The results 

showed that before hydrotest the highest SCC growth among different cracks was about 0.88 mm 

per year and the growth rate of the same crack after hydrotest was about 0.37 mm per year. All 
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other cracks studied in this research were reported to show different degrees of crack retardation 

after hydrotest.  Cross section examination of pipe samples after the test showed that during 

hydrotest, ductile crack growth on a plane about 45 degrees from the original plane with the 

formation of some very small microvoids. These researchers attributed the retarding effect of 

hydrotesting on SCC growth to the creation of compressive residual stress in front of crack tip 

rather than crack tip blunting because for most of the cracks they remained sharp after the 

hydrotest. Crack growth retardation effect of hydrostatic for a short period of time after the test 

has been confirmed by other researchers as well. They also reported that the level of reduction 

depended on the magnitude of cyclic loading, with a greater reduction for more mild cyclic 

loads. Another important observation in this study was that crack growth only was observed in 

solution, but not in the air during simulated hydrotest indicating the role of environment in the 

cracking during hydrotest [43]. 

In another research which focused on the crack growth during simulated hydrostatic test, it was 

found that crack growth during hydrotest is mainly driven through the internal-hydrogen-assisted 

cracking mechanism, instead of the hydrogen environmental-assisted cracking mechanism. In 

order to reduce crack growth during hydrotest, they also suggested producing plastic deformation 

at the crack tip by room temperature creep prior to the hydrotest. Their results also showed that 

increasing loading rate generally decreases crack growth by hydrostatic loading [44].  

2.4.2.2 Metallurgical (Materials) Factors 

a) Microstructure 

It has been reported that all types of pipeline steels showed some degree of susceptibility to near-

neutral pH SCC [9]. However, the general idea is that modern steels seem to be less susceptible 



30 

 

than older ferrite-pearlite steels. For instance, Kushida et al. [45] studied susceptibility of 

different microstructures using notched samples and cyclic loads in NS4 solution. The 

susceptibility was assessed based on the lower notch depth in which cracking occurred. They 

found that uniform microstructures of bainitic ferrite or bainite were more resistant to SCC than 

mixed microstructures of ferrite and pearlite. In another effort to compare the susceptibility of 

different microstructures using slow strain rate tests (SSRT) in NS4 solution, it was found that 

acicular and polygonal ferrite when compared to pearlite-free acicular ferrite and pearlite- ferrite 

microstructures had the highest susceptibility to NNpH SCC [46]. 

In another study, Gonzalez-Rodriguez et al. [47] investigated the effect of different heat-

treatments and microstructures on the SCC susceptibility of X-80 pipeline steel using SSRT. 

They found that the order of susceptibility would be martensite > acicular ferrite> incompletely 

transformed pearlite in ferrite matrix obtained by water-sprayed cooling>ferrite-pearlite banded. 

Overall, it appears that experimental comparisons of the behaviour of different steels exhibit no 

systematic effect of steel microstructure on cracking but non-uniformity in the microstructure 

could make the steel more susceptible.   

Besides the type of microstructure, inclusions also influence on the susceptibility of pipelines to 

NNpH SCC but since their effect is more pronounced during initiation stage, it will be discussed 

in the crack initiation section. 

 2.4.2.3 Environmental Factors 

When cathodic protection is shielded by the disbonded coating and no significant cathodic 

protection reaches the pipeline, the presence of some CO2 in the soil would be enough to keep 

the pH within the near-neutral range. The normal CO2 partial pressures existing in the soil 



31 

 

around pipelines will cause the pH to remain in the range of 6-7. The situation would be different 

if an appreciable amount of cathodic potential reached the pipe which would be the case in 

coatings that doesn‟t shield cathodic protection. In this situation, hydrolysis of water by the 

electrons provided by the cathodic protection and production of     would raise the pH of the 

solution to about 10, if no significant level of CO2 is present in the soil and no NNpH SCC 

occurs.  

Therefore, considering that near-neutral pH SCC was found to mostly occur at (or within 10-20 

mV) of the corrosion potential of the pipeline, the presence of limited CP level and continuous 

supply of CO2 are known to be essential for this kind of cracking. Hydrogen whose effect 

originates from the presence of CO2 is also proved to play an important role in cracking 

especially in the growth of long cracks. In this section, the effect of these parameters and also 

other environmental factors on NNpH SCC will be discussed based on the literature. 

Before reviewing environmental factors contributing to NNpH SCC, it is good to describe some 

solutions that normally are used in laboratory experiments to simulate soil solutions around 

pipelines where NNpH SCC had been found. Table 1 lists the chemical composition of these 

simulated soil solutions. These simulated soil solutions are quite reliable in terms of simulating 

near-neutral pH SCC soil conditions. 
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Table 2.1. The chemical composition of simulated soil solutions used in NNpH SCC related 

experiments. 

     Concentration 

 

Solution 

KCl 
(g/L) 

NaHCO3 
(g/L) 

CaCO3 

(g/L) 
CaCl2·2H2O 

(g/L) 
MgSO4 

(g/L) 
CaSO4. 2H2O 

(g/L) 

NS1 0.149 0.504 - 0.159 0.106 - 

NS2 0.142 1.031 - 0.073 0.254 - 

NS3 0.037 0.559 - 0.008 0.089 - 

NS4 0.122 0.483 - 0.181 0.131 - 

NOVATW 0.015 0.437 0.23 - - 0.035 

C1 0.0035 0.0195 0.0061 0.0255 0.0274 - 

C2 0.0035 0.0195 0.0606 0.0255 0.0274 - 

 

Chen et al. [27] used three different solutions mentioned in the table for their immersion and 

crack growth experiments. They showed that C1 with the lowest pH value resulted in the highest 

weight loss about two times more than NOVATW. They also showed that solutions with lower 

pH values caused faster crack growth. (Corrosion rate is time dependent, in the initial days of 

exposure the corrosion rate was high and approximately the same for different solutions but after 

several days the corrosion rates varied significantly. That is why even in the cases where the 

combined factor is less that threshold value, the crack may grow for some initial time but after 

that it becomes dormant). They also showed that the environmental dependence of crack growth 

with different near-neutral pH solutions is significant only when mechanical loading conditions 

were benign, such as when ΔK was less than about 14    √ . Environmental effects also exist 

in the loading regime with a ΔK
2
Kmax/f 

0.1
 value higher than the threshold value. However, the 

difference seems very small and decreases with increasing ΔK
2
Kmax/f 

0.1
. This observation is 

consistent with the fact that the environmental effect at more aggressive loading conditions is 

minimal. 
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The threshold value of ΔK
2
Kmax/f 

0.1
 is environmentally dependent and could be material 

sensitive, as well (different materials have different α value). The threshold is higher for 

NOVATW. This agrees with the fact that NOVATW is less corrosive in terms of the corrosion 

rate determined by weight loss. 

a) Effect of CO2 

Parkins et al. [15] investigated the role of CO2 on SCC susceptibility using SSRT tests and they 

showed that CO2 played an important role in the TGSCC of an X-65 steel. The ductility was 

shown to reduce significantly by increasing CO2 into the solutions.  In the presence of 100% CO2 

(pH 5.8), they reported that more cracks initiated beyond the necking area. Since in all their 

studies, cases where significant cracking happened beyond the necking point, hydrogen 

production was thermodynamically possible, the role of CO2 was attributed to lowering pH to 

facilitate H formation.  

Gu et al. [48] using SSRT tests also reported that the addition of CO2 into the NS4 solution 

increased SCC susceptibility of X-80 and X-52 pipelines, but they observed no difference 

between 5% CO2 (pH 6.8) and 100% CO2 (pH 5.4). This is consistent with the new findings that 

increasing CO2 concentration does not necessarily increase the hydrogen ingress into steels 

because of formation of a thick corrosion product layer at higher CO2 concentrations [49]. In the 

same study, it was reported that at a cathodic potential of -1.0 V (SCE), the addition of CO2 had 

no effect on the SCC susceptibility. This suggests that at this and more negative potentials, the 

mechanism of cracking changes completely to hydrogen embitterment such that the addition of 

CO2 and its contribution to hydrogen production would be negligible.  In another study which 

used cyclic load condition instead of SSRT under different concentrations of CO2, it was 
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reported that crack growth rate increased with increasing the CO2 pressure from 0% to 5% and 

then to 15%. However, the difference in crack growth rate between 5% and 15% was minimal 

compared to the difference between 0% and 5% CO2 [50]. 

It can be concluded that although the presence of CO2 is important, its concentration does not 

necessarily play an important role in the overall crack growth.  

b) Effect of steel potential 

The fact that field observations show that 87% of NNpH SCC cases occur in pipelines with 

polyethylene coatings [15], which are known to significantly shield cathodic potentials and 

reduce the amount of cathodic protection current reaching the pipe surface [51], brings the 

conclusion that NNpH SCC is prevalent where no or limited cathode potential reaches the pipe. 

This is reasonable as with the normal CO2 levels present in the soil solution, higher CP levels 

would increase the pH of soil to high pH levels and the high pH environment promoting classical 

SCC is developed instead. 

On the other hand, it has been shown that high levels of cathodic potential can change the 

mechanism of cracking. For instance, Gu et al. [48] studied TGSCC in X-80 and X-52 steels 

using SSRT and showed that TGSCC was the highest around the Ecorr (-750 mV SCE) and at low 

enough cathodic potentials (-1 V(SCE)) cracking was controlled by hydrogen induced cracking 

(HIC). They also showed that at higher noble potentials, in the anodic region, SCC intensity 

decreased significantly because of higher general corrosion rate and the occurrence of ductile 

fracture before corrosion reactions occurred.  

In a similar work performed by Yamaguchi et al. [52], a threshold value for hydrogen 

concentration was determined, above which the mechanism of cracking is SCC and below which 
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the cracking is controlled by HIC. Using SSRT, they found that significant loss in the ductility of 

steel happened only when hydrogen concentration was above 10 ppb, which corresponds to a 

cathodic potential of -1 V (SCE).  

So when considering the range of cathodic potential within which NNpH SCC occurs, two points 

should be considered : (1) effect of cathodic potential on the pH of the solution and  (2) its effect 

on the mechanism of cracking. Most of the laboratory experiments which considered high 

cathodic potentials in their tests, especially SSRT, did not necessarily produce NNpH SCC. 

Instead, the mechanism of cracking was HIC. 

c) Effect of Hydrogen 

Besides the effect of CO2 on maintaining the soil pH in the near-neutral range, it plays an 

important role in the generation of hydrogen on the pipeline surface as well. Gaseous carbon 

dioxide dissolves in water to form carbonic acid, in the following reaction: 

       →       (2.10) 

Carbonic acid is further reduced by electrons either from corrosion of steel or cathodic protection 

and generates atomic hydrogen which is adsorbed on the pipeline surface.  

      𝑒 
 

→        
                                                               (2.11) 

The resulting bicarbonate ions are also further reduced to produce carbonate ions and adsorbed 

hydrogen atoms.  

    
    →      

                                                                         (2.12) 

Part of adsorbed hydrogen atoms on the pipeline surface will undergo an absorption reaction into 

the material and then diffuse to high-stress regions inside the metal; whereas, the remaining 
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hydrogen recombines to form gaseous hydrogen molecules. The adsorbed hydrogen produced by 

the above reaction is known to have a significant effect on the rate of crack propagation and also 

in changing a dormant crack to a propagating one [53]. Qiao et al. [54] were able to prove 

experimentally through SIMS (Secondary Ions Mass spectroscopy) that hydrogen enrichment 

occurs around the notch tip in X-52 and X-80 pipelines exposed to the dilute bicarbonate 

solutions. They showed that this enrichment increases with decreasing pH, more negative 

potentials and stress intensity factor. The later was shown to have a very significant effect.  

Usually, three mechanisms are used to describe how hydrogen contributes to cracking in metals. 

In the following section, a brief description of these mechanisms and how they can be used in 

explaining NNpH SCC is provided.  

I) Hydrogen Induced Decohesion Model (HIDM) 

This model is a well-known model for the hydrogen embrittlement mechanism and it first was 

suggested by Troiano [55-56]. It states that dissolved hydrogen accumulates in regions of the 

high tri-axial stress plastic zone in the lattice and will act to reduce the cohesive strength of 

interatomic metal bonds. This promotes nucleation of microcracks within the plastic enclave. 

This model is usually used to explain crack growth under the hydrogen containing environments. 

As shown in Figure 2.8, hydrogen damage sites are located at a distance ahead of the crack tip 

where maximum hydrostatic tensile stresses exist. When hydrogen reaches a critical level 

microcracks are formed due to lowered cohesive strength and then joins the main crack tip and 

cause a crack to propagate. The crack propagation is discontinuous and controlled by hydrogen 

diffusion near the crack tip; therefore further crack growth needs diffusion of hydrogen to the 

region of high stress. This model has been widely used in support of crack propagation in 
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pipeline steels under near-neutral pH environment. Chen et al. [51] observed the formation of 

microcracks ahead of some NNpHSCC cracks developed on a pipeline steel during service. 

These cracks were oriented in a direction parallel to the pipe rolling direction, a typical feature of 

HIC (Hydrogen Induced Cracking) in pipeline steels. 

 

 

 

 

 

 

 

Figure 2.8. hydrogen damage sites at a distance ahead of the crack tip where maximum 

hydrostatic stress is present. 

II) Surface Energy (Adsorption Model) 

This model was first proposed by Petch and Stables [57-58]. They pointed out that adsorbed 

hydrogen on the crack surface lowers the surface free energy required for a crack to propagate 

Based on Griffith‟s criterion, this lowers the stress needed for fracture. There are some 

arguments against this model but the one related to NNpHSCC is that it cannot explain 

discontinuous cracking since the crack surface is continuously exposed to a hydrogen containing 
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environment. It is believed that crack growth in the near-neutral pH environment is not a 

continuous process but it is accompanied by repeated cycles of dormancy and active growth [59]. 

Also in the same work, it was shown that hydrogen produced at the crack tip is secondary in 

terms of crack growth compared to hydrogen diffused to the crack tip from the surface, so this 

suggests that this model may not be applied for NNpH SCC alone. Oriani [60] also stated that the 

surface adsorption model cannot be considered as a separate mechanism and it would be 

applicable to any mechanism involving the breaking of interatomic bonds. 

III) Hydrogen Enhanced Localized Plasticity (HELP) 

In many cases, hydrogen embrittlement is characterized as a brittle fracture because of loss of 

macroscopic ductility (for example decrease in reduction of area), but high resolution 

fractography of the fracture surface reveal that hydrogen embrittlement is associated with locally 

enhanced plasticity at the crack tip. [61-62]. Beachem first suggested enhanced ductile processes 

due to hydrogen interaction [53]. According to him, enough dissolved hydrogen ahead of a crack 

tip aids whatever deformation process the microstructure permits. Later Birnbaum [63] 

developed the theory and suggested that internal hydrogen increases ease of dislocation motion 

and generation, therefore causes localized plastic deformation. He also pointed out that the 

increased dislocation motion itself accelerates hydrogen transport which helps in continuous 

localized plasticity.  

In pipelines, especially oil pipelines which undergo more severe cyclic stress during their service 

life, corrosion fatigue is proposed to be the main mechanism for crack propagation of NNpH 

SCC [27, 64]. Based on the role of hydrogen in easing dislocation motion and decreasing 
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cohesive strength between bonds, the combined effect of hydrogen and fatigue can be used to 

describe crack growth in NNpH SCC.  

d) Effect of other species inside the soil  

Presence of hydrogen sulphide and generally sulphide has been shown to increase crack growth 

in the NNpH environment. It has been reported that presence of H2S resulted in a factor of 5-10 

greater crack advance. This effect of sulphide can be attributed to both anodic dissolution and H 

corrosion contributions [65]. 

2.4.3 Laboratory Experiments on Crack Initiation on Pipelines  

Since the first rupture of pipelines by NNpH SCC in the 1980s, many investigations tried to 

reproduce similar cracks in the laboratory. Initial attempts mostly used SSRT to find the effect of 

environmental and microstructure parameters on NNpH SCC. In SSRT, the susceptibility to 

NNpH SCC is determined based on the percentage of the reduction in area (RA%). When 

comparing different environments and microstructures, the higher RA% means more resistance 

to cracking. Liu et al. [66] investigated different microstructures obtained after heat treatment of 

X-70 pipeline steel in an extracted Chinese soil solution and their SSR tests showed that 

quenched pipeline steel with hard bainite microstructure was more susceptible to SCC than the 

as-received and normalized steel with ferrite microstructure. Another investigation on heat 

treated [67] X-70 pipeline steel showed that quenched X-70 pipeline steel had greater 

susceptibility to NNpH SCC than the as-received one. The quenched steel had a martensitic 

microstructure with colonies of pearlite and the microstructure of the as-received steel mainly 

consisted of bands of ferrite alternated with bands of cementite. 
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SSRT can also give some good information about nucleation sites of NNpH SCC. As an 

example, Kuniya et al. [68] used SSRT in a water environment for four different steel with 

Sulphur contents varying from 0.004wt% to 0.016wt%. They suggested that presence of MnS 

inclusions whose formation probability increased with S content facilitate SCC initiation. Based 

on their results, higher levels of S resulted in elongated inclusions, whereas inclusions tend to be 

spherical at lower levels of Sulphur. They showed that dissolution of elongated inclusions can 

produce cavities that can cause further cracking.  Besides the effect of MnS inclusions on NNpH 

SCC initiation, which has been proved by other researchers [69-70], Al-containing inclusions 

were also found to contribute to NNpH SCC cracking under cathodic potentials [66]. However, 

Si inclusions were shown to have no effect on the cracking. They also indicated that both slightly 

anodic (-0.65 VSCE) and cathodic potentials (-0.85 and -1.20 VSCE) during the test and found 

that no cracking occurred under anodic potentials which indicates the essential role of hydrogen 

in this kind of cracking.  

Although SSRT gives quick results, it employs very aggressive loading condition, during which 

the real effect of environment cannot be realized.  Therefore, NNpH SCC studies under cyclic 

loading are considered more realistic both in terms of loading condition that pipelines usually 

encounter during their operation and also in displaying real effect of the environment. 

Wang et al. in 1998 were first to try produce cracks on polished tensile specimens in NS4 

solution using cyclic loads although they used aggressive loading cycles with R=0.4 and 

frequency of 1 Hz which is far from real pressure fluctuations that pipelines usually undergo. 

They found that pits produced from inclusions, geometrical discontinuities and locations with 

localized plastic deformation caused by cyclic loading were preferred sites for crack initiations. 

In their research, cracks of similar size exhibited different growth rates so no correlation could be 
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found for the growth of short cracks. They also found that time and stress range rather than 

maximum stress are important factors which enhance crack initiation [71-72]. 

Puiggali et al. [73] also used cyclic loading (90% YS, R = 0.6 and frequency of 2.9 x 10
-4

 Hz) to 

investigate the effect of CP on the NNpH SCC. Their experiment in NS4 solution suggested that 

not only dissolution because of poor CP can produce NNpH SCC cracks but also changing from 

underprotection (OCP) to protection level (-0.95 VSCE) and/or overprotection (-1.15 VSCE) 

during cyclic loading even facilitates more crack initiation by producing more hydrogen on the 

steel surface. 

Senigallia et al.‟s [74] work in 1999 used loading cycles with R=0.78 and maximum stress equal 

to 90% of real yield stress at two frequency values (high and low). Cracks with the depth of 2-70 

microns were initiated in as few as 30 days under a realistic condition of cyclic load ratios and 

frequency. These cracks were mostly initiated from pits or corroded areas. Although they 

showed crack initiation is easy under the right combination of loading cycles and environment, 

they failed to consider the growth of very short cracks.  

Parkins et al.‟s work [15] was among those works which could successfully reproduce cracks on 

X-65 in NS4 solution using a more realistic loading condition as in the field. They showed that 

formation of corrosion pits was a pre-requisite step for crack initiation in the near-neutral pH 

environment. They also reported that crack initiation is facilitated by increasing maximum 

applied stress.  

Fang et al. [75] used either static load or cyclic loads during long-term tests and showed that 

constant loads up to 87% of YS do not lead to cracks during long-term testing of X-70 steel. But 

higher loads caused straight NNpH SCC cracks. They also showed that under cyclic loading 
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SCC cracks appeared on X-70 samples within limited test duration comparing to constant load 

tests. Cyclic loading can facilitate near-neutral pH SCC by enhancing micro-deformation and 

promoting crack tip local strain rate.  

Guo et al. [76] used mixed mode cyclic loading (tensile stress plus shear stress) to study the NN 

pH SCC cracking in X-70 steel. They found that shear stress enhances crack propagation 

comparing to pure tensile stresses. They also found that under mode I cyclic loading the 

produced cracks are straight, perpendicular to tensile axis while under mixed mode loading 

cracks grow in a sinusoidal shape and the chances of interaction between two cracks increases.  

Residual stress measurements in various pipes from service have shown that tensile stresses in 

the range of 20% SMYS are often found to exist at the surface to a depth of about 1 mm [77]. So 

the selection of a higher maximum stress level than normal maximum pressures in the field is 

usually explained by consideration of residual stresses in the total stresses contributing to the 

crack initiation. But in reality, residual stresses are not uniformly distributed and of the same 

sign over the surface of the pipe. For example, residual stresses produced by the welding process 

are tensile in the weld and HAZ region but compressive in the base metal a little distance away 

from the weld.  The presence of both compressive and tensile residual stresses close to each 

other can cause galvanic corrosion which enhances crack initiation and growth. Boven et al. [78] 

studied the effect of residual stress on NNpH SCC initiation and early growth by using 

specimens cut from circumferential direction of pipes and then flattened to produce large 

residual stress gradient on the samples.  Figure 2.8 shows the frequency of cracking occurrence 

with respect to residual stress levels in their specimens. Crack initiation occurrence was found to 

be maximum when the surface tensile residual stress was in the range of 150–200 MPa. Unlike 

other crack initiation studies, early crack growth rates found in this work were comparable to the 



43 

 

observed rates in the field [79]. This indicates the importance of using real condition of pipes in 

the field to reproduce cracks in the laboratory. Two of the conditions which are ignored in all 

crack initiation experiments, are first the presence of mill-scale on the surface of pipelines in the 

field and second the occasional pressure overloads that pipelines undergo. Mill-scale is known to 

have a more positive potential than the steel so there is the possibility of development of a 

macro-galvanic effect between the steel and the mill-scale. This effect could enhance the growth 

of small cracks. On the other hand, some pipelines undergo hydrostatic testing every several 

years during which they are pressurized with water to pressures exceeding their normal operating 

pressures. This process can produce a large amount of plastic deformation around stress raisers 

like a corrosion pit and consequently enhance crack initiation by plasticity enhanced corrosion 

[80]. So consideration of these two effects on crack initiation becomes essential in NNpH SCC 

studies. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. The frequency of cracks versus surface residual stress after a four-month cyclic 

loading experiment [78]. 
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Another parameter whose effect on NNpH SCC cracking is well known among researchers is 

hydrogen. Although extensive work has been done to study the effect of this parameter, no study 

so far considered the real condition of pipelines under disbonded coating in their studies. 

Immersion corrosion and EIS studies have shown that presence of a disbondment can alter 

environmental conditions and corrosion scenarios when compared to the condition without a 

disbondment [69,81]. Now a question is raised; how can these changes affect hydrogen 

generation on and ingress into the steel? 

To answer this question and find the importance of considering pipeline real conditions in crack 

initiation experiments, this study was divided into two stages, the objectives of which are 

described in the next section. 

2.5 Research Objectives 

1) The first stage of the research attempts to study hydrogen permeation behaviour in pipeline 

steel under a simulated coating disbondment. The goal in this stage of the research is to find 

out how a coating disbondment on pipelines can influence hydrogen generation and ingress 

into pipeline steels. The effect of different parameters including cathodic protection, 

disbondment gap size and different concentrations of CO2 on the latter are also investigated. 

2) In the second stage of the research, the objective is to find the effect of two conditions, 

which pipelines in the field are exposed to but are usually ignored in all NNpH SCC 

initiation studies in the laboratory, on the crack initiation in the near-neutral pH 

environment. The goal is to discover the influence of occasional over-load cycles, known as 

the hydrostatic testing, and mill-scale on the corrosion and, consequently, initiation of 

NNpH SCC cracks.  The findings of this research will provide a better understanding of the 

cracking initiation process in the field.  
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3.1 Introduction 

Near neutral pH SCC (NNpH SCC) is a transgranular cracking which is considered as an 

integrity concern for both the oil and natural gas pipeline industry. Although effective corrosion 

prevention measures are employed during the service life of pipelines, this type of cracking still 

occurs at sites where a disbondment with a holiday is formed in the coating.  It has been reported 

that 87% of SCC cases occurs in pipelines which have spirally wrapped polyethylene coatings. 

This is the case because not only they shield the cathodic protection but also easily disbond from 

the surface of pipelines and cause exposure of the external pipeline surface to the soil solution 

[1]. Under a disbonded coating, a near neutral-pH (6 < pH < 8), dilute, carbon dioxide (CO2)-

containing electrolyte is formed and can cause NNpHSCC. The reason for the formation of such 

an environment is that cathodic protection cannot reach the pipe under the disbonded coating 

because of either the shielding effect of the coating or a highly resistive soil. So the potential 

around the NNpH SCC sites is around the open circuit potential of steel in NNpH environment. 

Another characteristic of NNpHSCC is their wide crack crevice demonstrating significant lateral 

dissolution, which is further evidence of the lack of cathodic protection at cracking sites. Field 

observations have shown that not all NNpH SCC cracks have the potential to grow continuously 

but only less than 5% of crack colonies had growing cracks. The other 95% crack colonies were 

blunt and non-growing [2]. One of the main concerns of NNpH SCC researchers in recent years 

has been finding factors which convert blunt cracks to sharp cracks. It is known that hydrogen 

plays an important role in sharpening cracks [2-4]. The source of hydrogen is carbonic acid 

formed by the combination of CO2 and water in the soil solution surrounding the pipeline. 

Reduction of carbonic acid either by electrons provided through the corrosion of pipeline steel 

under the disbonded coating or cathodic protection results in the formation of atomic hydrogen 
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part of which diffuses into the pipe and causes embrittlement of pipeline steels. Although the 

adverse effect of hydrogen in this type of cracking has been demonstrated by many researchers 

[4-5], its exact role in near-neutral pH SCC is not well understood. This is maybe because no 

study, in the open literature, has been carried out under coating disbondment conditions to 

quantify the influence of environmental conditions and distance from the holiday in the 

disbondment on the amount of hydrogen ingress into the metal lattice. This, in turn, can explain 

the different crack growth behaviours observed under the disbonded coating. This chapter 

explored the influence of hydrogen on near-neutral pH stress corrosion cracks. A specially-

designed double cell was used to simulate disbonded coating and at the same time to measure 

hydrogen permeation along a pipeline steel sample under disbonded coating.  

3.2 Experimental 

3.2.1 Sample, Solution and Hydrogen Permeation Cell 

Flat specimens with length, width, and thickness of 257, 63 and 1.5 mm, respectively were 

machined from an X-65 pipeline which had been in service and conditioned for several years. 

The reason for the use of such conditioned pipeline steel is that it has been shown that this 

conditioning has a significant effect on cracking behaviour of steels [6]. This pipeline was 

previously found to be susceptible to NNpH SCC [7-8].  

The test environment used to simulate the groundwater trapped under coating disbondments in 

the field was the C2 solution with a chemical composition (g/L) of 0.0035 KCl, 0.0195 NaHCO3, 

0.0255 CaCl2_H2O, 0.0274 MgSO4_7H2O, 0.0606 CaCO3. The solution was sparged with 

5%CO2/N2 for two days before the test and also during the test. The pH of this solution after two 

days of sparging was 6.29. 
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In order to study hydrogen permeation through steel specimens under a simulated coating 

disbondment, a specially-designed Devanathan-Stachurski cell was used. The cell is comprised 

of two separate cells sharing a working electrode. The hydrogen charging cell is made from 

polymethylmethacrylate (PMMA) and the detection cell which exposes a circular area of the 

sample, with 3 cm diameter, to 0.2 M NaOH solution, is made from glass. The charging cell 

itself consists of two parts separated by a PMMA plate which plays the role of the disbonded 

coating. At one side of this plate, the working electrode is placed such that the gap between the 

specimen and the plate can be controlled (2 to 10 mm). At the other side of the plate, there is a 

14 cm diameter cylindrical cell (PMMA cell) full of C2 solution which simulates the bulk soil 

solution surrounding the pipe. These two parts are connected to each other through a hole with 

an area of about 10 cm
2
. This hole was designed to simulate the holiday of a large coating 

disbondment. Furthermore, the hydrogen permeation double cell design is such that the detection 

cell can be secured at three different sections along the simulated coating disbondment, top, 

middle and bottom sections. This enables us to compare the hydrogen permeation results in 

different regions along a coating with a large disbondment. Figure 3.1 shows a picture and 

schematic of the hydrogen permeation double cell. 
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Figure 3.1. A picture and schematic of the experimental hydrogen permeation double cell. 

 

3.2.2 Hydrogen Permeation Tests 

For each hydrogen permeation test, the specimen was mounted and sealed in the permeation cell 

in front of the PMMA plate simulating coating disbondment. Then the detection glass cell was 

secured in place (at one of the top, middle or bottom positions) and filled with 0.2 M NaOH 

which was de-aerated using nitrogen gas for at least two hours before the test and continuously 

during the test. A potentiostat, model EG&G 363, was used to apply a potential of +200 mV 

SCE to the sample at the detection side and for monitoring of the anodic current. When a low 

and stable background current (about 0.2 µA) was reached, the charging cell was filled with C2 

solution and it was bubbled with 5%CO2/N2. Monitoring of the current at the detection side was 

continued for two days until a steady current was reached. This procedure was repeated for each 

set of tests in which hydrogen permeation current was detected at the top, middle and bottom 

sections, along the specimen under the disbonded coating. The corrosion process or application 
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of cathodic potential on the cathode side allows the hydrogen to be charged on the surface of 

working electrode and a small portion of produced hydrogen diffuses inside the steel membrane. 

Once the hydrogen reaches the other surface of membrane exposed to NaOH solution inside the 

detection cell, it is oxidized because of the positive potential applied to the sample surface at this 

cell, and the resulting current is measured. Since the amount of hydrogen entering and leaving 

the specimen is directly proportional to the current measured, by measuring the anodic currents, 

accurate determination of the permeating hydrogen may be obtained. The permeation test was 

stopped when a steady state current at the detection cell was established. 

3.3 Results and Discussion 

3.3.1 Hydrogen Permeation Test Results at 10 mm Gap Size 

While the steel surface in the cathode chamber was at corrosion potential, hydrogen permeation 

currents were recorded at each section (top, middle and bottom) along the disbondment and a gap 

size of 10 mm. The results are shown in Figure 3.2. Since the purpose was to see how disbonded 

coating affects the local environment and, consequently, hydrogen ingress under the coating, the 

tests were performed for a longer time (about two days) so that changes in the level of hydrogen 

with time can be recorded. As can be seen from Figure 3.2, the current at the top section shows 

the typical hydrogen permeation current curve usually obtained in permeation experiments in 

which after a delay, corresponding to the diffusion barrier inside the sample, the current starts to 

increase until it reaches a steady state value, indicating the attainment of constant hydrogen 

coverage. Although the hydrogen current at the middle and bottom sections followed a similar 

trend in the first six hours of the test, the current gradually decreased to a lower steady state 

value which was obtained after about 26 hours. The decrease in the hydrogen permeation current 

is usually accounted for by the gradual development of a passive layer on the surface of the steel 
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on the anodic side of the double cell. Since this decrease was not observed at the top section and 

a very low steady background current (about 0.2 µA) had been established at the anode cell, this 

small drop cannot be attributed to the passive layer formation but to corrosion changes 

happening on the surface of steel at the cathode side. 

 

 

 

 

 

 

 

 

Figure 3.2. Hydrogen permeation curves at gap size of 10 mm and open circuit potential 

condition at the cathodic side. 

When no cathodic potential is applied to the steel, dissolution of iron (  →         ) 

provides the required electrons for the production of hydrogen atoms on the surface. Cathodic 

reactions associated with the dissolution of iron in the de-aerated CO2-containing near-neutral-

pH environment are summarized in equations (3.1) to (3.3). By reduction of either carbonic acid 

or bicarbonate ions, hydrogen atoms are produced on the surface and a small portion of them 

diffuses through the steel and is detected on the other side of steel [9]. The other portion of these 

atoms is combined to produce gaseous hydrogen (H2). 

       →                       (3.1) 

      𝑒 →        
                                                                   (3.2) 
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  𝑒 →      

             (3.3) 

 

As the detected hydrogen on the anode side is a measure of the corrosion taking place on the 

cathode side, the drop in hydrogen permeation curves at the bottom and middle sections could be 

attributed to changes in corrosion condition occurring on the surface of the sample at the cathode 

side. Surface observations after the tests showed that corrosion was higher at the top section and 

decreases at further distances under the disbondment. Figure 3.3 shows the surface of samples 

after two days of testing. It should be mentioned that the corrosion products immediately after 

removal of the sample from cell were black (which is known to be magnetite (Fe3O4) deposits 

formed in the de-aerated environment) but upon exposure to air the color changed to yellow 

(transforming to common iron oxide (Fe2O3)). The reason for the decrease in corrosion inside the 

disbondment is the increasing difficulty of CO2 penetration inside the disbondment in 

comparison to the top section. The top section, which was located at the open mouth of the 

disbondment, was exposed to the bulk solution which was continuously sparged with 5% CO2/N2 

balance. However, the shielding by the disbondment plate hindered CO2 ingress inside the gap 

and as a result CO2 mass-transport through the electrolyte under the disbonded coating became 

the rate-limiting step for the corrosion process. This caused a reduction in cathodic reaction and, 

consequently, corrosion of the steel as the distance from the open mouth increased. This explains 

the trend observed in the detected hydrogen permeation currents with increasing the distance 

from the open mouth. The effect of CO2 concentration on corrosion of steel in near-neutral pH 

environment has been studied by other researchers using potentiodynamic, EIS and immersion 

corrosion tests and they all reported a decrease of corrosion with the level of CO2 gas soluble in 

the solution [10-12]. 
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Figure 3. 3. The surface of the sample after about 3 

minutes exposure to the air after finishing 

hydrogen permeation test under OCP and 5% CO2 

condition when gap size was 10 mm. 

 

3.3.2 Model Fitting of Hydrogen Permeation Data 

To analyze the hydrogen permeation current data, experimental curves were fitted with 

theoretical models describing hydrogen permeation behaviour inside metals to find appropriate 

boundary conditions governing the diffusion of hydrogen inside the studied steel. Generally, two 

models are used for fitting hydrogen permeation data: constant concentration (CC) and constant 

flux (CF) models. Equations describing each model are given in equations (3.4) and (3.5), 

respectively [9]: 

 

  
 

 

       
∑       

       

  
 
                                                                                                    (3.4) 

 

  
   

 

 
∑

     

      
      

          

 
 
                                                                                     (3.5) 

Top 
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Where   is instant hydrogen permeation current,   is the steady state hydrogen current 

established after several hours and dimensionless   
  

   (D is hydrogen diffusivity, L is the 

sample thickness (1.5 mm in this study) and t is time). In this study, break through time was used 

to calculate hydrogen diffusivity and maximum current during the initial seven hours, during 

which the rise in the current  curve was complete, were considered at all sections for the fitting 

purpose. All the currents were normalized with respect to the maximum current at each section. 

This selection was based on the fact that there was a drop in currents detected at middle and 

bottom sections along the disbondment and steady current was reached with a delay. Figure 3.4 

(a-c) shows normalized current curves of the same experimental results presented in Figure 3.2 

and their fitted curve based on CC and CF models. It shows the typical case for fitting all 

experimental results done in this study. It can be seen that the CC model gives the best fit with 

the experimental data at all sections. However, under the disbonded coating at the middle and 

bottom sections, changes of CO2 concentration over time and its effect on hydrogen reactions 

caused deviation of experimental curves from the fitted model. Nevertheless, the CC model still 

gave a better fit than the CF model. Therefore, it can be concluded that corrosion on the surface 

of pipeline steels in near-neutral pH solution is best represented by a constant concentration 

boundary condition for diffusion of hydrogen inside the steel. According to this model, sub-

surface hydrogen concentration is achieved instantaneously and remains constant. However, in 

the present experiments, the presence of the disbonded coating caused local environment 

changes with time and, therefore, the final steady concentration of hydrogen would be different 

from the initial concentration. So, equations pertaining to the CC model will be used to calculate 

the concentration of sub-surface hydrogen after two days,  
 
, using the final steady current 

achieved after 48 hours rather than the maximum current. 
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According to the CC model, hydrogen diffusivity can be calculated using break-through time, tb, 

which is time at the intercept of the linear portion of the initial hydrogen permeation current 

transient with i=0 axis: 

     
  

      
                                                                                                                              (3.6) 

When Hydrogen diffusivity is known, the sub-surface hydrogen concentration can be calculated 

with the following equation: 

  
  

   

   
                                                                                                                                  (3.7) 

where F is the Faraday‟s constant and A is the exposed area in the anodic cell. For calculating 

hydrogen concentration the steady state current,   reached after 48 hours were used to find the 

effect of disbondment. Considering a constant sub-surface hydrogen concentration at all repeat 

tests at each condition, plot of steady state current values versus hydrogen diffusivities must be 

linear and the slope gives the value of average   
 
 corresponding to each condition. 

3.3.3 Effect of Gap Size on Permeated Hydrogen 

Experiments were carried out at different sections along the disbondment to study the effect of 

gap size on hydrogen permeation. The gap size between the working electrode and the disbonded 

coating was adjusted from 2 mm to 5 mm while the original data were obtained at a gap of 10 

mm. The values of average apparent hydrogen diffusivity, Dav., and steady state current obtained 

from the hydrogen permeation curves are listed in Table 3.1. 
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(a) (b) 

 

 

(c) 

Figure 3.4. Fitting of the experimental data obtained at OCP, 10 mm gap size and 5% CO2 

concentration at different sections along the disbanded coating: Top (a) Middle (b) Bottom (c) 
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Table 3.1. Summary of hydrogen permeation parameters obtained at different gap sizes and 

sections along the disbonded coating (Top, Mid: Middle, Bot: Bottom). 

Gap size  2 mm 5 mm 10 mm 

Top Mid Bot Top Mid Bot Top Mid Bot 

Dapp. × 10
7
 

(cm
2
/s) 

5.76 

±0.95 

3.01 

±0.09 

3.38 

±0.12 

4.99 

±0.5 

3.86 

±0.25 

4.15 

±0.88 

4.49 

±0.61 

3.57 

±0.35 

3.53 

±0.13 

  × 10
6
 

(A) 

0.89± 

0.13 

0.66± 

0.014 

0.69± 

0.06 

0.88± 

0.10 

0.74± 

0.015 

0.73± 

0.13 

0.98± 

0.13 

0.67± 

0.006 

0.55± 

0.009 

Hydrogen diffusivities shown in this table represent apparent diffusivities influenced by surface 

condition and hydrogen trapping inside the steel specimens. Since the same steel was used in all 

tests, the trapping condition was considered the same for different gap sizes and sections along 

the disbondment. However, the corrosion rate and, consequently, surface condition on the 

hydrogen charging side will not be the same as the gap size is changed. This is even the case 

with increasing the distance from the open mouth of the disbondment.  So the differences in the 

hydrogen diffusivities can be explained by different corrosion scenarios occurring under 

different conditions. Surface observation after tests, which is shown in Figure 3.5, showed that, 

unlike at the gap size of 10 mm where orangish corrosion product was seen, all along the surface 

of specimen, at narrower gap sizes this corrosion product layer was only observed at the open 

mouth of the disbondment. This indicates that corrosion is decreased substantially inside the 

narrower gap sizes that the concentration of iron ions near the surface did not exceed their 

solubility limit to form corrosion product on the surface. The presence of no or little corrosion 

product inside the disbondment area at different gap sizes suggests higher apparent hydrogen 

diffusivities since there is no or less corrosion product barrier to the ingress of hydrogen into the 

steel surface. However, all hydrogen diffusivities inside the disbondment were found to be lower 

than diffusivities at the open mouth of the disbondment. In research performed by Fu et al. the 

corrosion behaviour of X-70 steel exposed to very thin layers of a simulated near-neutral pH 

solution (NS4) was studied using a scanning Kelvin probe. Their results showed that passive 
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behaviour appeared on the polarization diagrams when the electrolyte thickness was below 100 

μm [13]. They postulated that this passive layer could be FeCO3 as Fe
2+ 

ion
 
concentration in the 

thin electrolyte could reach a saturation state more easily. The gap sizes used in this study are 

much larger than those studied by Fu et al. On the other hand, EDX analysis on the surface of 

sample after tests at narrow gap sizes only showed the elements contained in X-65 steel and no 

oxygen was detected on the surface of the specimens which were tested under narrow 

disbondments.  Therefore, the formation of a FeCO3 layer was not proved in this study and 

development of some other barriers may explain lower diffusivity of steel under narrower gap 

sizes. 

   

 

Gap size:   10 mm 5 mm 2 mm 

 

Figure 3.5. Surface of specimens immediately after hydrogen permeation tests 

 

As apparent hydrogen diffusivity was different at various gap sizes, for calculating sub-surface 

hydrogen concentration lattice hydrogen diffusivity was used instead of apparent diffusivity. 
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Based on the literature, the lattice diffusivity of X-65 pipeline steel is in the range of 1-3×10
-6

 

cm
2
/s [9,14]. For calculating sub-surface hydrogen concentration, lattice hydrogen diffusivity of 

1×10
-6

 cm
2
/s was selected as its value was close to the diffusivities obtained in this study. Sub-

surface hydrogen concentrations at different sections along the disbondment and various gap 

sizes were calculated using equation (3.7), steady state hydrogen currents, and lattice hydrogen 

diffusivity and the results are shown in Figure 3.6. As is apparent in this figure, the hydrogen 

content at 10 mm gap size linearly decreases toward the depth of disbondment with the 

maximum value at the open mouth of the disbonded coating (top section). As was explained in 

the previous sections, the decrease in hydrogen content from top to the bottom is related to 

decrease in CO2 availability inside the disbondment. The presence of CO2 is essential for the 

cathodic reaction (equations (3.1) to (3.3)). However, the existing coating limits ingress of the 

CO2 to the bottom from the open mouth of the coating and this decreases corrosion and, 

consequently, cathodic reactions which produce hydrogen atoms on the surface of the steel.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. The plot of sub-surface hydrogen concentration at different sections along the 

disbonded coating under various gap sizes (2, 5 and 10 mm). 
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Similarly, at gap sizes of 5 and 2 mm sub-surface hydrogen concentration decreased from the 

open mouth of the disbonded coating to the inside of the disbondment however bottom and 

middle sections at narrower gap sizes showed almost the same hydrogen concentration. To 

support the detection of the lower quantity of hydrogen inside the disbondment, corrosion 

potential measurements were performed at the top and middle sections along the disbonded 

coating at narrow gap sizes and Figure 3.7 shows an example of a variation of corrosion potential 

with time at the top and the middle sections when gap size was 2 mm. The reason why potential 

was not measured at the bottom section was that the charging cell initially was designed so that 

gas inlet in the charging cell was exactly aligned with the bottom section and, therefore, the cell 

could not be modified to accommodate a salt bridge for potential measurement at the bottom 

section.  As seen in Figure 3.7, the potential at the middle section is increasing with time 

however it is slightly decreasing at the top section. The potential difference between the top and 

middle section after two days was in the range of 40 to 70 mV. The increase in potential at the 

middle section over time indicates that corrosion (anodic dissolution) is suppressed inside the 

disbondment. Surface analysis after the test also confirmed this observation and similar results 

have been reported at very narrow gap sizes by other researchers [11-12]. Geometrical 

constraints caused by the disbonded coating limits the ingress of CO2 inside the disbondment and 

the corrosion is reduced as the distance from the open mouth increases.  
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Figure 3.7. Corrosion potential at the top and middle sections along the disbonded coating at 2 

mm gap size and 5% CO2. 

 

Figure 3.8 shows the average sub-surface hydrogen concentrations, which were calculated by 

averaging the top, middle and bottom hydrogen concentrations at each gap size, versus the gap 

size between the simulated coating disbondment and the specimen. As is seen, the average 

hydrogen concentration was highest at the intermediate gap size of 5 mm. This trend was 

consistent with a trend reported for the average corrosion rate variations with different coating 

conditions [11]. Based on the corrosion rates found in the near-neutral pH environment in the 

field, the average corrosion rates under coatings were the highest at intermittent disbondments 

with moderate coating adhesion.  It was reported that under large disbondments where the 

coating adhesion is poor, the corrosion rates were lower than smaller disbondments and wrinkles 

with a good coating condition. This is well in agreement with the trend observed in the average 

sub-surface hydrogen concentrations shown in Figure 3.8. These results can be used in corrosion 

and SCC management strategies which are employed in the field. These strategies should be 

based on the coating conditions and gap sizes.  



69 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Variation of the average sub-surface hydrogen concentration along the disbondment 

with the gap size. 

Now, this question may arise that with limited access of CO2 inside the narrow disbondments, 

how was extra hydrogen needed for the larger number of cathodic reactions than 10 mm gap size 

produced? Observation of no orangish corrosion product on the surface of specimens inside the 

narrow disbondments indicates that the amount of ferrous from the corrosion process has to be 

lower than the solubility limit of iron in the water. Inside narrow disbondments, hydrolysis of 

these dissolved iron ions generates H
+
 ions which can subsequently undergo cathodic reactions 

upon transfer of some of the electrons from the dissolution process at the open mouth. This can 

explain the higher sub-surface hydrogen levels inside the narrower gap sizes compared to the 

wide (10 mm) gap size.   

Long-term immersion corrosion tests reported previously showed that at 2 and 5 mm gap sizes 

corrosion weight loss at the open mouth of disbondment was higher than 10 mm gap size [11]. 

The increased corrosion rated at narrower gap sizes was attributed to iron ion concentration 

gradients which are developed at narrower gap sizes. This concentration gradient was believed to 

result in a concentration of anodic reactions and consequently higher weight loss at the open 

mouth of narrower disbondments (2 and 5 mm gap). During a two-day hydrogen permeation test, 
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development of an iron ion concentration gradient is unlikely as can be inferred from the small 

differences between hydrogen concentration values at various gap sizes. But this does not 

exclude the possibility of occurrence of such concentration gradient during longer exposure 

periods.  

3.3.4 Effect of CO2 Level on the Hydrogen Permeation 

To find the effect of CO2 concentration on hydrogen permeation parameters, hydrogen 

permeation tests were performed at the open mouth of the disbonded coating with a gap size of 

10 mm and the bulk solution were sparged with different concentrations of CO2: 2% CO2, 5% 

CO2, and 50% CO2/N2 balance. Figure 3.9 (a) shows typical hydrogen current curves obtained at 

different concentrations. It can be seen that when CO2 concentration was raised to 50%, the 

hydrogen current initially rose quickly to a peak after which it decreased with time. The reason 

for this decrease is believed to be the reduced ingress of hydrogen into the steel because of the 

formation of a very thick layer of corrosion products on the surface. When CO2 concentration 

was low (2 and 5%) the porous corrosion product layer was not thick enough to reduce the 

hydrogen ingress into the steel but at higher CO2 concentrations severe corrosion occurred on the 

surface causing the formation of a thick layer of corrosion products. Surface observations after 

the test confirmed severe corrosion and the appearance of this thick layer (Figure 3.9 (b)). With 

the formation of this layer over time, it acts as a porous barrier to the diffusion of hydrogen into 

the steel and consequently reduces the amount of hydrogen detected at the other side of the cell. 

This layer is porous and cannot block hydrogen ingress into the steel completely. Therefore, the 

current starts to decrease to a lower steady level after reaching a maximum value during the 

initial hours of charging. 
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Table 3.2 lists average apparent hydrogen diffusivities obtained from the curve and calculated 

sub-surface hydrogen concentrations based on the lattice hydrogen diffusivity using steady state 

hydrogen current achieved after two days of testing. Clearly, hydrogen diffusivity is maximum at 

50% CO2 concentration which seems to be contrary to formation of a thick layer of corrosion 

products but actually as mentioned before formation of a thick layer occurs over time however 

hydrogen diffusivity was determined based on the break-through method which only considers 

the initial rise of the current during the first one hour charging for calculating the diffusivity. 

This initial rise happens within one hour after addition of the solution to the charging cell. 

Formation of a thick layer of corrosion product during this time is unlikely. 

The results in Table 3.2 indicate that sub-surface hydrogen concentration did not change 

significantly with CO2 concentration. Higher corrosion rates at higher concentration of CO2 does 

not necessarily cause larger hydrogen ingress into the steel. Although the hydrogen atoms 

produced on the surface are greater at high CO2 levels, the presence of a thick corrosion product 

layer reduces their ingress into the steel. These results are consistent with the findings of other 

researchers that the crack growth under realistic loading conditions does not change significantly 

with CO2 concentration [15-16]. It can then be concluded that although the presence of CO2 is 

important, its concentration does not necessarily play an important role in the overall crack 

growth.  
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(a)           (b) 

Figure 3.9. Hydrogen permeation curves at the open mouth of the disbonded coating under various 

concentration of CO2 in the charging cell (a) surface of the sample after the test at 50% CO2. 

 

Table 3.2. Hydrogen permeation parameters under different concentrations of CO2 inside the 

purging gas in the charging cell. (Note: Errors indicate standard deviation) 

CO2 Concentration Hydrogen Diffusivity 

(× 10
7
 (cm

2
/s)) 

Sub-surface Hydrogen 

Concentration 

(ppm) 

2%CO2 4.65± 

0.12 

0.023± 

0.0021 

5% CO2 4.49± 

0.61 

0.027± 

0.0033 

50% CO2 6.25± 

1.88 

0.0266± 

0.0007 

3.3.5 Effect of CP level on the Hydrogen Permeation 

To find the influence of various CP levels on the sub-surface hydrogen concentration, CP 

potentials ranging from -0.8 to -1.2 V (SCE) were applied at the open mouth of the disbondment 

with gap size fixed at 10 mm and exposing specimens to the C2 solution and sparging with 5% 

CO2-N2 bal. gas. At each CP level, typical hydrogen permeation curves were obtained and fitted. 

Similarly, the CC model resulted in a better fit so equations (3.7)-(3.8) were used to analyze the 
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data.   Steady-state currents extracted from the curves and calculated hydrogen diffusivities are 

listed in Table 3.3.  

Table 3.3. Hydrogen permeation parameters. 

 

 

 

 

 

 

 

As is observed in Table 3.3, the apparent hydrogen diffusivities found at the CP level of -0.8 

were higher than diffusivity values at other CP potentials and OCP condition. They are close to 

the lattice hydrogen diffusivities reported in the literature [9, 14]. This can be explained by the 

fact that application of a small CP level reduces corrosion and corrosion product formation. 

Consequently, the effect of corrosion product layer on delaying hydrogen passage from near 

surface to the sub-surface layer is minimized and this diffusivity value can be more 

representative of the lattice hydrogen diffusivity in X-65 steel. As the applied voltage was made 

more negative, gradual formation of CaCO3 on the surface of specimens delayed hydrogen 

ingress into the steel.  Therefore, with the application of more negative CP levels the apparent 

hydrogen diffusivity decreased.  

CP level 

(V SCE) 
  × 10

6
 

(A) 

Hydrogen Diffusivity 

(× 10
7
 (cm

2
/s)) 

CP=0 (OCP) 0.98±0.13 4.49 ± 0.61 

CP= -0.8 1.19±0.15 9.51±0.78 

CP= -0.9 1.04±0.003 5.24±1.1 

CP =  -1 1.08 8.43 

CP = -1.l 2.39 11.4 

CP= -1.2 2.67±0.44 5.52±0.98 
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Figure 3.10. The effect of cathodic potential on the sub-surface hydrogen concentration. 

 

Similar to the procedure for other conditions, a lattice diffusivity of 1×10
-6

 cm
2
/s and the average 

steady currents were used to calculate sub-surface hydrogen concentrations at different CP 

levels. The results of these calculations are presented in Figure 3.10. Clearly, with the application 

of a small CP (-0.8 V) average sub-surface hydrogen concentration increased. However, with the 

application of a little lower potentials (-0.9 and -1 V) hydrogen concentration decreased to a 

lower value which was still greater than the corresponding value at the OCP condition. Further 

increase in the CP level caused an increase in the sub-surface hydrogen concentration. Similar 

trends were reported by other researchers [17]. The surface characterizations after their tests 

revealed that when enough cathodic potential was applied, some white particles, which were 

composed mainly of Mg0.064Ca0.936CO3 and CaCO3, started to form on the surface of the sample 

and these particles reduced the hydrogen ingress into the steel and were responsible for the 

observed reduction in the hydrogen content when CP levels were -0.9 and -1 V. With further 

reduction of the potential, calcium carbonate particles were very coarse and fragile and their 
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interference to the ingress of hydrogen into the steel reduced significantly. This can explain the 

increase in the sub-surface hydrogen concentration at potentials lower than -1 V (SCE). Figure 

3.11 shows the top section (open mouth) of specimen surface after experiments at CP level of -1 

and -1.1 V (SCE). As is seen, a continuous white layer was formed at the open mouth and at the 

CP level of -1 V. However, this layer does not completely cover the surface of the specimen at 

the CP level of -1.1 V and is not continuous on the surface. This observation confirms that 

calcium deposits at lower potentials were courser than higher potentials (-1 and -0.9 V).   

  

CP= -1.1 V CP= -1 V 

 

Figure 3.11. The surface of the top section of specimens after hydrogen permeation experiments 

at CP levels of -1 and -1.1 V (SCE). 

3.3.6 Effect of Distance from the Open Mouth and Gap Size on the Hydrogen Permeation 

at CP Level of -0.9 V 

In order to find the effect of the coating disbondment on the amount of hydrogen ingress into 

steel at different distances from the open mouth, hydrogen permeation tests were performed at 

the top (open mouth), middle and bottom sections along the coating disbondment with the gap 
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size of 10 mm while a cathodic potential of -0.9 V was applied to the open mouth of the 

disbondment. Since previous experiments at OCP condition showed that detected hydrogen 

concentration differences between the middle and bottom section are not significant at narrower 

gap sizes, hydrogen permeation tests were also performed at the top and bottom section at the 

narrower gap size of 5 mm and the same CP level.  Figure 3.12 shows the variation of subsurface 

hydrogen concentration at different locations along the disbondment at two gap size of 10 and 5 

mm. At both gap sizes, sub-surface hydrogen content decreased with increasing the distance 

from the open mouth of the disbondment. Based on the results presented in the last section, it is 

expected that with the shielding of cathodic potential by the coating and consequently increase in 

potential with distance from the open mouth, hydrogen content initially increases and then 

decreases as the potential reaches OCP potential. Potential measurement at the middle section 

along the disbondment showed that after two-day hydrogen permeation test, the potential was 

about -760 mV (SCE) which is close to the OCP potentials found in this study (-700 to -745 mV 

(SCE)). As the bottom section is located much further from the open mouth, it will have an OCP 

potential for sure. So detection of lower sub-surface hydrogen concentration at the middle and 

bottom sections is justified based on their potentials. It is also expected that the steel in the half 

way from open mouth to the middle section experience a potential close to -0.8 V (SCE)  and 

therefore will have the highest sub-surface hydrogen content along the disbondment.  
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Figure 3.12. Variation of the sub-surface hydrogen concentration along the disbonded coating 

under various gap sizes of 5 and 10 mm. 

Similar to 10 mm gap size, when the gap size was reduced to 5 mm, sub-surface hydrogen 

content decreased in the depth of disbondment but this decrease was more than what had been 

observed for the 10 mm gap size. Since the reduction reactions in anaerobic near–neutral pH 

environment rely on the CO2 concentration, the more reduction in the sub-surface hydrogen 

content at the depth of narrower disbondment (5 mm) can be explained by the presence of low 

concentrations of CO2 inside the solution under narrow gap sizes. Under narrow gap sizes, the 

ingress of CO2 inside the electrolyte in the disbonded area was even more limited. On the other 

side, when a CP was applied at the open mouth, the steel at a distance from the open mouth and 

inside the disbondment received cathodic potential and experienced more cathodic reactions 

compared to the similar condition under the OCP condition. So, CO2 will be more consumed on 

the cathodically polarized steel inside the disbondment. This results in very limited CO2 

availability and, consequently, a lower sub-surface hydrogen concentration at the bottom of 

disbondment compared to a similar condition when no CP was applied at the open mouth. 
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It is also good to mention that although experiments showed that the potential of -800 mV (SCE) 

resulted in the highest sub-surface hydrogen concentration when considering cathodic potentials 

near the OCP condition, if this potential occurs deep inside a disbondment, this observation may 

not be valid. Depending on the applied potential at the open mouth, the location where 

experiences -800 mV potential will change along the disbondment. At higher potentials, it is 

expected that this location shifts toward the depth of disbondment. In that case, the lower 

availability of CO2 deep inside the disbondment will result in a lower sub-surface hydrogen 

concentration compared to the condition where -800 mV occurs at the open mouth or close to it. 

3.4 Summary and Conclusions 

A specially-designed Devanathan-Stachurski double cell was used in this chapter to simulate a 

coating disbondment on X-65 pipeline steel plate exposed to near-neutral pH soil environment 

and at the same time to measure hydrogen permeation along the disbondment. This set-up 

provided valuable information on the amount of available hydrogen at different regions along a 

disbondment. The results of this chapter showed that corrosion behaviour along and hydrogen 

concentration inside the steel varied with changing the gap size between the disbonded coating 

and pipeline. When the gap size was narrow, corrosion reduced appreciably inside the disbonded 

area. However, the average sub-surface hydrogen concentration was the highest at the 

intermediate gap size of 5 mm. So the results suggest that coating condition should be considered 

in the current corrosion preventive approaches in the field. These approaches can be based on the 

information about coating condition which is obtained during digging process. 

In addition, the results of this chapter demonstrated that changing CO2 concentration does not 

affect hydrogen absorption appreciably. Therefore, higher CO2 levels do not necessarily cause 

higher hydrogen concentrations inside the steel. Since corrosion rate is high at very high levels of 
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CO2, an appreciable amount of hydrogen atoms may produce on the surface. However, the 

formation of the thick layer of corrosion products reduces absorption of all these hydrogen atoms 

on the steel. These results suggest that lower growth rates can be expected when the soil solution 

has high CO2 concentrations (during spring) compared to seasons when the CO2 level is low in 

the soil (winter) . This can be the case because the amount of absorbed hydrogen, which can 

cause crack growth, is almost the same in both conditions but higher corrosion rates occurring at 

high CO2 concentrations result in crack bluntness by corrosion and, consequently, reduce the 

mechanical driving force for crack growth.  

It was also shown that at potentials close to OCP, where NNpH SCC can occur, the highest 

average hydrogen content was at a potential about 60 mV cathodic with respect to the OCP 

potential. Lower potentials resulted in a decrease in the sub-surface hydrogen concentration. 

These findings can be used when selecting an appropriate cathodic potential level for pipelines in 

the field.  
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Chapter 4: Developing a Pre-Pitting Procedure 

for Near-Neutral pH Stress Corrosion Crack 

Initiation Studies on X-52 Pipeline Steel 
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This and next chapters of this thesis present experiments which were performed in the second 

stage of the research and focus on crack initiation stage of NNpH SCC cracking. A pre-pitting 

procedure is introduced in this chapter which will be used in the following chapter for the crack 

initiation experiments to reduce the duration of the crack initiation process. 

4.1 Introduction 

Stress corrosion cracking (SCC) of pipeline steels has been known to be a major threat for both 

gas and oil pipelines since the 1960s when the first rupture of pipelines occurred by SCC. Two 

forms of SCC found in pipelines so far are known as high pH SCC and near-neutral pH SCC. 

The name of each SCC refers to pH of the aqueous environment found under the coating on 

pipelines. In near-neutral pH SCC cases, the crack initiation step takes the main portion of 

pipeline life. It takes several years after coating failure for cracks to initiate in the pipelines and 

this kind of crack is most likely to initiate from the bottom of corrosion pits [1-3]. Corrosion pits 

are known to have two adverse effects which are: 1) producing an aggressive localized 

environment inside the pits which can maintain an active state at the pit bottom; whereas, outside 

the pit may be passive. This aggressive solution inside the pits is characterized by a higher 

aggressive ions concentration and a lower pH [4]. 2) pits acts as stress risers and cause higher 

stress levels which sometimes may reach the plasticity limit. As mentioned by some researchers, 

plastic deformation around the pits can enhance corrosion since the strained region has a higher 

internal energy level and is more prone to corrosion [5]. 

Crack initiation has been a topic of interest for researchers in the last several years, but since its 

experiments are long-term (it takes several years for pits to develop and grow to cause cracking 

in the field) the amount of research around crack initiation has been limited. It has been shown in 

a recent research paper that no cracks nucleated from the bottom of pits under a realistic 



84 

 

condition in the near-neutral pH environment even after three months of loading [6]. Therefore, 

some researchers have used accelerated laboratory tests to study the crack initiation process but 

under these conditions pits may not grow to critical size before initiation of cracks and in this 

way the effect of pits on crack initiation may be underestimated [7]. Conducting crack initiation 

tests with pre-pitted specimens can reduce the duration of tests significantly. Therefore, the 

objective of this chapter is to develop an electrochemically accelerated method to generate a low 

density of pits on the surface of X-52 pipeline steel. These pre-pitted specimens can be used for 

subsequent SCC experiments to study crack initiation from pits. It was deemed desirable to learn 

more about pit characteristics in bicarbonate/carbonate solution which was used as the pitting 

generation solution in this study and is believed to cause high pH SCC in pipelines. 

4.2 Experimental 

4.2.1 Material 

An API 5L X-52 pipeline steel which had been in service for more than ten years was used in 

this study. Figure 4.1 shows the SEM image of the pipeline steel microstructure which is mainly 

composed of ferrite and pearlite. X-52 pipeline steel with this microstructure has been already 

shown to be prone to both types of SCC [1]. The outside diameter and thickness of the pipeline 

were 762 and 9.53 mm, respectively. Specimens with dimensions of 25, 10 and 4 mm were cut 

from the pipeline for the experiments. The specimens were mounted in epoxy and then ground 

up to 1200 grit SiC paper and cleaned in ethanol. To avoid any crevice corrosion at the interface 

of samples and epoxy during the experiments, these interfaces were covered with a high- 

performance sealant. 
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Figure 4.1. The microstructure of the X-52 pipeline steel used in this study. 

 

4.2.2 Experimental procedure 

To select an appropriate solution for generating pits on the samples, the following considerations 

were made: 

On one hand, the neutral pH ground water found in the field where near-neutral SCC was 

detected cannot be used for pre-pitting the samples because it does not form a passive layer. The 

pitting process itself at OCP condition would take a long time (several years) in the field 

depending on the microstructure of the steel, the level of inclusion, etc. and that is the motive for 

developing a pre-pitting procedure to reduce the duration of crack initiation from pits.  On the 

other side, it is known that during both high pH and near-neutral pH SCC ground water 

penetrates inside a disbonded coating. In the former, since cathodic current reaches the pipeline 

inside the disbondmnet, cathodic reactions occur on the exposed pipeline area causing the 

generation of hydroxyl ions and therefore increasing the pH of the ground water.  However, in 

the latter cathodic current cannot reach the pipeline inside the disbondment because of the 
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shielding effect of the coating or high resistance soils surrounding the pipe.  Either of these will 

cause the pH to remain in the near-neutral range.  The difference between these two ground 

water solutions in terms of pitting corrosion is that the former, high pH SCC solution, forms a 

passive layer on the surface of pipeline steel and pitting process and depth of pits could be 

controlled by controlling the potential. But, as mentioned before the latter has no such a 

capability.  Therefore, using simulated ground water solution in the case of high pH SCC could 

have less effect on further crack initiation in near-neutral pH ground water comparing to other 

regular acidic solutions which promot pits on the surface of steels. These solutions can cause 

hydrogen charging into the specimens and could affect subsequent crack initiation from pits. 

After taking these considerations into account a bicarbonate/carbonate solution (0.5 M NaHCO3+ 

0.25 M Na2CO3) which is believed to cause high pH SCC in pipeline steels was selected as the 

base solution. NaCl was added to the base solution to induce pitting on the surface of samples. A 

series of cyclic polarization experiments were performed at different concentrations of NaCl to 

determine the optimum NaCl concentration. Prior to the cyclic polarization experiments, the 

samples were exposed to the solution for one hour and open circuit potential was monitored by a 

Gamry PC4/300 potentiostat during this time. Cyclic polarization experiments were then 

conducted from an initial potential 50 mV below open circuit potential with a scanning rate of 1 

mV/s until a threshold current density of 0.1 mA/cm
2
 was reached. Each cyclic polarization test 

was repeated three times to ensure the reproducibility of results. 

After determination of the optimum concentration of NaCl, a series of polarization experiments 

were performed inside this solution to generate small pits on the surface of samples. The general 

procedure for generation of pits includes passivation of the surface at a passivating potential for a 

short period of time and then increasing the potential above the pitting potential for a limited 
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time. At potentials above the pitting potential, pit nucleation and growth happens. Then, the 

potential is lowered below the pitting potential. This prevents generation of new pits but allows 

the existing pits to grow. After each experiment, corrosion products inside and at the pit mouth 

were removed using ethylenediaminetetraacetic acid (EDTA) solution. Then surface and depth 

analyses were performed on the pits using a Keyence microscope equipped with VHX-700F 

software capable of 3D imaging. 

4.3 Results and discussion 

4.3.1 Corrosion potential measurements 

Figure 4.2 shows the measured values of corrosion potential of X-52 pipeline steel immersed in 

the base solutions with and without the addition of selected concentrations of NaCl. According to 

Figure 4.2, the corrosion potential in all solutions increased with time owing to the growth and 

thickening of the passive film. It should be mentioned that in some solutions an initial decrease 

in potential was observed which was due to the initial dissolution of iron prior to passivation. In 

some solutions, the corrosion potential did not reach a steady-state value within one hour. Long 

term exposure to the solutions showed that corrosion potentials in these solutions reached a 

relatively stable value after two to three days and the highest potential of -0.15 mV (SCE) was 

reached after three days in the case of the base solution. Moreover, the corrosion potential in the 

solution with 0.2 M NaCl started to decrease after about 3 hours, which can be attributed to 

instability and breakdown of the passive layer in this solution. Overall, Figure 4.2 also shows 

that the corrosion potential shifted to more negative values with increasing the concentration of 

NaCl. This indicates enhancement of the metal surface activity by chloride ions during exposure 

to the solution. However, up to a NaCl concentration of 0.03 M, this negative shift in initial and 

final corrosion potential was not significant. 
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Figure 4.2. Corrosion potentials vs. time measured at solutions with different concentrations of 

NaCl. 

4.3.2 Cyclic polarization tests 

Figure 4.3 shows the results of cyclic polarization tests at different concentrations of NaCl. It is 

obvious that for all solutions up to concentrations of 0.1 M NaCl a stable passivity range is 

observed indicating that these solutions produce a passive layer on the X-52 steel. Two distinct 

current peaks can be observed in these solutions during the forward scan. The appearance of 

these two peaks corresponds to the formation of two distinct passive layers on the surface of the 

steel. Upon immersion of the specimen in the solutions and the positive shift of potential, iron 

actively dissolves and therefore the current increases. With further increases in both potential and 

concentration of iron ions, the solubility limit of iron carbonate is exceeded and iron carbonate 

deposits on the surface [8]. Formation of both Fe(OH)2 and FeCO3 causes the first peak in the 

current at a potential around -0.2 V (SCE). With a further positive shift of potential, these two 

passive layers become unstable and change to more stable oxide layers of Fe2O3 and Fe3O4 

causing a second peak at around 0.14 V (SCE). The appearance of these two peaks in 
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bicarbonate/carbonate solution is in a good agreement with reports in the literature and this has 

been well studied before [8-10]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Cyclic polarization curves measured in the solutions with different concentrations of 

NaCl. 

 

According to Figure 4.3, up to a concentration of 0.08M NaCl, the current measured during the 

reverse scan was lower than the current in the forward scan. This indicates that the sample 

surface passivated during the reverse scan and no pitting occurs on the surface of the steel. 

Surface analysis after the tests also showed no evidence of pitting on the surface of specimens 

immersed in these solutions. On the other hand, the addition of chloride ions increased the 

passivity current but had no significant effect on the transpassive potential and the passivity 

potential range up to concentrations of 0.08 M NaCl. The increase in passivity current caused by 

the addition of chloride ions has been attributed to the adsorption of chloride ions on the passive 

layer and subsequent thinning of the passive layer and establishment of a new stationary state 
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with higher dissolution of iron [11]. At a concentration of 0.1 M NaCl the passive potential range 

was reduced and pitting occurred at a potential around 0.4 V (SCE). This was inferred both from 

surface analysis after the test and the fact that current during reverse scan was higher than the 

forward scan. Since the reverse scan curve did not intersect the forward current in the passivity 

range even at lower threshold current levels, no protection potential was obtained for this 

solution (0.5 M NaHCO3+0.25 M Na2CO3+0.1 M NaCl) which is perhaps because of the large 

surface area exposed to the solution. With further increase in the concentration of NaCl, the 

passivity range decreased further and no passive range was observed at a concentration of 0.2 M 

NaCl. X-52 steel showed active metal dissolution behaviour in this solution. 

Clearly, solutions with NaCl concentration less than 0.1 M are too passive and solutions with 

NaCl concentrations of 0.2 or more are too aggressive. The 0.5 M NaHCO3+0.25 M Na2CO3+0.1 

M NaCl solution provided a balance between passivation of and aggressiveness and therefore 

was selected for pit generation on X-52 specimens. 

4.3.3 Pitting procedure 

Broadly speaking, there are two methods for producing pits on the surface of specimens: 

galvanostatic (current control) and potentiostatic (potential control). They are considered in turn. 

In the galvanostatic method, the specimens are immersed in a pit-promoting solution at the 

corrosion potential for a specific period of time during which their surface is passivated. Then a 

fixed anodic current is applied to generate pits [12]. The pitting potential in this method depends 

on the immersion time. Before reaching the steady-state condition in the passive layer at open 

circuit potential, this layer is unstable and surface condition may vary from one sample to 

another. In order to generate pits consistently on different specimens, it is essential to keep 
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specimens at OCP condition until a steady potential is reached. Since it took a long time for the 

passive layer to reach a stable state at OCP, the time-consuming galvanostatic method was not 

used in this work. 

In the potentiostatic approach, the surface of the specimen is passivated for a constant time to 

ensure that the surface condition before generating pits is the same in all specimens. The results 

are more reliable and less time consuming. Thus, this approach is preferred. In the pitting 

procedure developed here, pre-passivation was performed at a potential of 0.13 V (SCE). This 

potential was a little higher than the potential at the second peak in cyclic polarization curves 

(Figure 4.3) and well below the pitting potential (0.4 V (SCE)) to avoid the risk of formation of 

any unstable pits during passivation. Duration of pre-passivation was selected to be 300 s 

because it was found that this time caused pit initiation in a reasonable time. Longer passivation 

times produced a thicker passive layer, making pitting initiation more difficult. In order to 

initiate pits after passivation, the electrode potential was increased to a potential above the pitting 

potential, i.e. 0.4 V (SCE). Maintaining the potential at this value to obtain desirable pit depth 

generates too many pits which are too near each other. To avoid continuous pit nucleation, the 

electrode potential was decreased to a lower potential below the pitting potential (0.13 V (SCE)) 

but above the corrosion potential. This resulted in the growth of existing pits but avoided the 

formation of any new pits. 

Some preliminary experiments were performed and it was found that a pit initiation duration of 

50 seconds was enough to generate sufficient pits on the surface. The pits were then grown for a 

further 2 hours at the growth potential. This produced a maximum pit depth of 100 μm. This 

maximum depth value was selected based on the fact that most of the observed small cracks 

found in crack colonies in the field have been reported to have a depth of about 0.5 mm [13]. 
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Also since the thickness of tensile samples used in the subsequent corrosion fatigue tests was 4 

mm, selecting larger depth limit could reduce the cross-section significantly and consequently 

may affect crack initiation. Pit generation experiments were initially conducted in a static 

solution for the test duration but since microscopic analysis after the tests revealed that localized 

corrosion occurred at the open mouth of the pits from the accumulation of aggressive ions at the 

pit open mouth, it was decided that the solution should be stirred just after initiation of the pits, 

i.e. during the growth step, with a magnetic stirrer at a low speed to avoid localized corrosion 

around the pits but not hindering pit growth. 

4.3.4 Characteristics of the Resulting Pits 

Surface diameter and depth analysis of pitted specimens showed that two distinct types of pits 

can be distinguished: Some pits are single pits without any interaction with other pits (Figure 

4.4a) and some overlapped each other and formed larger pits. These pits are referred to as 

coalesced pits in this chapter (Figure 4.4b). Using three-dimensional imaging of the pits, the 

number of pits constituting a coalesced pit can be determined. Most of the coalesced pits resulted 

from the linkage of two pits but a few coalesced pits also contained three or four single pits. 

Since the aim of pit generation is to study crack initiation from pits in the subsequent corrosion 

fatigue experiments, the generation of both single and coalesced pits in a cluster of pits enables 

researchers not only to study initiation of cracks from a single pit but also the possible initiation 

of one or more cracks from coalesced pits. Thus, it may be possible to determine the importance 

of pit interaction to crack initiation. 

Since openings of some pits especially coalesced pits were not circular in shape, pit mouth width 

measurements were performed in two directions, one along the maximum width and another 

perpendicular to the maximum width. Figure 4.5 shows the graph obtained for the values of 
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maximum pits width vs. perpendicular width measured on a pitted sample. Data for single pits 

can be well fitted to a line with a slope of 0.91 (which is close to one) indicating the single pits 

were approximately circular. However, there is more scatter in coalesced pits since these pits can 

link together at any time during the growth period. This makes coalescence of pits a random 

process. 

To have also an idea about the volumetric shape of pits, depth aspect ratio, defined as the ratio of 

pit depth to its average width, was measured. Aspect ratios versus pit depths are shown in Figure 

4.6. It is obvious that the aspect ratios are less than 0.5 both for single pits and coalesced pits. 

This indicates that pits were not hemispherical although the aspect ratio tended to increase 

towards 0.5 as the pits increased in depth. 

 

 

 

 

(a) (b) 

Figure 4.4. Image of pits formed on the X-52 sample in 0.5 M NaHCO3+0.25 M Na2CO3+0.1 M 

NaCl solution (a) an example of single pits. (b) a large single pit and two coalesced pits formed 

by the overlap of two and three pits. 
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(a) (b) 

Figure 4.5. The graphs of measured maximum widths versus perpendicular width for generated 

a) single pits and b) coalesced pits. 

 

 

 

(a) (b) 

Figure 4.6. The graph obtained from calculated depth aspect ratios versus measured depths for a) 

single pits and b) coalesced pits 

 

To check reproducibility, pits were generated using the same procedure on two other specimens. 

The two types of pits (single and coalesced pits) were observed in all pitted specimens and slopes 

of the fitted lines to the graph of maximum width vs. perpendicular width for single pits was 
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obtained to be in the range of 0.85 to 0.94 indicating single pits remained almost circular in all 

specimens. However, the slopes of the fitted lines for coalesced pits varied in a wide range of 

0.35 to 0.76 proving coalescence of pits to be a random process with a range of possible results. 

It is also noteworthy that just one coalesced pit generated on the first sample had a depth aspect 

ratio of 0.49 (figure 4.6b) but all other coalesced pits in all tested samples had depth aspect ratios 

less than 0.4 confirming the generation of non-hemispherical pits during two hours of growth. If 

the pits were allowed to grow for a longer time, the aspect ratio would approximate 0.5 and pits 

would become hemispherical in shape. 

4.3.5 Pitting Mechanism 

Several models have been proposed for initiation of pits on the surface of metals, but the 

common point in all the models is the adsorption of an aggressive ion, such as chloride, on the 

passive surface. The explanation of initiation of pits in bicarbonate/carbonate solution relies on 

the point defect model (PDM) because of the observed increase in the donor density of the 

passive film with adsorption of chloride ions on the film [14-15]. According to the point defect 

model (PDM) [16], chloride ions react with oxygen vacancies and form autocatalytic 

cation/oxygen vacancy pairs, which propagate through the passive layer and reach the metal 

substrate causing local detachment of the film. This area, with detached passive film, acts as an 

initiation site for pitting corrosion on the underlying metal surface. It is believed that, similar to 

what has been reported for stainless steels [17-18], the initiation of stable pits starts with the 

formation of metastable pits at the micron size level. This was inferred both from the very small 

current peaks observed just before the trans-passive potential or pitting potential in 

potentiodynamic curves of the solutions with 0.08 M and 0.1 M NaCl, respectively (Figure 4.3), 

and also from potentiostatic experiments conducted at more active potentials than the pitting 



96 

 

potential but close to it. At potentials below the pitting potential, the depth of metastable pits was 

insufficient to maintain an aggressive environment inside the pit for continuous growth. 

However, the presence of a salt film cover over the pit mouth acted as a barrier for diffusion and 

dilution of the pit environment. If this cover was broken, metastable pit growth would be 

terminated and the pit surface would repassivate. This was observed at potentials up to 200 mV 

lower than the pitting potential. The transition from metastable to stable pit growth was achieved 

when the metastable pit had grown to a sufficient size to maintain an aggressive electrolyte 

inside the pit for continuous growth. This was not achieved until the potential was raised to the 

pitting potential. 

During the pitting procedure, maintaining the potential above the pitting potential, i.e 400 mV 

(SCE), allowed metastable pits to grow enough to pass the metastable growth stage. In the stable 

growth stage, the metal inside the pit will be active and the pit will continue to grow. Once the 

potential is decreased well below the pitting potential to avoid the formation of new metastable 

pits, the rate of dissolution starts to decrease. After some time, this rate will become lower than 

the rate of diffusion of metal ions outside the pit cavity. Therefore, the environment inside the pit 

will not remain aggressive and the pit repassivates [19]. In the developed procedure, 

repassivation of pits took place after reaching the maximum depth of 100 μm. 

4.4 Applicability of Pre-Pitting Procedure for SCC Studies in Pipelines 

Field investigations showed that 95% of the crack population developed in near-neutral pH 

environments are blunt cracks and have a depth less than 1 mm [20], which is equal to 10% of 

wall thickness for a pipe with a thickness of 10 mm.  It is also now believed that the growth of 

the other 5 % sharp cracks is not continuous and it involves intervals of dormancy (blunting) and 

growth [21]. So, it is reasonable to conclude that the other 5% of cracks population, which may 
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lead to fracture of pipelines, has passed the dormancy stage (depth less than 1 mm) at one time.  

Considering these cracks might have been initiated from a pit, the pits should have a depth far 

less than 1 mm, i.e. 10% of the wall thickness, and would not be considered significant from an 

industrial perspective.  The precursor pits to the „small cracks‟ found in association with 

NNpHSCC have not been documented so we are not able to compare them with the pits  

produced here.  However, once a pipeline has failed due to the propagation of cracks beyond the 

critical size, some information regarding field pits can be obtained by analyzing regions near the 

fracture area. But since the pits observed near these cracking zones are shallow, little accurate 

information is available on their sizes.  It is planned to show that the pits grown here can be 

precursors to the kind of cracks found in pipeline failures associated with near-neutral pH 

failures.  Figure 7 shows such pitting corrosion in near-neutral environment found near the site of 

rupture of a buried pipeline after field service for about 19 years.  As you see, some cracks and 

pits had been developed on the surface.  Even though the observed pits cluster could be large in 

length because of overlapping of several pits, they are shallow.  In the developed pitting 

procedure, both overlapped and single pits were generated similar to what is observed in the 

field. But fewer pits were generated and they are more dispersed than observed pits in the field.  

This was done intentionally to avoid many interactions between cracks that would initiate from 

the pits in SCC tests.  

In addition, it was thought that the most likely source of pits in near-neutral environments was a 

carbonate/bicarbonate environment which was exposed to cathodic protection conditions during 

the progressive failure of the coating.   At a later stage of the coating failure, the region may be 

shielded when the failed coating configuration changes and the aqueous solution could revert to a 



98 

 

near-neutral pH environment. Therefore, it is expected that this procedure could simulate the real 

conditions to which the pipelines are exposed.  

 

 

 

 

 

 

 

 

Figure 4.7. Pitting corrosion and associated cracks found near the location of a pipeline rupture 

caused by NNpH SCC [20]. 

 

4.5 Summary 

The aim of this study was to develop a pre-pitting procedure for subsequent near-neutral pH SCC 

crack initiation studies on API X-52 pipeline steel in order to accelerate crack-initiation testing 

and also to enable investigation of pit-to-crack transition in a shorter period of time. It was 

thought beneficial to use a technique that would be as close as possible to conditions to which 

real pipelines could be exposed in the field. So, a bicarbonate-carbonate solution, which is 

known to cause high pH SCC in the pipeline, was used. Pitting procedure included initial 

passivation of the steel in 0.5 M NaHCO3+0.25 M Na2CO3+0.1 M NaCl solution and then pit 

generation by increasing the applied potential to a potential above the pitting potential. To allow 

growth of generated pits and avoiding more pit generation, the potential was decreased to a level 

below the pitting potential and maintained at that potential until the desired pit depth of 100 μm 
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reached. This procedure produced a suitable density of single and coalesced pits on the surface. 

These pits had depth-to-diameter ratios less than those for hemispherical pits. 
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Chapter 5: Effect of Hydrostatic Testing on 

Crack Initiation in Pipeline Steels in Near-

Neutral pH Environment 
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In this chapter, long-term crack initiation experiments are conducted. The pre-pitting procedure 

developed in the previous chapter and is believed to simulate pitting occurrence on pipelines in 

the field is used to produce pits on the specimens before the experiments. The presence of pre-

pits on the surface shortens the duration of crack initiation and results in longer cracks in a 

specified duration of the experiment. This enables the study of short crack growth after initiation. 

5.1 Introduction 

Stress corrosion cracking (SCC) has been reported to have a significant contribution to the 

failures of buried pipelines all around the world [1]. Between the two forms of SCC observed on 

the external surface of pipelines, near-neutral-pH stress corrosion cracking (NNpH SCC) remains 

a significant issue largely because the industry‟s understanding of this kind of cracking is still 

evolving. In contrast, the mechanism of high pH SCC is well understood and is attributed to 

active-passive transitions in a concentrated carbonate-bicarbonate soil solution. 

NNpH SCC usually occurs under disbonded coatings where a near-neutral pH (6 < pH < 8), 

dilute and carbon dioxide (CO2)-containing electrolyte is developed. The reason for the 

formation of such an environment is that cathodic protection cannot reach the pipe under the 

disbonded coating. In order for pH to remain near the neutral range, lack of cathodic potential 

(CP) is essential. Reaching limited CP level to the pipeline surface causes the pipeline steels 

display an active behaviour and have a potential close to the free corrosion potential of steel 

exposed to a near-neutral-pH environment. Although corrosion plays an important role in SCC 

initiation, it cannot by itself be responsible for the reported crack growth in the field. According 

to Parkins [2], crack growth in the field can be more than one order of magnitude higher than 

calculated crack growth based on Faraday‟s law. It is believed that synergistic effects of 
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corrosion, dissolved hydrogen and cyclic loading, which is induced by internal pressure 

fluctuations, lead to crack growth in the near-neutral pH environment [3].  

Since the first discovery of NNpHSCC in the 1980s, many researchers focused on establishing 

the contributing factors to initiation of NNpH SCC. As no passive film is developed on the 

surface of pipes in the near-neutral-pH environment, crack initiation mostly starts with 

preferential corrosion at surface discontinuities including any scratches, grain boundaries, 

banded structure, inclusions or persistent slip bands produced by cyclic loading [4]. This 

preferential corrosion finally leads to the formation of corrosion pits that act as stress raisers and 

generate significant stress concentration. Tensile stress produced by the internal pressure of 

pipelines and surface residual stresses when combined with localized anodic dissolution 

facilitates the pit-to-crack transition in regions with the highest stress concentration including 

those corrosion pits [5-6]. The contribution of tensile stress to the crack initiation process, on one 

hand, relies on the acceleration of the corrosion activity of steels by tensile stresses producing 

plastic deformation. On the other hand, it is related to enhanced hydrogen permeation and 

accumulation at stress concentrated zones [7-8]. However, the internal pressure of all pipelines 

are below their yield strength, the presence of surface residual stresses and also defects such as 

corrosion pits would concentrate stress to a level producing plastic deformation [9]. This could 

be even more pronounced when pipelines undergo very high pressures, for example during a 

hydrostatic test. Each pipeline undergoes several hydrotests during which their pressures are 

raised to at least 100% of their Specified Minimum Yield Strength; SMYS (Note that normal 

operating pressures are usually below 80% of SMYS). This would produce a large amount of 

plastic deformation in the stress concentration zones like corrosion pits and enhance pit-to-crack 

transition. This could compromise all the benefits of hydrotest that accrue to the pipeline 
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industry. Up to now, no study has considered the effects that hydrotest may have on SCC 

initiation and the growth of very small cracks. Therefore, the aim of the current research was to 

study these possible effects using a loading procedure similar to what is performed during 

hydrotesting in the field. 

5.2 Material and Methods 

Four dog-bone shaped specimens were machined from intact sections of a 30” OD X-52 

underground pipeline steel which had been in service for more than twenty years. The samples 

had gauge dimensions of 32, 6 and 4 mm in length, width, and thickness, respectively. The 

specimens were cut from pipelines such that their length was oriented in the circumferential 

direction of the pipe. With this orientation of the specimens, cracks would initiate in the 

longitudinal direction, similar to NNpH SCC cracks found in the field. 

The specimens were ground up to 1200 grit SiC paper and cleaned with ethanol. Then all their 

surfaces except the front surface of the gauge section, which was closer to the outside surface of 

the pipeline, were coated with epoxy.  

Since the purpose of the research was to study the effect of hydrotest on crack initiation and 

cracks mostly develop from the bottom of pits and require several years in the field for them to 

grow and transit to cracks, the crack initiation process was accelerated by generating some pre-

pits on the exposed area of the specimens before long-term mechanical tests. The pre-pitting 

procedure was covered in detail in Chapter 4. 

Then all the specimens were cleaned of any corrosion product using EDTA 

(Ethylenediaminetetraacetic acid) solution and finally they were sealed in corrosion cells and 

exposed to a simulated ground water solution, C2 solution, best characterizing the soil solution 

found around NNpH SCC cases. The composition of the solution is listed in Table 5.1. The 
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solution was purged with 5%CO2-N2 balance for 48 hours before the tests and during the tests. 

The pH of the solution after 48 hours exposure to the gas was 6.29. 

The specimens were then cyclically loaded with maximum stress equal to 80% of SMYS of X-52 

pipeline, i.e. 358 MPa, frequency of 10
-4

 Hz and the loading ratio of 0.8 were applied on the 

specimens.  Two specimens were considered as control samples without undergoing any 

hydrostatic test loading while for the other two samples, cyclic loading was interrupted at 

different intervals and a loading procedure simulating the hydrotest pressure changes in the field 

was applied to them. The loading scheme used to simulate hydrostatic test pressures is given in 

Figure 5.1. During the hydrotest, a maximum stress of 110% SMYS was maintained for 1 h (the 

strength test) and then the loading was decreased to 100% SMYS and held at that stress level for 

4 h, (the leak test). Overall three hydrotests were applied to these specimens. 

The crack initiation experiment was continued for eight months and then the samples were 

removed from the solution and cleaned of any corrosion product using a rust remover with the 

composition of 100 ml distilled water, 3 ml HCl and 4 ml Cis-2-butene-1,4-diol . The surfaces of 

the specimens were examined using SEM for any evidence of pitting and cracking. To study pits 

and cracks in the depth direction, the surface of specimens were nickel plated to preserve their 

surface features. Thereafter, specimens were sectioned parallel to the loading direction and 

perpendicular to their surface in a sequential step by step process to examine depth and shape of 

cracks and pits.  

Table 5.1. Chemical composition of C2 solution 

Components Concentration (gr/L) 

NaHCO3 0.0195 

CaCO3 0.0606 

CaCl2 0.0255 

MgSO4.7H2O 0.0274 

KCl 0.0035 
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Figure 5.1. The loading procedure used for simulation of hydrostatic test pressures in the field. 

 

5.3 Results and Discussion 

5.3.1 Stress corrosion cracking in control samples 

a) Surface characterization. After eight months of cyclic loading in C2 solution without 

undergoing any hydrostatic test, the surfaces of the samples were analyzed using SEM after 

cleaning away all corrosion products.  

Figure 5.2 (a) shows the morphology of the specimens‟ surface. It is obvious that general 

corrosion has occurred all over the surface. In addition to pre-pits, very small pits with a 

diameter of less than 10 μm were also generated during the test. Surface analysis on the gauge 

section area showed that no crack was initiated even around deep pre-pits. Figure 5.2 (b) shows a 

deep pit with no evidence of cracking however some corrosion occurred around the pre-pit.  
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Figure 5.2. Typical surface morphology of steel specimens after eight-month exposure to C2 

solution under constant amplitude cyclic load (a) and a deep pre-pit in control samples showing 

no evidence of cracking (b). Pre-pit size before the test, depth: 100 μm, maximum diameter: 210 

μm and perpendicular diameter to the max. diameter: 160 μm. 

 

b) Cross-section characterization. Cross-section analysis of the specimens revealed that although 

no surface cracking from pits was observed from pits, some crack-like features were initiated 

mostly from the bottom of pits and also some directly from the exposed surface. Figures 5.3 (a) 

and (b) show an example of these cracks, respectively. As is obvious in both figures, these 

features have transgranular morphology as is expected in the case of near-neutral pH SCC. In the 

backscattered electron image shown in Figure 5.3 (a), the cracks filled with plated nickel can be 

easily distinguished by their white color from the steel substrate. 
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Figure 5.3. Cracks initiated from the bottom of a pit (a) and directly from the surface (b). 

 

Field investigations have shown that 95% cracks in the field are blunt cracks (crack-like features) 

with depths lower than 1 mm and it is known that if these cracks have a chance to grow beyond 1 

mm depth the possibility of becoming sharp and growing further increases [4, 10]. One reason 

for the bluntness of cracks is significant corrosion in this kind of cracking, especially when the 

cracks are shallow in depth. Most of the depth features found in this study are crack-like features 

with tip width more than 2-5 μm, similar to those 95% cracks found in the field. Therefore, from 

now on, crack-like features are called cracks in this study and are defined as features which are 

larger in depth than the width and have sharp edges compared with rounded faces of pits.  

In a selected 4 mm length at the middle of the gauge section at different cross sections, on 

average 73% of cracks were initiated from pits and the others initiated directly from the surface. 

It is also noteworthy that all the observed cracks directly initiated from the surface had a depth 

less than 20 μm and they were sharp in nature compared to features initiated from the bottom of 

pits. Formation of these sharp cracks mostly relied on slip produced by cyclic loading on the 

surface and at 45 degrees to the loading direction.  Most of these cracks stopped growing when 

reaching a grain boundary (an obstacle) because of lack of sufficient mechanical driving force 

Nickel 

Steel 
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for their growth. Further growth of these cracks in neighboring grains depends on the slip 

orientation difference of the adjacent grain. 

5.3.2 Stress corrosion cracking in samples having undergone three hydrostatic tests 

a) Surface analysis. The surface morphology of specimens, which had undergone three 

hydrotests was similar to what was found in control specimens (see Figure 5.2 (a)). However, 

unlike the control samples, the surface analysis revealed that cracks were initiated around some 

deep pre-pits. Figure 5.4 shows an example of a crack initiated from a pre-pit at 45 degrees with 

respect to the loading direction (horizontal axis of the image).  

 

Figure 5.4. A crack initiated at about 45 degrees with respect to the load direction which is along 

the horizontal axis of the image. (The dimensions of this pre-pit were 110 μm, 280 μm and 236 

μm in depth, maximum diameter, and diameter perpendicular to the max. diameter before the 

test.) 

 

b) Cross-section characterization. Figure 5.5 shows two cracks found in the depth direction of the 

specimens that had undergone three hydrotests. As was expected, they are transgranular in 

morphology and hydrotesting did not have any effect on the morphology of the developed 

cracks. Similar to the control specimens, in a 4 mm analyzed length, on average 71% of cracks 
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were initiated from pits and others initiated directly from the surface and none of these cracks 

were found to have a depth higher than 20 μm. The fact that most of the cracks which grew 

further nucleated around pits is consistent with findings from the field investigations [1-2]. 

 
 

Figure 5.5. An example of cracks initiated from the bottom of a pit (a) and directly from the 

surface (b). 

 

5.3.3 Comparison of the results between two kinds of samples 

As mentioned in the experimental procedure, before the mechanical test, pre-pits were generated 

on the surface of samples to accelerate the crack initiation process. However, careful 

examination of cross-sections of the specimens by SEM revealed that pits were readily produced 

on the surface of specimens exposed to C2 solution and cracks initiated at pits with depth as 

shallow as 10 µm. Pre-pits with larger depth were not necessarily a requirement for crack 

initiation. In addition, it was revealed that some pre-pits with depth as high as 100 µm could not 

initiate any cracks in control specimens, without hydrotest. Crack initiation from a pit is strongly 

dependent on the extent of stress concentration around the pit. This stress concentration dictates 

the amount of plastic deformation occurring around the pit. Microplastic deformation is known 

Nickel 

Steel  
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to be the essential prerequisite for the initiation of cracks [11]. When microplastic deformation 

reaches a critical value which is a material dependent property, a crack will nucleate. According 

to Hoeppner [12], stress intensity for a semi-elliptical surface flaw is expressed as follows: 

        √
  

 
                                                                                                                              (5.1) 

Where „K‟ is stress intensity factor of a surface flaw, „σ‟ is applied stress, „a‟ is the flaw depth 

and „Q‟ is the shape factor which is determined by the „a/c‟ ratio, where „c‟ is the width of the 

flaw. Based on equation (5.1), under a specific stress level, larger depth does not necessarily 

result in higher stress intensity factor. One reason that most of the cracks in the control 

specimens were initiated from shallow cracks which were produced during the test, not from pre-

pits, could be attributed to the unsuitable shape factor of pre-pits and the fact that changing this 

shape factor by corrosion is harder than generation of a pit with a suitable shape factor, affected 

by the applied load, for crack initiation during the test. This is inferred from the fact that growth 

of these pre-pits was found to be much slower than active pits generated during the test. This 

slower growth rate in pre-pits is consistent with previous investigations in the literature which 

considered pre-pits for crack initiation process [13].  

Furthermore, examination of the cross-sectional surfaces showed that 77% of the pre-pits in 

specimens that had undergone three hydrotests initiated crack-like features in the depth direction. 

However, most of them (80%), especially deep ones, could not initiate any crack in the control 

specimens. As an example, consider the two pre-pits shown in Figure 5.2(b) and Figure 5.4. The 

values of √
  

 
  for these pre-pits are approximately the same (11.6 and 13.1, respectively), but 

only the pre-pits that underwent three hydrotests could initiate a crack. The maximum stress 

during the cyclic loading in both kinds of specimens was 80% SMYS. However, increasing the 
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stress to 110% SMYS during hydrotestest caused a large increase in the stress intensity factor, 

with the increased local plastic deformation causing initiation of cracks at pre-pits. This 

conclusion was also based on the fact that pre-pits even smaller and shallower than the pre-pit 

shown in Figure 5.2 (b) initiated cracks in specimens that had undergone a hydrotest.  

For further crack analysis, a 4 mm length at the middle of the gauge section was selected and all 

cracks in this 4 mm length along different cross-sections were measured and investigated since 

sufficient statistics can be found in this area.  

When selecting 4 mm length, those cross-sections with pre-pits leading to crack initiation were 

not considered such that the difference in the depth of cracks can be attributed to the effect of 

hydrotests and not the effect of pre-pits. Figure 5.6 shows the number of cracks for the selected 4 

mm length at different crack depth intervals. As is seen, the number of initiated cracks with a 

depth smaller than 20 μm is a little bit higher in the specimens without Hydrotest, but most of 

these cracks did not grow further. On average, only 5.5 % of them exceeded this depth. 

However, the percentage of cracks exceeding 20 μm for specimens which had undergone 

hydrotesting is, on average, 26%, which is about 5 times more.  

Consequently, all the cracks with a depth lower than 20 microns along the total gauge length 

were ignored, and the frequency of cracks with depth larger than 20 microns was counted in all 

specimens and the statistics of these results are listed in Table 5.2. 

This table shows that maximum crack depth found in specimens which had undergone three 

hydrotests is approximately 70% more than in control specimens. In addition, the frequency of 

these cracks is also higher in hydrotested specimens. At first glance, approximately 40 µm more 

growth, 70% increase, in hydrotested specimens seems to be minor from engineering point of 
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view but when considering that without hydrotest and during eight months of cyclic loading 

there would be the same growth level in small cracks, giving careful thought to the effect of 

hydrotesting on escaping dormancy become necessary. 

.  

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Distribution of cracks in a 4 mm selected length in the middle of gauge section. Error 

bar represents the standard deviation of data for different cross sections. 

 

Table 5.2. Statistics of cracks found in studied total length of specimens. 

Condition Average number of cracks 

with depth larger than 20 

µm/per gauge section 

Max crack 

depth (µm) 

Pre-Pit depth for 

maximum crack 

With three hydrotests 

Sample # 1 

Sample # 2 

 

116 

86 

 

60.58 

77.49 

 

No pre-pit 

No pre-pit 

Without hydrotest 

Sample # 1 

Sample # 2 

 

72 

56 

 

44.64 

44 

 

No pre-pit 

No pre-pit 
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Hydrotest has been proven to retard growth of long NNpH SCC cracks whose growth depends 

primarily on mechanical factors. This retardation effect for long cracks is attributed to the 

bluntness of cracks caused by hydrotest. This bluntness becomes important when the cracks are 

deep and usually sharp in nature because the contribution of mechanical growth diminishes as 

stress intensity decreases with crack bluntness. However, this is not the case for small cracks. 

Small NNpH SCC cracks with a depth lower than 1 mm, those that passed grain boundaries, are 

usually blunt as seen in Figure 5.5 (a) and their growth mostly relies on corrosion rather than 

mechanical factors [2]. Since the corrosion rate in ground water is on the order of 10
-10

 mm/s, 

their growth is slow and the growth period contributes to a large portion of the time to failure in 

pipelines. Thus it would be significant if they can grow further and eventually cause failure.  

One factor that has been proven to increase corrosion of pipeline steels is plastic deformation. 

Previous research demonstrated increasing corrosion rate with plastic deformation. For example, 

Li et al. [8] and Tang et al. [14] both showed the enhanced anodic dissolution of X-52 and X-70 

pipeline steels with applied tensile stresses in the plastic range in near neutral pH environment. It 

was also proven that the conditions that produce and/or enhance local plasticity either on the pipe 

surface or at a crack tip would favor SCC [15] because of this enhanced dissolution. The 

enhanced dissolution of steel is attributed to mechanoelectrochemical interactions as proposed by 

Gutman. According to Gutman‟s mechanoelectrochemical interactions theory, both plastic and 

elastic deformations can cause a shift in corrosion potential. However, the shift caused by elastic 

deformation is usually insignificant and can be ignored. The potential shift produced by plastic 

deformation results in an increase in anodic current (     which is proportional to the plastic 

strain by Equation (2) [16]: 
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                                          (5.2) 

Where ν is the orientation-dependent factor, 0.4 to 0.5 for tensile deformation,    is the initial 

density of dislocations prior to plastic deformation,   is a coefficient ranging from 10
9
 to 10

11
 

cm
-2

,    is plastic deformation strain and    is the anodic dissolution current without applying 

load. 

Since the time to crack initiation is not known, estimation of crack growth rate would be 

inaccurate. However considering the same initiation time for both kinds of conditions, the 

growth rate in hydrotested specimens would be about two times the growth in control specimens. 

During the hydrotest, the tensile load was increased to 110% SMYS and micro-plastic 

deformation occurred easily around stress concentration zones likes pits or already initiated 

cracks. This plastic deformation plays a key role in initiation and growth of small cracks. It also 

has been reported about small fatigue cracks, that many microstructurally small cracks grow 

under relatively large applied stresses, which further magnifies near-tip plasticity effects [16]. 

When the crack or pit size is very small (smaller than grain size), their plastic zone radius is 

comparable to their size considering that yield strength is usually lower on surface grains 

because of lower constraints with the surrounding material [16-17]. Application of a hydrotest at 

this stage would cause enhanced corrosion of the plastic zone, which eventually resulted in the 

crack being corroded away leaving a pit behind or the pit becoming deeper since the radius of the 

plastic zone was on the same order of magnitude as that crack or pit size. This can be a reason 

for the low density of cracks with a depth lower than 20 µm in specimens that had undergone a 

hydrotest.  In contrast, when these stress concentration zones are well developed with sufficient 

depth (for example pre-pits or cracks with a depth higher than 1-2 grain sizes), the reduced yield 
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strength effect of surface grains diminishes and the plastic zone size becomes small compared to 

the dimension of stress raisers. Enhanced corrosion from hydrotesting at this stage either 

facilitates pit-to-crack transition or, in the case of blunt cracks, causes their further growth. This 

also explains why 77% of analyzed pre-pits (which had depth in the range of 20-100 µm) 

initiated a crack in hydrotested specimens. However, most of the pre-pits even those as deep as 

100 µm, were not effective in the initiation of cracks in the control specimens. 

Another observation which further confirms the enhanced corrosion of X-52 pipeline steel by 

hydrotesting is preferential corrosion through the pearlite colonies along the cracking path (45 

degrees to the loading direction) in hydrotested samples. Many researchers have shown the 

galvanic effect between ferrite and cementite lamella in pearlite colonies [18-20]. Green et al. 

[20] demonstrated that cementite can act as good sites for cathodic reaction (hydrogen reduction) 

during stress corrosion cracking of pipelines. When a hydrotest is applied to the specimens, 

ferrite lamellae which are softer than cementite undergo plastic deformation in stress 

concentration areas. However cementite in the pearlite colony, the hard constitute of pearlite, is 

not expected to undergo plastic deformation with load levels encountered during hydrotest. 

Plastically deformed ferrite would have higher energy levels because of the presence of 

dislocations and this enhances the galvanic effect between the two constituents. As a result, 

ferrite is corroded and cementite layers remain behind. Figure 5.7 shows an example of cracks 

found in a hydrotested specimen with the preferential corrosion along the pearlite colony in the 

middle.  The remaining cementite layers are clearer in secondary electron images. The magnified 

image of the corroded area on the right side of Figure 5.7 shows that bright cementite has been 

left behind during the corrosion process.  
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Figure 5.7. An example of a well-developed crack in hydrotested sample showing the 

preferential corrosion through pearlite colony (note that the loading direction is parallel to 

horizontal axis of the image) 

 

It may be inferred from Figure 5.7 that a hydrotest blunted cracks and caused dormancy at an 

early stage of crack growth but the cross-sectional analysis showed that, even in the cases where 

corrosion makes the crack tips blunt, crack re-initiation would easily occur since stress 

concentration at the deeper blunt crack is still high enough to cause crack reinitiation. The crack 

growth by enhanced corrosion of the plastically deformed zone in hydrotested samples would be 

larger than the growth by a combination of corrosion and mechanical growth in control 

specimens as the maximum crack depth is higher in hydrotested samples.  Figure 5.8 shows 

another crack in hydrotested specimens with the depth of 50 µm along which the crack tip had 

been blunted twice, probably due to hydrotesting, however re-initiation occurred at both places 

and the crack continued to grow in the depth direction. 
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Figure 5.8. A crack in the hydrotetsted specimen showing re-initiation of cracks after growth by 

corrosion. 

According to Table 5.2, cracks with maximum depths in the studied cross-sections were not 

associated with any pre-pits. This again shows that pre-pits do not necessarily result in deeper 

cracks. However, as mentioned before; most of them were effective sites for crack initiation in 

specimens that had undergone hydrotesting. This fact is of great importance in the installation of 

pipelines. If any stress concentration zone like a dent is produced during the installation and 

damages the pipeline coating and exposes the surface to the soil solution immediately after 

burying the pipeline, the first hydrotest which is aimed to ensure the reliability of the pipeline 

can enhance crack initiation at that dent.  This can be a reason for the association of gouges, 

dents or the long seam weld, all features that increase local stresses, with most pipeline failures 

[1]. 

This study has shown that cracks initiated during eight months with cyclic loading in exposure to 

the near-neutral pH solution. However, their growth was limited to the size of several grains 

which leads to a growth rate of the order of 10
-9

mm/s. With this growth rate, it would take about 

depth 

direction 
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15 years for small cracks to grow to the depth of 0.5 mm, which is close to the dormancy point of 

cracks. Considering the lifespan of 20-30 years for a pipeline and an incubation period of 12 

years for disbonding of the coating and subsequent exposure of pipeline to the ground water 

solution [21], the overall process of cracking would take less than 8-18 years to cause fracture of 

pipelines. Knowing that recent research in this area showed that the growth of long cracks with 

depth higher than 0.5 mm is a discontinuous process with dormancy and sharpening intervals 

which could takes several years [3,4], the initial stages of cracking including crack initiation and 

small crack growth is expected to be much shorter than the estimated 15 years based on the 

growth rates in this study. However, all research reviewed by the authors on crack initiation on 

polished smooth surfaces in near-neutral pH environment which eventually leaded to 

longitudinal cracks parallel to the axial direction of pipes, similar to the majority of cracks in the 

field, produced very short cracks with growth rates similar to what was found in this research 

[5,6, 23-24]. This brings the conclusion that the crack initiation studies on polished surfaces 

without considering real pipeline surface and stress condition underestimates the growth of short 

initiated cracks. For instance, it has been proved in other studies that mill-scale and residual 

stress developed macro galvanic cells which resulted in higher growth rates of small cracks [25-

26]. Research on the effect of residual stress showed that this galvanic effect can produce cracks 

up to a depth of 0.7 mm during four months of cyclic loading [26]. Although the formation of 

galvanic cells by the presence of mill-scale has been shown in previous corrosion studies but no 

study has focused on its effect on crack initiation. So the purpose of next chapter will be to 

investigate  
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5.4 Conclusions 

In this study, a long-term mechanical test was designed to investigate the effect of hydrostatic 

testing on SCC initiation in the near-neutral pH environment. Based on the results, the following 

conclusions were made: 

1) In both conditions, i.e. with and without hydrotest loads, cracks were initiated directly from 

the surface and from corrosion pits. Pits were associated with about 70% of cracks. This 

emphasizes the role of stress raisers in this kind of cracking. 

2) Hydrostatic test loads facilitated the pit-to-crack transition by increasing the stress 

concentration around pre-pits. This suggests that application of hydrotesting on pipeline sections 

which have dents and gouges on their surface should be restricted in the field.  

3) By application of three hydrotests, the depth of cracks that grew past grain boundaries was 

70% larger than those in the control samples. 

4) Hydrotests promoted crack growth along pearlite colonies by enhanced corrosion of 

plastically deformed ferrite lamella. Most of the cracks found in the field are blunt cracks with a 

depth lower than 1 mm. As the cracks depth reached this level, the possibility of becoming sharp 

was higher and they can grow faster afterward. Based on the results, hydrotesting  can help short 

blunt cracks to grow beyond that critical depth. 
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The previous chapter covered the experiments and results on how hydrostatic testing, which is 

only considered as a beneficial tool for SCC management in the pipeline industry, enhanced 

NNpH SCC crack initiation. This chapter aims to study the role of mill-scale, which exists on the 

surface of pipelines in the field, on crack initiation in the near-neutral pH environment. 

6.1 Introduction 

Near neutral pH SCC (NNpH SCC) is a form of environmentally assisted cracking considered as 

an integrity threat for both the oil and natural gas pipeline industry. It generally occurs under 

coating disbondments where cathodic protection is shielded by the coating and as a result, a near-

neutral pH environment containing carbon dioxide is formed. Several steps are involved in 

cracking of pipelines: 1) coating degradation and penetration of ground water under the coatings 

2) crack initiation 3) crack growth and coalescence 4) final failure of the crack upon reaching the 

critical size. Time to failure depends on many factors including stress history, pipe material and 

environment however mostly relies on the initiation step which is usually the longest step. Since 

unlike high pH SCC no passive layer is formed in the near-neutral pH soil environment, crack 

initiation starts by localized corrosion of steel at surface inhomogeneities. Crack initiation 

studies in which pipeline steel surfaces were polished before the test showed that inclusions, 

aligned defects, pre-existing defects at the pipe surface, persistent slip bands produced by 

mechanical pre-treatment of the steel and areas with high tensile residual stress are preferred 

sites for initiation of cracks [1-4]. Preferential corrosion caused by any of the mentioned 

mechanisms leads to the formation of crack-like features on the surface. The term crack-like 

feature comes from the fact that in near-neutral pH environment steel is in the active state and 

corrosion on all sides of the crack results in the situation that short cracks found in this kind of 

solution deviate from the general concept of crack which is referenced as a clean (crystalline) 
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fracture passing through or across the grain boundaries [5-6]. This is consistent with field 

findings as 95% of cracks found in the field with a depth lower than 1 mm are crack-like features 

which are usually called blunt cracks [4]. Figure 6.1 shows two examples of these cracks found 

in the field [7].  

Crack initiation and the early stage of their growth were found to be mainly governed by 

dissolution of steel [4]. Corrosion immersion tests showed that the corrosion rates in the near-

neutral pH environment (C2 solution) were on the order of 10
-9

 mm/s [8]. With this growth rate, 

it would take about 15 years for small cracks to grow to the depth of 0.5 mm which is 

inconsistent with the field life span of 20-30 years for pipelines considering that the incubation 

time for disbonding of coatings varies from 5 to 12 years in the field [9].  So, there have to be 

other factors involved to cause higher growth rates in the early stage of cracking.   

  
 

Figure 6.1. Examples of cracks found in the field [7]. 

 

When cracks are very short, mechanical driving forces which are shown to govern crack growth 

in the near-neutral pH environment [8] is well below the threshold for crack growth. This would 

be even the case if the amount of tensile residual stresses as high as 220 MPa is also added to the 

operating tensile stresses. Therefore, mechanical driving forces cannot be responsible for the 
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high growth rate of short cracks, compared to the dissolution rate in the near-neutral pH 

environment.  

One factor which is usually ignored in crack initiation and early growth studies is the effect of 

mill-scale on the crack initiation process. Mill scale is believed to be cathodic with respect to 

pipeline steel. When soil solution passes through mill scale pores and cracks and reaches the 

steel substrate, this galvanic effect causes enhanced anodic dissolution of steel [10]. The 

localized enhanced dissolution under mill scale promotes crack-like-features initiation. Mill scale 

also has been shown to accelerate long crack growth by providing cathodic current for 

dissolution of the crack tip [11]. The effect of mill-scale has only been investigated through 

electrochemical tests or short term accelerated tests but not in long-term experiments and under 

more realistic pipeline condition. Therefore, this study aimed to investigate the effect of mill 

scale on crack initiation and growth of short cracks under a cyclic loading condition.  

6.2 Experimental Procedure 

To study the effect of mill-scale, a 30” OD X-52 pipeline with thickness 9.5 mm, which had been 

in service for several years but the coating layer was intact on its surface, was selected. Two dog-

bone shaped and one long plate specimens were machined from the pipeline such that their 

length was oriented in the longitudinal direction of the pipe so that specimens were covered with 

coating and mill scale. For comparison purpose, two other dog-bone shaped specimens were cut 

in the same direction but from the thickness of the pipe so that mill scale had been removed from 

their surfaces.  

In order to remove the coating layer on the specimens, pre-treatment was first performed on the 

samples cut from the long plate and a procedure involved various sequences of immersion in 

toluene, gentle brushing, and ultrasonic agitation was used to remove the coating on the samples. 
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After each sequence, the surface analysis was performed to determine if any coating has 

remained on the surface. When all the coating was removed from the surface of samples, then the 

same procedure was employed to remove the coating on the tensile specimens covered with the 

mill scale. EDX and Raman Spectroscopy were used to characterize the mill scale on the samples 

after the surface pre-treatment. 

All samples had gauge dimensions of 32, 6 and 4 mm in length, width, and thickness, 

respectively after the coating layer removal procedure. 

The two specimens without mill scale were ground up to 1200 grit SiC paper and cleaned with 

ethanol. Then all their surfaces except the front surface of the gauge section which was close to 

the outside surface of the pipeline were coated with epoxy.  

Then all tensile specimens were sealed in corrosion cells and exposed to a simulated ground 

water solution, C2 solution, best characterizing the soil solution found around NNpH SCC cases. 

The composition of the solution is listed in Table 6.1. The solution was purged with 5%CO2-N2 

balance during and for 48 hours before the tests. The solution reached the pH value of 6.29. 

Table 6.1. Chemical composition of C2 solution 

Components Concentration (gr/L) 

NaHCO3 0.0195 

CaCO3 0.0606 

CaCl2  0.0255 

MgSO4.7H2O  0.0274 

KCl  0.0035 

 

The tensile specimens were then cyclically loaded under a triangular waveform with a maximum 

stress equal to 100% of SMYS of X-52 pipeline, i.e. 358 MPa, a frequency of 10
-4

 Hz and a 

loading ratio of 0.8.  Pipelines usually operate at a maximum operating pressure equal to 75% of 

their SMYS values, but the specimens in this study were cyclically loaded with a maximum 

stress of 100% SMYS to include the effect of tensile residual stresses on the pipeline surface.  
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The crack initiation experiment was continued for six months and then the samples were 

removed from the solution. Two specimens, one with and one without mill scale were cleaned of 

any corrosion product using a rust remover with the composition of 100 ml distilled water, 3 ml 

HCl and 4 ml Cis-2-butene-1,4-diol for surface analysis purpose. The other two specimens were 

epoxy mounted without corrosion product removal and then they were sectioned parallel to the 

loading direction and perpendicular to their surface in a sequential step by step process to 

examine depth and shape of cracks and pits. SEM was used for surface and cross-sectional 

analysis. 

6.3 Results and Discussion 

6.3.1 Mill scale characterization before crack initiation test 

Some specimens cut from the long plate and pre-treated to be cleaned of any coating were epoxy 

mounted and cross-sectioned to characterize mill-scale on the surface using SEM/EDX and 

Raman spectroscopy.  Figure 6.2 (a) & (b) show SEM images obtained from the surface of 

pipeline steel covered by mill-scale before exposure to C2 solution. These images show the 

presence of cracks and pores inside on the mill-scale. To determine how deep these features are, 

cross-section analysis was also performed and Figure 6.2 (c) & (d) shows two images from the 

cross-section of the mill-scaled area. As is obvious, the mill-scale layer thickness is not uniform 

over the surface and some parts are missing mill-scale. It was found that mill-scale thickness 

varied from 0 to 40 µm on the surface of the pipeline steel. Furthermore, a careful examination 

of the magnified image confirms the presence of cracks through the mill-scale layer. Some of 

these cracks connect the steel base metal surface to the mill-scale surface. Also, some crevices or 

pores are evident between mill-scale and steel substrate in some areas.  
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Another important observation is that wherever on the surface mill scale is present, there is also 

evidence of pitting underneath the mill scale layer. This is really important in terms of crack 

initiation since these pits could act as stress raisers and would be preferred sites for crack 

initiation upon exposure to the soil solution. Since the specimens were cut from intact parts of a 
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Figure 6.2. Mill-scale condition before crack initiation tests (a) SEM image of mill-scale surface 

condition (b) magnified image of circled area in (a), (c) variation of mill-scale thickness on the 

surface. (b) Cracks and crevices observed inside the mill-scale layer. 
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pipeline with evidence of coating presence on their surface, it may be inferred that formation of 

mill-scale on the pipeline is accompanied by the formation of pits on the pipeline steel surface. 

Higher magnification SEM micrograph shown in Figure 6.2 (c) indicates that the mill scale layer 

consists of two regions, which can be clearly distinguished in the backscattered electron images 

as dark and light layers. The EDS analyses showed that these layers mainly consist of iron and 

oxygen but their atomic ratio (O/Fe) are different. Table 6.2 lists the chemical composition of 

elements found in the darker and lighter regions. The lighter area inside the mill-scale 

consistently had lower O/Fe ratio compared to the darker area in all cross-sections studied. 

Table 6.2. Chemical composition (at%) of dark and light regions inside the mill-scale obtained 

by EDX. 

 Fe O Mn Si S Al 

Lighter area 42 57 0.58 _ 0.23 _ 

Darker area 33 65 0.45 0.34 0.27 0.32 

 

Raman spectroscopy analysis was also used to identify different areas inside the mill scale. 

Figure 6.3 shows Raman spectroscopy results at darker and lighter areas. This figure indicates 

that the darker area contains hematite (Fe2O3) with peak values (215, 273, 386, 480, 590) 

compared to reference peak positions of 226, 292, 406, 495, 600 [12]. Raman spectroscopy 

recorded at lighter regions inside the mill scale showed weak Raman peaks similar to the ones 

found in the darker areas. In addition extra strong peaks at positions of 500 and 690 cm
-1

were 

seen in the Raman results which indicate the presence of magnetite (Fe3O4) in the lighter area. 

Raman peaks for magnetite occurs at positions of 299, 523 and 678 cm
-1

 with the most intense 

peak at 678 cm
-1

[13].  The presence of hematite and magnetite in the mill scale on pipeline steels 

has been also reported in other References [13-14]. 
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Figure 6.3. Raman Spectroscopy results obtained at darker and lighter areas in the mill-scale. 

6.3.2 Surface characterizations after crack initiation tests 

After six months exposure to the C2 solution under cyclic load, the surface of one sample from 

each condition were cleaned of any corrosion product using rust remover and surface analysis 

was performed using SEM. Figure 6.4(a) shows typical surface features found on the surface of 

mill-scaled specimens. In addition to the general corrosion, some large pits are also observed on 

the surface. Surface analysis showed that crack initiation occurred at some of these large pits. 

Figures 6.4 (b) & (c) show two examples of cracks initiated at these corrosion pits. Figure 6.4 (b) 

shows a crack initiated through a pit, however, crack in Figure 6.4(b) was initiated at the bottom 

of the pit.  

For comparison, Figure 6.5 shows typical surface features found on the surface of specimens 

without mill scale after six month exposure to the C2 solution. Similar to the mill-scaled 

specimen, the occurrence of general corrosion on the whole surface is evident. In addition, 

preferential corrosion in the form of very small pits is also observed in some regions on the 

surface. The diameters of these pits were found to be less than 40 µm. In addition, pit surface 

coverage was only 2% on average however this value was 12% for the mill-scaled specimens. 

Since mill scale characterization in the last section demonstrated the presence of pits under the 
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mill-scale, it is likely that some of these pits are the same pits that may have grown further 

during the test. This does not exclude the possibility of large pit formation during the test as 

localized corrosion, which will be discussed in the next section, is enhanced under the mill-scale. 

As shown in Figure 6.4 (b) & (d), cracks were initiated at some of these corrosion pits since they 

act as stress raisers and produce stress concentrations which finally lead to crack initiation during 

six-month test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

 
(b) 

 
(c) 

Figure 6.4. (a) Typical surface features found on the mill-scaled surface after six-month test (b) 

crack initiated through a pit b) crack initiated at the bottom of a pit. 
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Figure 6.5. Typical surface features found on the surface of specimens without mill scale. 
 

 

6.3.3 Cross-section characterizations after crack initiation tests 

Cross-section analysis was performed on samples without removing corrosion products and on 

surfaces perpendicular to the surface exposed to the C2 solution and parallel to the loading 

direction. Cross sections were made in a sequential process through the width of the specimens. 

Figure 6.6 shows two SEM images taken after six months exposure to the C2 solution. In both 

conditions, without (Figure 6.6 (a)) and with mill-scale (Figure 6.6 (b)), preferential corrosion on 

the surface was found mostly to occur through pearlite colonies. The reason for this observation 

relies on the galvanic effect between ferrite and cementite in a pearlite colony. According to 

Green and Parkins [14], cementite is believed to be cathodic with respect to the adjacent ferrite 

and enhances dissolution of its adjacent ferrite layers. The lamellar structure inside the corroded 

area in Figure 6.6 (b) indicates the remaining cementite in these areas. 
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(a) 

 
(b) 

Figure 6.6. SEM images taken from the cross-section of etched specimens without mill-scale (a) 

with mill-scale (b). Note: The loading direction is parallel to the horizontal line of pictures. 

 

Corrosion pits were the most common features found in the cross section of specimens without 

mill scale. However, a few microcracks were also detected during the analysis of cross-sections 

(Figure 6.7 (a) & (b)). In contrast, clear evidence of cracking was observed in the specimen with 

mill scale (Figure 6.7 (c) & (d)). As seen in Figure 6.7 (a) and (c), although the cracks were seen 

mostly to initiate and grow at grain boundaries, they tended to become transgranular with their 

further growth. Some of them were transgranular from the beginning (Figure 6.7 (b) & (d)). 

Lamellar structure 

of remaining 

cementite 
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These cracks are inclined 45˚ to the loading direction (horizontal direction in the images), which 

indicates they followed the path of maximum shear stress.  

(a) 

(b)  

 

 

 

 

 

 

 

 

 

(b) 

(c) (d) 

Figure 6.7. Examples of cracks initiated from pits in a sample without mill-scale (a) & (b) and 

mill-scaled samples (c) & (d). 

 

Since mill scale characterization previously showed that there are pits under the mill scaled area 

on the studied pipeline steel before exposure to the C2 solution, only crack-like features were 

considered in both kinds of specimens for further analysis. In addition, cracks with a depth less 

than 10 μm which are likely pits on the surface, were ignored during the analysis. In order to do a 

semi-quantitative analysis on the distribution of cracks found in the cross section of specimens, 

one mm length at the middle of gauge section was selected at each cross section and the number 

Transgranular

Crack 
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of cracks observed was counted. Figure 6.8 shows the number of found cracks in the 1 mm 

selected length for different crack depth intervals.  

As shown in Figure 6.8, on average only five cracks were found after six months crack initiation 

test on 1 mm length of specimens with no mill scale. In contrast, the number of cracks initiated 

and their depth increased appreciably under mill scale. As shown in Figure 6.7 (a) and (c) some 

of these cracks initially initiate and grow at grain boundaries but with their deepening and more 

stress concentration at their tip, they tend to become transgranular. The results found in Figure 

6.8 show that cracks on the cross section of specimens covered with mill scale were about five 

times more than those found in the specimens without mill scale. 

 

Figure 6.8. The frequency of cracks found on 1 mm length at the middle of the gauge section 

with different crack depths. 
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As shown in all images of the cross-sections of the mill-scaled specimens after six-month 

immersion into the C2 solution, the mill-scale detached from the surface during the test in many 

regions of the surface. Mill-scaled steel is known to have a potential more noble than the steel 

[10,15] so it is cathodic with respect to the steel substrate and will undergo a cathodic reaction 

when it is coupled with the anodic dissolution of the underlying steel. In the mill-scale 

characterization before the long term test, it was shown that the mill-scale contained cracks and 

pores some of which connected the surface to the base metal. During the exposure to the 

solution, it gradually penetrates through these cracks and pores and reaches the steel substrate 

where promotes localized dissolution of the steel (Fe →Fe
2+

 +2e
-
) underneath the mill-scale. 

This localized corrosion is enhanced by the galvanic coupling between the mill-scale and the 

steel substrates. The large area of mill-scale compared to the small area of anodic sites 

underneath the cracked mill-scale causes more corrosion enhancement. During initial days of 

exposure to the solution that pores and cracks are still narrow, two cathodic reactions have been 

proposed, both of which lead to dissolution of iron oxides [10,16-17]: 

             →                                                                                              (6.1) 

             →                                                                                              (6.2) 

This reductive dissolution of oxide layers will result in the opening of cracks and crevices as the 

mill-scale oxides are dissolved. So, the porosity of the mill-scale increases over time. This has 

been shown by other researchers during 42 days exposure to the near-neutral pH environment 

[10]. Over time, as cracks open up and more solution is exposed to the base metal, active 

corrosion of steel dominates and hydrogen (carbonic acid) reduction reaction occurs on either the 

steel surface or the mill-scale. As faster hydrogen reduction rates have been reported on the mill-
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scale surface compared to the mill-scale free steel surface [18-19], localized dissolution of steel 

under the large area of mill-scale remains enhanced during the active dissolution of steel. This 

improved localized corrosion underneath the mill-scale results in deep pits, which act as stress 

raisers for initiation of cracks, in a shorter time. The increased frequency of cracking on the mill-

scaled specimens, shown in Figure 6.8, also confirms this statement. In contrast, in specimens 

with a polished surface which undergo a more uniform type of corrosion, a longer time is needed 

to form deep pits at surface discontinuities that could eventually initiate any crack.  

As long as the mill-scale is in contact with the surface, the enhanced localized corrosion because 

of enhanced cathodic reactions on mill-scale continues. However, with the formation of 

corrosion products at the cracked area inside the mill-scale and opening up of the crevices 

between mill-scale and steel substrate, a detachment of the mill-scale from the surface under the 

effect of applied loads will eventually happen. This also can explain the absence of mill-scale on 

most of the specimen surface after six-month test. 42-day immersion tests without application of 

any load conducted by other researchers showed that the mill-scale was still present on the 

surface after the test [10] however detachment of the mill-scale from the surface could be faster 

under loading condition. Further investigation is needed to determine how long mill-scale will be 

stable on the surface to find the duration of enhanced corrosion rates. 

Tape coating systems on pipelines, which are more conducive to SCC, usually consist of two or 

three layers. A primer which is applied directly to the pipeline surface is an essential part of the 

coating system. If a pipeline with a disbonded coating is considered in the field, adhesive primer 

layer on the mill-scaled pipeline and the detached coating, which is confined by soil, would keep 

the mill-scale in contact with the steel for a longer period of time. Therefore, the enhanced 

corrosion on the pipeline surface in contact with the mill-scale would continue during the 
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operation of pipelines. In addition, larger short crack propagation than what observed in this 

study is also expected in the field. One thing that should be considered in future studies is that 

the galvanic effect between steel and mill-scale can also be present in the later stage of cracking 

and during long crack propagation. This can result in higher long crack grow rates in stage II of 

cracking, which is governed by the corrosion fatigue mechanism. This is needed to be addressed 

in future studies. 

6.4 Conclusions 

In this study, a six-month corrosion test under cyclic load condition was conducted to investigate 

the effect of mill scale on NNpH SCC initiation on X-52 pipeline steel. The summary of 

conclusions is as follows: 

 Mill-scale characterization before exposure to the solution showed that the mill-scale on 

the surface of pipelines was porous and cracked. Upon exposure to the solution, these 

cracks result in penetration of the solution through the mill-scale surface to the steel 

substrate and cause localized corrosion under the mill-scale.  

 After crack initiation experiments, a larger percentage of pit coverage was observed on 

the surface of the mill-scaled specimens. Some of  the large pits observed on these 

specimens were shown to initiate crack by acting as stress raisers on the specimen 

surface. 

 On the mill-scaled specimens, corrosion was observed to be more pronounced and 

primary sites for localized corrosion were along pearlite colonies. 

 Cracks in the near-neutral pH environment can initiate along grain boundaries but with 

their further growth, they tend to become transgranular.  
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 Enhanced corrosion under the mill scale increased crack initiation frequency by about 

five times. This enhanced corrosion can be continued as long as the mill-scale is in 

contact with the steel substrate. Given that pipelines in the field are confined by soil and 

the mill-scale is covered by primer, higher crack growth is expected in the field. 
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Chapter 7: Conclusions and Recommendations 
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7.1 Summary and Conclusions  

In the first stage of the research, hydrogen permeation experiments were performed using a 

specially-designed double cell which simulated the coating disbondment in the hydrogen 

charging side of the cell.  This cell enabled the author to study and compare the effects of 

different parameters on hydrogen permeation behavior at various sections with specified distance 

from the open mouth of the simulated disbondment. Summary of the conclusions of this stage of 

the research is as follows: 

1) Hydrogen permeation behaviour at different sections along the disbondment under OCP 

and CP levels was governed by the constant concentration boundary condition. 

2) Under OCP condition at wide disbondments, development of a CO2 gradient inside the 

disbondment caused the corrosion to decrease inside the disbondment and as a result sub-

surface hydrogen reduced as the distance from the open mouth of the disbondment 

increases. 

3) Under OCP condition at narrow disbondments, corrosion inside the disbondment was 

even more suppressed in contrast to wide disbondments. However, the average sub-

surface hydrogen concentration was the highest at the intermediate gap sizes (5 mm). 

This suggests that current corrosion and SCC preventive approaches should be based on 

the coating condition in the field. 

4) Immediately after disbondment of coating from the pipe while the gap size between the 

pipe and the coating is still narrow, the corrosion would be limited inside the disbodment 

because of the limited availability of CO2 there. However, continuous absorption of 

hydrogen into the pipe under these disbondments can contribute to the growth of nearby 

cracks. 



147 

 

5) Increasing the CO2 gas concentration in the solution had no significant effect on the sub-

surface hydrogen concentration. The initial increase from 2 to 5% slightly increased the 

hydrogen concentration. With further increase in the CO2 concentration,a  thick corrosion 

product layer was formed that reduced the ingress of the hydrogen into the steel and, 

consequently, final sub-surface hydrogen concentration remained almost unchanged. 

6) Since surface condition on the pipe surface under the disbonded condition can change 

over time, as evidenced by the formation of a corrosion product layer that inhibited 

hydrogen ingress at high CO2 concentrations, it is essential to conduct long-term 

hydrogen permeation experiments to identify the true role of the environment. 

7) Considering CP levels applicable to NNpH SCC cases, potentials about 60 mV cathodic 

to the OCP condition results in the highest sub-surface hydrogen concentration. With 

further increase in the CP level, the sub-surface hydrogen concentration decreases 

because of formation of calcium carbonate on the surface. Assuming a CP potential close 

to those applied in the field, in the range of -0.9 to -1 V (SCE), at the open mouth of the 

disbondment, this observation suggests that the highest level of hydrogen is generated at 

regions a little away from the open mouth which receive poor cathodic potential. This is 

consistent with the results from the field and literature that cracking is dominant in poorly 

protected regions.  

8) CP levels higher that than -1 V (SCE) resulted in a large increase in sub-surface hydrogen 

concentration. However, these levels of CP are not applicable to NNpH SCC cases.  

In the second stage of the research, the goal was to find the effect of hydrostatic testing and mill-

scale on the crack initiation process. For studying the first parameter, some pre-pits were 

generated on the tensile specimens using a developed procedure which was described in Chapter 
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4. The purpose of these pre-pits was to enhance the crack initiation process as well as simulating 

some possible stress raisers in the field. For studying the mill-scale effect, tensile specimens of 

the same size with mill-scale and without mill-scale were tested. The following conclusions were 

made based on the results from this stage of the research: 

1) On pre-pitted specimens, corrosion pits were found to be the preferred crack initiation 

sites for 70% of the cracks. This percentage was higher than 80% when the effect of mill-

scale was considered.  

2) 77% of the studied pre-pits that had undergone three hydrotests initiated cracks in the 

depth direction. However, only 20% of pre-pits initiated cracks in the control specimens 

on which no hydrotesting had been applied. Higher stress concentration produced during 

the hydrotesting which subsequently increases the level of plastic deformation around 

pits was responsible for initiation of more cracks from pre-pits in the hydrotested 

specimens. This suggests that application of hydrotesting on pipeline sections which have 

dents and gouges on their surface should be prevented or limited in the field.  

3) The maximum crack depth found in the specimens which had undergone three hydrotests 

was approximately 70% more than in the control specimens. Moreover, the frequency of 

these cracks was also higher in hydrotested specimens. The larger growth of short cracks 

in hydrotested specimens was attributed to the plastic deformation-enhanced corrosion.  

4) The presence of cracks and pores in the mill scale caused localized corrosion of the 

underlying steel upon exposure to the soil solution. This localized corrosion was 

accelerated by the enhanced cathodic reactions on the mill-scale which resulted in the 

formation of deep pits. These pits were shown to facilitate crack initiation. 
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5) Crack occurrence in specimens with mill-scale was found to be five times more than that 

of without mill-scale. In addition, these cracks were deeper than cracks found in 

specimens with a polished surface. This indicated the higher crack growth rates in mill-

scaled specimens. 

6) The presence of primer on the mill-scale and confinement of pipelines by soil are 

expected to result in higher and prolonged enhanced corrosion under the mill-scale in the 

field pipelines.  

7.2 Recommendations for Future Work 

1) In this study, mill-scale and hydrostatic test were considered separately. If any synergistic 

effects exist between these two conditions, it can only be observed when both are 

considered together. Their combined effect may result in the much higher growth of short 

cracks in the NNpH environment. It is recommended to consider both conditions 

simultaneously.  

2) The observed effects of mill-scale and hydrotest on crack initiation were found at OCP 

condition in this study, assuming that the CP is fully shielded. Since their effects mainly 

are attributed to the increased corrosion levels, it would be interesting to know their 

effects when complete or poor cathodic protection is provided. In this condition presence 

of higher levels of hydrogen from CP can change the observed scenario. 

3) Since the gap size of real disbondments in the field changes along the length of 

disbondment. It is recommended that for conducting similar hydrogen permeation 

experiments, a disbondment geometry more close to the field be used. 

4) In the crack initiation experiments conducted in this study, a constant amplitude loading 

condition was used. Actual pipelines do not typically experience constant amplitude and 
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frequency pressure fluctuations, so it is recommended a loading condition more close to 

pressure changes in the field pipelines in selected in future crack initiation experiments. 

5) Since the mill-scale after six-month crack initiation test had been removed from most of areas 

on the specimens‟ surface, it is recommended to run shorter time tests to determine for how 

long mill-scale would be stable on the specimen. This may provide more information 

regarding the effect of mill-scale on the corrosion rate of its underlying steel. 
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Appendix A: Nickel Electroplating Procedure 

 

For a better cross-section characterization, some of the specimens were plated with nickel prior 

to mounting and cross-sectioning to preserve surface features. Nickel plating was performed 

using a two-electrode system and a power supply. The anode used was pure nickel and the 

cathode was the corroded pipeline steel specimen. An electrolyte containing 270g/ml 

NiSO4.6H2O, 45g/ml   NiCl.5H2O, 35g/ml Boric Acid, 0.2g/ml Sodium Dodecyl Sulfate (SDS) 

and 0.3g/ml Saccharin was used as the solution. This solution had a pH=4 at the time of Nickel 

plating. The corroded surface of specimens was initially cleaned of any corrosion product and 

then polished gently. Only the corroded surface was exposed to the Nickel plating solution and 

other surfaces were covered with a resin. A current density of 50 mA/cm
2
 was employed to 

deposit Nickel on the steel sample and the desired thickness of plated Nickel was achieved by 

selecting an appropriate time based on the Faraday‟s law [1].  
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