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RESUMO  

 

Aços de tubulação são amplamente utilizados para transporte de petróleo e gás natural em 

longa distância em ambientes agressivos. Trincas induzidas por hidrogênio (HIC) são um dos 

modos de falha mais importantes no ambiente em que se é usado. O hidrogênio atômico 

produzido durante a corrosão da superficial da tubulação difunde-se para o aço e as prende em 

locais de defeito, tais como inclusões, precipitações, interfaces de fase, ilhas martensíticas e 

contornos de grão. Estes átomos de hidrogênio se recombinam para formar moléculas de 

hidrogênio, levando à criação de pressão interna dentro do metal. Isso reduz a ductilidade, 

tenacidade e propriedades mecânicas, levando a nucleação e propagação do HIC. O objetivo 

principal desta tese foi encontrar uma correlação entre o papel da textura e a distribuição do 

caráter dos contornos de grãos com os núcleos de propagação e de nucleação das trincas. 

Finalmente, o tratamento termomecânico proposto produziu texturas cristalográficas 

favoráveis e aumentou significativamente a resistência ao HIC que é de grande interesse para 

a indústria petrolífera. 

Nesta tese, o aço API 5L X70 foi submetido a processamento termomecânico com várias 

temperaturas finais de laminação para produzir uma microestrutura similar com diferentes 

texturas cristalográficas. A evolução microestrutural e de textura foi caracterizada por 

microscopia eletrônica de varredura (SEM), difração de raios X (XRD) e difração de 

retroespalhamento eletrônico (EBSD). Em seguida, utilizaram-se ensaios padrões de HIC e 

experimentos electroquímicos com bombardeamento de hidrogênio para induzir fissuras HIC 

em aços de tubulação. Em seguida, a análise de EBSD foi realizada para mostrar a melhoria 

da resistência HIC através de processo termomecânico apropriado. O presente trabalho 

revelou que a melhoria significativa da resistência HIC foi obtida através da engenharia da 

textura cristalográfica por laminação isotérmica abaixo da temperatura de recristalização. A 

alta resistência ao HIC é muito importante para o transporte de petróleo e gás. 

As medidas de difração de retroespalhamento de elétrons (EBSD) foram feitas ao longo da 

trinca HIC em aço X70 após o teste HIC. Os resultados mostraram que os grãos de planos 

{001} que são paralelos à direção de laminação são mais propensos a propagação de HIC, e 

proporcionam um caminho preferêncial para a propagação da trinca. Os grãos que estão ao 

longo dos planos {110} e {111} são paralelos ao plano de laminação e se mostraram mais 

resistentes a nucleação e propagação de trincas. Além disso, os dados do EBSD revelaram que 

a elevada quantidade de recristalização sem energia armazenada por deformação é uma das 



 

 

principais razões para uma maior resistência ao HIC. Consequentemente, o aumento da 

quantidade de contornos de baixo ângulo e coincident site lattice relacionados à baixa 

indexação {hkl} e que correspondem aos planos densos é direcionado à engenharia de 

contornos de grãos para melhorar a resistência a HIC. Em conclusão, aumentar o número de 

grãos em planos {111} e {110}, objetivando a minimização de grãos em planos {001} e 

contornos de alto ângulo, leva a uma redução na nucleação e propagação de trincas e a uma 

melhora de resistência a fragilização pelo hidrogênio. 

Em geral, a principal descoberta deste trabalho revelou que a melhoria significativa da 

resistência HIC foi obtida através da engenharia de textura cristalográfica por laminação 

isotérmica a aproximadamente 850°C. Embora o cronograma de laminação sugerido no 

presente estudo difira da produção industrial estabelecida, foi alcançada uma melhora 

significativa na resistência ao HIC somente pelo controle da textura. Isto pode ser uma grande 

motivação para o desenvolvimento de um tratamento termomecânico alternativo com 

temperatura de laminação de acabamento mais baixa. 

 

Palavras-chave: Aço API 5L X70. Trincas induzidas por hidrogênio. Textura cristalográfica. 

 

 

 

 



 

 

ABSTRACT 

 

Pipeline steels are widely used to transport oil and natural gas in long distance in severe 

environments. Hydrogen-induced cracking (HIC) is one of the most important failure modes 

in sour environment. Atomic hydrogen produced during surface pipe corrosion diffuses into 

the steel and traps at defect sites such as inclusions, precipitations, phase interfaces, 

martensite islands, and grain boundaries. These hydrogen atoms recombine to form hydrogen 

molecules, leading to the creation of internal pressure within the metal. This reduces ductility, 

toughness and mechanical properties, leading to HIC nucleation and propagation. The main 

objective of this thesis was to find a correlation between a role of texture and grain boundary 

character distribution with HIC crack nucleation and propagation sites. Finally, proposed 

thermomechanical treatment produced favorable crystallographic textures and significantly 

increased HIC resistance which is of great interest to petroleum industry. 

In this thesis, API 5L X70 steel was subjected to thermomechanical processing with various 

finish rolling temperatures to produce a similar microstructure with different crystallographic 

textures. The microstructural and textural evolution was characterised by scanning electron 

microscopy (SEM), X-ray diffraction (XRD) and electron backscatter diffraction (EBSD). 

Then, HIC standard test and electrochemical hydrogen-charging experiments were used to 

induce HIC cracks in pipeline steels. Then EBSD analysis was carried out to show the HIC 

resistance improvement via appropriate thermomechanical processing. Present work revealed 

that significant improving of HIC resistance was obtained through engineering of 

crystallographic texture by isothermal rolling below non-recrystallisation temperature. The 

high resistance to HIC is highly important to oil and gas transportation. 

Electron backscatter diffraction (EBSD) measurements were done along the HIC crack in X70 

steel after HIC test. The results showed that {001} grains which parallels to normal direction 

are weak against HIC propagation, and provide a preferred path to crack propagation. 

Whereas, grains which lied along {110} and {111} planes parallel to rolling plane showed 

higher resistance against HIC crack nucleation and propagation and improved HIC resistance. 

In addition, EBSD data revealed that the high amount of recrystallization fraction with no 

stored energy is one of the main reasons for a higher HIC resistance. Consequently, increasing 

the fraction of low angle and coincidence site lattice boundaries related to low {hkl} indexing 

and correspond to the dense planes is targeted in grain boundary engineering to improve HIC 



 

 

resistance. Increasing the number of {111} and {110} grains, with the goal of minimizing the 

number of {001} grains and HABs, leads to a reduction in crack nucleation and propagation.  

In overall, the key finding of this work revealed that significant improvement of HIC 

resistance was obtained through engineering of crystallographic texture by isothermal rolling 

at approximately 850°C. Although the rolling schedule suggested in the current study differs 

from the established industrial production, a significant improvement in HIC resistance by 

controlling of texture only was achieved. This can be a great motivation for development of 

an alternative thermomechanical treatment with lower finish rolling temperature. 

 

Keywords: API 5L X70 steel. Hydrogen-induced cracking. Crystallographic texture. 
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CHAPTER 1 

INTRODUCTION 

This chapter briefly introduces the hydrogen-induced cracking (HIC) failure in 

pipeline steels and the objective of this thesis. 

1.1. Literature Review 

The predictions of the U.S. Energy Information Administration’s World Energy, 

fossil fuels will remain the primary source of energy until 2035 and that primary gas 

consumption will almost double between 2006 and 2035, whereas oil demand will 

rise by 1.6% per year for the same period [1]. Transportation of such amounts of gas 

and crude oil requires well-developed systems that operate under severe safety 

restrictions and varied environmental conditions. American Petroleum Institute 

(API) is the only national trade association that represents all aspects of oil and 

natural gas industry has specified the API standard as mainly used in natural gas and 

petroleum pipelines. API steels are characterized by their good mechanical strength, 

weldability and fracture toughness among other properties [2], which make them 

suitable for harsh environments, but also should provide economical and safe option 

to carry oil and natural gas along far distances [3]. 

The evolution of pipeline grades over the period 1949 to the present day and 

their associated yield strengths are shown schematically in Fig 1.1 [4]. However, the 

X70 and X80 grades are still the reference materials of today. The most important 

reason for restricting the application of the X100 and X120 pipeline grades despite 

their very high yield strengths is that these steels exhibit limited uniform elongations, 

that is, they cannot fulfill the requirements of strain-based design. In addition, these 

types of steels are made of low carbon and low alloy steels to guarantee a good 

weldability and low crack sensitivity coefficient. However, it may lead to poor 

hardenability for large diameter and heavy thickness pipes when quenched off-line. 

Table 1.1 illustrates the standards for X65, X70 and X80, but it can be modified by the 
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customer demands or the conditions in which the steels will be used. High strength 

steels such as API 5L X70, possess highly refined grain and high cleanliness. They are 

characterized by the low sulfur content and reduced amount of detrimental second 

phases such as oxides, inclusions and pearlite. 

Fig. 1.1: Timescale of the development of different HSLA steel grades and the 
corresponding level of yield strength [11]. 

 

Table 1.1: The specification of API 5L, (a) chemical composition [4] 

Steel 
Grade 

Chemical Composition in Mass% Mechanical properties 

C 
(max) 

Mn 
(max) 

P 
(max) 

S 
(max) 

Ni 
(max) 

V 
(max) 

Yield 
Strength 

(MPa) 

Tensile 
Strength 

(MPa) 

Yield 
Ratio 

X65 0.26 1.45 0.04 0.03 0.005 0.005 ≥ 448 ≥ 531 ≥ 90 
X70 0.23 1.65 0.04 0.03 - - ≥ 483 ≥ 565 ≥ 90 
X80 0.22 1.85 0.03 0.03 - - ≥ 552 ≥ 621 ≥ 93 

Since pipeline steels are extensively used for transportation of oil and natural 

gas for long distances, the demand for them has been increased considerably in recent 

years. No doubt, the hydrogen induced-cracking (HIC) phenomenon in pipeline steels 
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is the most important damage mode in sour gas and oil environments, which occurs in 

the form of surface blisters and/or internal cracks in the absence of applied stress. 

Atomic hydrogen produced during surface pipe corrosion diffuses into the steel and 

traps at defect sites such as inclusions, precipitations, phase interfaces, martensite 

islands, and grain boundaries. These hydrogen atoms recombine to form hydrogen 

molecules, leading to the creation of internal pressure within the metal. This reduces 

ductility, toughness, and mechanical properties, called hydrogen embrittlement [5,6]. 

The production, interaction and subsequent damage from hydrogen in steels are 

schematically shown in Fig. 1.2. 

Fig. 1.2: (a) Hydrogen production and the mechanism of hydrogen absorption into 
steel plate in a hydrogen sulfide environment, (b) hydrogen trap sites and (c) 
hydrogen pressure build-up between an inclusion and the metal matrix [7]. 

 

HIC depends on many metallurgical factors (i.e. chemical composition, 

segregation, microstructure, inclusions and microstructural defects [8,9]) occurs 

widely in steels used in corrosive environments in the absence of external strain. 

However, HIC susceptibility can be decreased by various procedures such as control 

of inclusion morphology and center segregations [10], sulfur removal and inclusion 

shape modification via Ca ladle treatment [11], heat treatment to remove the 
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absorbed hydrogen [12] and sensitization preventing (i.e. reducing the carbon 

content, and adding stabilizers such as niobium or titanium [13,14,15]). These 

strategies have not been totally effective for the elimination of HIC. Therefore, a novel 

method based on engineering the crystallographic orientation and grain boundary 

characteristics was developed [16]. 

Crystallographic texture analyses are considered as a new approach to 

improve the HIC resistance. Grain orientations, grain boundaries distribution and 

microstructure in pipeline steels depend on several manufacturing processes, such as 

the rolling conditions, cooling rate and start and finish rolling temperatures. However, 

it is a very challenging task to create an ideal texture and microstructure that have the 

highest resistant against HIC. Shukla et al. [17] have shown that the intensity of α 

({110}//RD) and γ ({111}//ND) fibers increased with the decrease in finish rolling 

temperature (FRT).  Venegas et al. [18] discovered a strong correlation between 

texture and mitigation of HIC in pipeline steel. The same authors also showed that 

{111} and {211} dominant textures decrease HIC susceptibility. It is reported that 

grain boundaries having planes of similar Miller indices are crack-resistant [19]. Also, 

Arafin et al. [20] documented that grain boundaries having the {100} grain orientation 

with <100> rotation axis are prone to cracking. Szpunar et al. [21,22] also papered the 

importance of grain boundary distributions ahead of the crack tip. They explained that 

low-angle boundaries (LABs) and coincidence site lattices (CSLs) are resistant to crack 

propagation through the formation of better lattice compliance in adjacent grains, 

whereas high-angle boundaries (HABs) with high stored energy provoke crack 

propagation.  

1.2. Motivation for the thesis 

Pipeline steels are widely used for long distances for the transportation of oil 

and natural gas in severe environment. The fracture of pipeline steels may also lead to 

the environmental catastrophy and significant economic losses. Hydrogen induced 

cracking (HIC) phenomenon is the most important failure mode, which occurs in the 

form of surface blisters and/or internal cracks in the absence of applied stress. Based 
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on National Energy report [1-4], 37% of the total number of failures in pipeline steels, 

between 2004 and 2014, was related to cracking. Various modifications of the 

process, such as use of micro-alloying elements to create fine non-detrimental 

trapping sites, control of sulfur, carbon and nitrogen and morphology of inclusions, 

have been examined to improve HIC resistance. However, these strategies have not 

been sufficiently effective to improve the HIC resistance in pipeline steel. In this thesis, 

it is focused on an innovative approach, based on texture and grain boundary 

character distribution, to better understand the mechanism of failure. If this role is 

better understood, it will increase the opportunity to improve the HIC resistance. The 

increase of HIC resistance results in improvements in the safety and reliability of 

transportation of sour gas and oil.  

1.3. Objectives of the thesis 

 Determine the effects of hot deformation and various post-treatments on 

microstructural and textural changes across thickness. 

 Determine the correlation between texture and mechanical properties of API 

5L X70 under different thermomechanical path. 

 Find a correlation between a role of texture and grain boundary character 

distribution with HIC crack nucleation and propagation sites 

 Proposed thermomechanical treatment produced favorable crystallographic 

textures and significantly increased HIC resistance which is of great interest to 

petroleum industry.  
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1.4. Thesis organization 

To fulfill the above-mentioned objectives, in the second chapter the influence 

of different thermomechanical paths on microstructure and crystallographic texture 

across thickness of API 5L X70 pipeline steel manufactured by hot rolling have been 

studied. Then the results of texture heterogeneity across thickness of API X70 

subjected to hot deformation and different post treatments was investigated and 

presented in the third chapter. 

In chapter 4, a rolling schedule based on engineering of crystallographic 

texture in the recrystallization temperature region associated with a post heat 

treatment of API X70 pipeline steel was proposed. In addition, the effects of 

microstructure and crystallographic texture on tensile properties of investigated steel 

subjected to different thermomechanical processing were studied and discussed in 

the fifth chapter. 

In chapter 6, firstly microstructure and microtexture in the vicinity of 

hydrogen induced cracks, in a plate taken from an in-service sour gas pipeline were 

examined to find a correlation between crack propagation and crystallographic 

textures. Then, a similar material with comparable chemical composition was cut and 

subjected to thermomechanical processing with various finish rolling temperatures to 

produce a similar microstructure with different crystallographic textures. Then, to 

verifying the role of macrotexture, microtexture, and mesotexture on HIC 

susceptibility in API X70 steels, hydrogen-induced cracking and electrochemical 

hydrogen charging tests were carried out in two different conditions: commercially 

produced and isothermally rolled at 850°C in laboratory. And the results were 

presented in chapter 7. Finally, the conclusions were listed in chapter 8.  
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Chapter 2 

Study of Texture and Microstructure Evaluation of Steel API 5L X70 

under Various Thermomechanical Cycles 

2.1. Review 

This work studies the influence of different thermomechanical paths on the 

microstructure and crystallographic texture across the thickness of API 5L X70 

pipeline steel manufactured via hot rolling using X-ray diffraction (XRD), scanning 

electron microscope (SEM), and electron backscattered diffrac-tion (EBSD). The 

starting materials were controlled hot-rolled at 1000°C to 44% and 67% reductions 

and subsequently heat treated with such processes as annealing, water quenching and 

quench tempering at three different temperatures to evaluate the microstructure and 

crystallographic texture changes across the thickness. The banded ferrite-pearlite 

microstructure of the initial material was changed to acicular ferrite, quasi-polygonal 

ferrite, granular bainite, martensite and retained austenite via different heat 

treatments. Moreover, different thermomechanical paths induced crystallographic 

texture variations across the thickness, e.g., {112}//ND, {111}//ND (γ fibre), and 

{011}//ND fibres dominated on the surface plane in contact with the rolls, whereas 

{001}//ND and particularly the (001)[110] texture component developed in the 

centre plane on which shear deformation has a zero value in this region. In this study, 

a simple interpretation of texture evolution was analyzed by comparison with the 

orientation changes that occurred during different rolling schedules and post-

treatment processes. 

2.2. Introduction 

Because pipeline steels are widely used for transportation of oil and natural 

gas over long distances, the demand for these materials has increased significantly in 

recent years. The mechanical properties of steels have been improved through control 

of microstructure and hardness, reductions in inclusion morphology, and use of low 
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segregated uniform microstructures [1]. In this study, control of the crystallographic 

texture through-thickness was proposed to improve the mechanical properties. 

Recent results have shown that at the grain scale, crystallographic texture and grain–

boundary distribution can play significant roles in defining the physical and 

mechanical properties of pipeline steels. These studies helped to postulate (though 

not to corroborate) that the resistance of low-carbon steels to the severe 

environments of pipeline service could be improved by controlling their 

crystallographic textures and grain–boundary distributions [2]. Therefore, the current 

research studies the development of crystallographic texture during hot rolling and 

subsequent dynamic recrystallisation. 

The study of crystallographic texture in high-strength low-alloy steels (HSLA) 

is highly important for better understanding of a diversity of metallurgical 

mechanisms and mechanical properties. To this end, the texture changes are related 

to the active slip systems, the crystallography modifications during the γ-α phase 

transformation mechanisms [3], and the general mechanical anisotropy of the 

textured material. Our specific interest in the evolution of texture in the current API 

X70 material emphases the aspect of texture inhomogeneity across the thickness. 

Deformation induced via thickness texture inhomogeneity is a common phenomenon 

in hot- and warm-rolled materials [4,5]. 

During casting, the surface is solidified at an earlier stage, and alloy elements 

are rejected into the centre of the thickness. Therefore, the centre segregation zone 

develops as a result of a non-uniform distribution of elements through the cross-

section. This segregation zone has a higher hardness than that of other regions. 

Matsumoto et al. [6] studied crack initiation susceptibility in high-strength pipeline 

steel and showed that the hard-ness of the segregation zone in a steel plate is a 

determining factor in increasing crack formation. Szpunar et al. [7] investigated 

hydrogen embrittlement (HE) in pipeline steel and found that the effect of the centre 

segregation zone on HE susceptibility can be removed by applying thermo-mechanical 

control processing (TMCP). 
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It is well known that anisotropy can play a significant role in formability and 

mechanical properties of materials. Therefore, much attention has been focused on 

control of anisotropy to improve products. Crystallographic orientation is one of the 

controlling factors of anisotropy. Experimentation and modelling have increased our 

knowledge of texture evolution during deformation and post-treatment and assisted 

in identifying process variations that can improve product performance. In most 

analyses of the textures developed via rolling, it is generally believed that plane strain 

conditions are applied during rolling [8]. Asbeck and Mecking [3] showed that texture 

inhomogeneity results from non-uniform shear deformation that occurs during 

rolling, whereas surface texture is caused by the surface roughness of the rolls. This 

shear deformation has a zero value in the centre plane but reaches a maximum value 

at the surface. A high value of hardness at the surface results from work hardening 

caused by additional shear strain due to friction between the rolls and sheet. It was 

found that a large amount of additional shear strain is applied to the surface of a cold-

rolled sheet due to friction between the rollers and sheet surface if rolling is 

performed without lubrication [9]. The remaining shear stress causes textural and 

micro-structural inhomogeneity along the thickness direction. The texture 

heterogeneity becomes more pronounced under conditions of high friction. The 

surface shear textures developed in bcc metals include {001}<110> and {111}<110> 

components [10]. However, through-thickness variations in texture are also 

influenced by the properties of the material. 

 In bcc materials, slip occurs in the close-packed <111> directions, but the slip 

plane could be any of the {110}, {112} or {123} planes; each of these planes contains 

the close-packed slip direction o1114. The choice of slip plane is influenced by the 

deformation temperature. At temperatures below Tm/4 (Kelvin temperature), {112} 

slip occurs; between Tm/4 and Tm/2, {110} slip is preferred; and at temperatures 

above Tm/2, {123} is favoured. At room temperature, iron slips on all three planes in 

a common o1114 direction, and the term “pencil glide” is used to describe the nature 

of the slip process in this case. One consequence of such slip is the wavy nature of the 

slip lines observed on the pre-polished surfaces of deformed specimens. Fig. 1 shows 
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the elastic modulus of iron single crystals as a function of crystal direction. Clearly, the 

elastic properties strongly differ from the well-known bulk modulus of 210 GPa 

(dotted line), which is only obtained in an isotropic, i.e., texture-free, material [11]. 

Fig. 2.1: Elastic (Young’s) modulus E of single-crystalline iron as a function of crystal 

direction [10] 

 

Post-treatments are defined as controlled heating and cooling of the materials 

to obtain a favoured microstructure and desired properties. Low carbon and alloy 

steels are the most widely used materials in the oil and gas industries, and the wide 

range of properties that can be obtained through various heat treatments is one of the 

main reasons for their widespread use. Changes in the crystallographic orientation 

distributions, microstructure, and mechanical properties during post-treatments can 

be obtained in the end product provided that the size of the part does not exceed the 

hardenability limits of the alloy. The most common methods of heat treatment 

imposed on carbon and low-alloy steels are austenitising, quenching and tempering, 

normalising, austenitising, quenching, and tempering. This transformation hardening 

process is generally referred to as the quenching and tempering process. This paper 

presents the effects of hot deformation and various post-treatments on the 

microstructural and textural changes across the material thickness. Samples of API 

X70 pipeline steel [12] were produced using different thermo-mechanical processes, 

including austenisation, controlled hot rolling, recrystallisation and quench 
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tempering, and are studied across the thickness using XRD, SEM and EBSD techniques. 

The studied specimens demonstrate similar micro-structures with various 

crystallographic textures and grain–boundary distributions through the thickness. 

These results support the hypothesis of improved mechanical properties and 

crystallographic texture through controlled hot rolling with post-heat-treatment, thus 

reducing the susceptibility of pipeline steels to hydrogen damage. 

2.3. Experimental procedure 

The starting material was a piece of API 5L X70 with an 8.5 mm thickness. The 

chemical composition is specified in Table 1. The starting samples were solution heat 

treated at 1473K (1200°C) for 1 h to homogenise the sample and remove 

microsegregations. Energy-dispersive X-ray spectrometry (EDX) was performed to 

confirm that undesirable inclusions such as MnS were completely removed during 

homogenisation heat treatment followed by controlled hot rolling at 1000°C to 5 mm 

and 3 mm in three and four passes, respectively, in a laboratory mill. After hot rolling, 

one portion of the strips was cooled in air to room temperature, and the other portion 

was quenched in water. Finally, tempering processes were performed at 600°C, 650°C 

and 700°C. Hardness measurements and SEM observations were used to ensure 

complete recrystallisation with no substantial grain growth. The specimens produced 

by mentioned procedure has shown the different microstructures and 

crystallographic textures that analyzed subsequently. 

Table 2.1: Chemical analysis (emission spectrometry) of API X70 (in wt %). 

C Si Mn S Al Cu Cr 

0.0991 0.2585 1.6641 0.0059 0.042 0.0143 0.0214 

P Ni Mo Nb Ti V Niobium+Vanadium+Titanium 

0.0182 0.0223 0.8164 0.0615 0.019 0.0496 0.1302 

For microstructural analysis, the cross-sections (RD-ND) of all specimens were 

ground with 120-grit, 220-grit, 400-grit, 600-grit, and 1200-grit SiC papers and 

polished with 6 mm, 3 mm and 1 mm diamond paste suspensions, respectively. Next, 

samples were etched with a 2% Nital solution to determine the microstructure using 

scanning electron microscopic. 



32 
 

 
 

Macro-texture measurements were collected at different layers along the RD–

TD sections to study the inhomogeneity of texture across the thickness at the surface 

and the one-quarter and centre layers. Three incomplete pole figures, i.e., {110}, 

{200}, and {211}, were measured using a Co goniometer. The ODF of each sample was 

determined from the measured pole figures using the M-text software. Bunge's Euler 

angles were adopted to describe the orientations, and the φ2 = 45° section of Euler 

space was used to display the computed ODFs. 

The EBSD analyses were conducted specifically on the surface and centre 

layers to collect micro-texture and meso-texture data from the test samples on the 

transverse (RD-ND) plane. Grain boundary distributions were defined in the EBSD-

derived microstructures by the presence of a point-to-point misorientations greater 

than 3°. 

2.4. Result and Discussion 

2.4.1. Metallographic Inspection 

Fig. 2 shows typical SEM images taken from the RD-ND cross-sections of 

specimens after hot deformation and post-treatments. The API steels are categorised 

as an HSLA steel type that can obtain various microstructures and mechanical 

properties via different heat treatments. The starting X70 material possesses a 

banded ferritic-pearlitic microstructure (Fig. 2a) with quasi-polygonal ferrite due to 

the formation process. This morphology indicates that partial re-crystallisation took 

place during the hot rolling process. The hardness and ferrite grains size were 

measured and illustrated at 16575 HV and 871 μm, respectively. Selected previous 

studies explained that certain inclusions such as MnS in the microstructure provide 

preferred sites for crack formation and facilitate paths for crack propagation [13]. 

With respect to the possible influence of MnS inclusions on the results of the study, 

two important aspects should be considered. First, the distribution of MnS inclusions 

is the same for all sets of specimens produced by the thermomechanical processes and 

post-treatments followed by austenisation. Second, these processes are not expected 
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to notice-ably change the shape, amount, or distribution of MnS inclusions because of 

the relatively mild combinations of deformation degree and temperature involved. 

Therefore, the influence of MnS inclusions on the observed damage susceptibility by a 

group of samples is assumed to be the same in all groups and takes place during crack 

nucleation [1]. To eliminate the MnS inclusions, heat solution treatment at 1200°C for 

1 hour was performed. Austenisation above the Tnr (non-recrystallisation) 

temperature followed by air-cooling developed the upper bainite and acicular ferrite 

and martensite austenite islands (M/A islands) (Fig. 2b). Bainite sheaves were 

nucleated at the prior austenitic grain boundaries and surrounded by iron carbide 

particles. The ferrite plates in the bainitic microstructure are nucleated at the 

austenitic grain boundaries and form packets consisting of parallel plates with similar 

crystallographic orientations [1]. Moreover, in medium-and low-carbon steels [3,4], 

the acicular ferrite formation is associated with a beneficial mixture of strength and 

toughness properties. The achieved toughness values of the acicular ferrite 

microstructure could be related to the increased density of the high-angle grain 

boundaries (HAGBs) found among primary ferrite plates with high dislocation density. 

Because the boundaries act as strong obstacles to propagation of cleavage cracks, they 

force these cracks to change the microscopic propagation planes to accommodate the 

new local crystallography [14]. It is difficult to determine the grain size of these 

structures, but the average grain size and hardness were estimated as 1371 μm and 

19575 HV, respectively. During austenisation heat treatment, the grain size showed a 

gradual increase over that of the starting samples, from 8 mm to 13 mm. This 

phenomenon was expected due to annealing temperature and time in the furnace. In 

pipeline steels, austenite first transforms into polygonal ferrite during continuous 

cooling, and carbon concentrates in the remaining austenite. At lower temperatures, 

this transformation becomes more difficult until the retained austenite transforms 

into acicular ferrite. Thus, the retained austenite is stabilised by an enriched carbon 

zone. Because this transformation can take place satisfactorily at temperatures 

greater than 500 1C, the carbon content in the remaining austenite can be quite high. 

Next, during the cooling, the remaining austenite with high-carbon content transforms 
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into granular discrete island constituents that are martensite lath-like when the 

temperature reaches the martensitic transformation point [15]. 

After deformation, the microstructure consisted of polygonal ferrite and quasi-

polygonal ferrite grains (Fig. 2c) as a result of full re-crystallisation at a higher 

temperature range (4900 1C), and the increase in hardness from 165 HV to 190 HV 

has been associated with ferrite grain refinement. Hu Anmin [16] reported that for a 

multi-pass hot deformation path at a temperature range from 1100 1C to 550 1C, 

grain refinement mechanisms include re-crystallisation of austenite and ferrite, either 

simultaneously or interactively. At the same time, deformation-enhanced re-

crystallisation takes place more easily by decreasing the driving force of re-

crystallisation nucleation. 

Water quenching following hot rolling produced a material that was essentially 

composed of low-carbon lath martensite and small amounts of retained austenite. The 

martensite laths were detected at several microns (Fig. 2d). The laths were normally 

separated by low-angle grain boundaries (LAGBs) and were highly distorted. Water 

quenching generates a large number of dislocations in the grain interiors, and 

dislocations become trapped at the sub-boundaries. Piled-up dislocations at the sub-

boundaries change the sub-boundaries into LAGBs with higher stored energy. As a 

result, the hardness was increased significantly to 34875 HV. Moreover, a notably 

small amount of retained austenite was observed between the martensite laths. Thus, 

the carbon content at the grains decreases, and thus, the tetragonality of the lath 

martensite declines. The crystal structure of the lath martensite with carbon content 

below 0.2% is essentially body-centred cubic (bcc). Speich et al. [17] has reported that 

in low-carbon steel (c o 0.2%), carbon diffusion in martensite during quenching is 

sufficient to form segregation of dislocations and lath boundaries. This carbon motion 

is attributed to the only slightly destroyed bcc structure. In other words, tetragonality 

distortion induced by solute atoms at octahedral sites could be ignored in the bcc 

lattice. 
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Fig. 2.2: Micrographs of the material a) starting, b) heat solution treatment, c) 67% 

reduction, d) quenched in water, e) tempered at 600 °C, f) tempered at 650 °C 

 

E. Anelli and D. Colleluor [18] declared that for linepipes of X65 and X70 

grades, the tempering temperatures should be greater than 600 1C to produce the 

best toughness levels suitable for satisfying the specifications requirements, especially 

after strain aging. At temperatures above 600 1C, the lath structure is partially 
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recovered, dislocation annihilation can take place, and moderate dislocation density 

can result. In addition, re-crystallisation of ferrite begins in certain areas. New strain-

free re-crystallised austenite grains can develop at aging temperatures of approxi-

mately 640 1C. The AC1 temperature for the steel is approximately 643 1C, which is in 

good agreement with previous reports [19]. The new austenite was formed within the 

prior-tempered-martensite, which is characterised as HAGBs; therefore, these 

locations are known as preferred sites for heterogeneous nucleation. The growth of 

this new austenite occurs both perpendicular and parallel to the grain boundaries. 

Misorientation between adjacent grains provides a driving force for grain growth. At 

low aging temperature (approximately 450 1C), the steels still exhibited a lath 

martensite structure with a high dislocation density similar to that of the water 

quenched condition because long-range disloca-tion migration cannot take place. The 

Nb(C, N) precipitates are revealed due to carbon extraction models at this 

temperature. Additionally, these Nb(C, N) particles could be formed during hot 

deformation and post-treatment. During aging at 500 1C, recovery occurs at the 

earlier stages, and an apparently fully recovered microstructure is observed in high 

SFE metals such as iron. The volume fraction of the new austenite was shown to 

increase significantly if the steel was aged for 1 h above 650 1C. The new austenite 

transformed predominantly into highly dislocated lath martensite and retained new 

austenite upon cooling from higher aging temperatures. At an aging temperature of 

650 1C, nucleation of a new phase was observed at certain of the prior lath boundaries 

(Fig. 2e and f). Finally, the new set austenite was transformed due to the softer 

bainitic structures that followed water quenching. After tempering at 700 1C, the 

microstructure of X70 contains bainitic ferrite and granular bainite, and the M/A 

constituents on the grain boundaries are fully decomposed. Bainite lath merges to 

form wide laths, and thus, the original austenite grain boundary is not clear. 

Therefore, the boundaries of the laths become vague. The M/A island constituent 

between the original laths is broken down and refined, leading the existence in the 

interior of wide laths. The sub-structure of granular bainite vanishes, and the M/A 

islands turn into tiny and spotty particles because of gradual collapse. The 

microstructure primarily consists of intergranular ferrite with bainite. It is clear that 
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intragranular ferrite and parted fine lath bainite have high strength and good 

toughness. The transformation behaviour of this newly formed austenite is highly 

important because it appears to have a solid and direct influence on the final 

properties. In the initial stages of its development during aging, austenite becomes 

rich in carbon, which makes the austenite highly stable even if the steel is air cooled to 

room temperature. The austenite in this condition is free of dislocations, and a 

precipitate-free zone is observed surround-ing it [15]. In conclusion, as the aging 

temperature increases, the amount of alloying elements in solution in the new 

austenite also increases. This process acts to lower the Ac1 and leads to the formation 

of new austenite at lower aging temperatures. Thus, austenite begins to form in 

matrix structures of higher strength levels. 

In general, hardness is taken as a measure of resistance against deformation. 

Thus, all strengthening mechanisms apparently decrease the dislocation movement 

and increase the stress required to move the dislocations through the material. The 

investigated specimens in the water-quenched condition demonstrate much of their 

strength due to carbon in solution in martensite and the high dislocation density in 

the laths of the alloyed martensite. Moreover, alloying elements that are present as 

substitutional atoms provide fairly small increases in hardness. Researchers have 

described the hardness and strength increase in terms of a modulus interaction 

theory, i.e., the dislocation decreases the obstacle but the line tension of the 

dislocation within the obstacle is reduced; hence, additional work is needed to pull the 

dislocation out of the cluster. The hardnesses of water-quenched samples are sensibly 

high values of 315 HV and 348 HV for 46% and 66% thickness reductions, 

respectively. Loss of coherency due to coarsening of precipitates and commencement 

of the recovery and re-crystallisation process of the matrix occurs during aging at 600 

1C, which results in a reduction of the hardness values to 276 HV and 294 HV, 

respectively. Because of these softening effects, a continuous decrease in strength is 

observed in the steels. Formation of the new set of austenite grains in age tempering 

at 650 °C has shown important effects on hardness as well. Finally, with 700 °C 
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tempering, the sample shows a bainitic structure, and a softening process takes place 

that produces respective hardness values of 220 HV and 235 HV. 

2.4.2. Textural evolution in processing  

Many studies have been performed on the rolling texture of bcc material, but 

the texture inhomogeneity during formation has not yet been clarified. One promising 

approach to providing a better understanding of the underlying orientation changes of 

the crystallites follows the texture formation during rolling and post-treatments using 

three-dimensional ODFs as a replacement for the pole figures that have been mostly 

used until now. Because the pole figures give only incomplete and qualitative 

information on the true orientation distributions, the use of ODFs permits the 

observation of many details that are possibly important for explanation of texture 

formation [20]. Via ODF analysis of the texture evolutions through the thickness, 

certain useful evidence has been discovered such that the texture of material during 

deformation and post-heat treatment can be calculated in three planes. Fig. 3 shows 

that the macro-texture of selected important samples (initial, normalised, quenched 

and quench tempered specimens) in three planes, i.e., surface, one-quarter and centre. 

The ODFs reveal that the texture and grain structure of the starting material is mostly 

random and homogenous and that the grains have a nearly equiaxed shape that is a 

common type of grain orientation during hot production (t=1200 °C). The starting 

material reveals dominant {001}//ND and γ-fibres of which the Starting material 

reveals a dominant {001}//ND and γ- fibers which (001)[11̅0] and (112)[11̅0] 

components have the more intensity. (001)[110] components indicate that some of 

the austenite cube grains were present even after the finish rolling operation due to 

the partial recrystallization of the γ-phase [8] because of the long distance of the slip 

planes in bcc material. Venegas [2] has shown that the cleavage along the {001}//ND 

planes propagated as the main cause of transgranular crack growth in the rolling 

plane as well as the crack deflection in the ND direction. It is known that the through-

thickness microstructure and texture gradients inherited from hot rolling are often 



39 
 

 
 

preserved to a certain extent after re-crystallisation; this observation applies in 

particular to the (001)[1 1 0] texture in the centre layers. 

The γ and {110}//ND fibres are developed by rolling reduction corresponding 

to the relative ODF (Fig. 3b) at the near surface layer. The shear deformation due to 

the friction between the rolls and strip distributes non-uniform shear deformation 

across the thickness. In bcc material, the {110} and {112} planes are the main slip 

planes and are responsible for deformation. In the vicinity of the grain boundaries 

regions, the crystal rotation is constrained by the interaction among the dislocations, 

neighbouring grains, and carbon in solution such that (112)[111] becomes the main 

slip system due to work hardening of the (110)[111] slip systems [13] and additional 

resistance to crack formation. In contrast, at the centre plane, dynamic re-

crystallisation dominates to form {001}//ND fibres, and (001)[110] has the main 

effect of resistance in the material due to partial re-crystallisation of the γ-phase [9]. 

Chowdhury et al. [21] reported that during annealing, the weak brass (110)[112] 

texture component with rotation towards the Goss (110)[100] was observed in re-

crystallised austenite. During hot rolling, deformation mechanisms are strongly 

affected by the alloy composition. The amount of stacking fault energy (SFE) controls 

the cross-slip, thus allowing different deformation mechanisms to be activated at 

different stages of deformation. As the SFE decreases and the stacking faults become 

larger, cross-slip becomes more difficult and mechanical twinning is favoured. Most 

ferritic steels and high-to-moderate SFE metals tend to form extended stacking faults, 

and plastic deformation occurs by slip and long-range dislocation migration. These 

different lattice defects strongly influence the stress–strain response and the 

evolution of the texture during cold rolling. It could be concluded that slip is the 

deformation mechanism at the early stages of deformation of austenite, whereas 

twinning plays the dominant role at higher levels of deformation. 
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Fig. 2.3: Texture components in a constant φ2 = 45° section of the ODF a) Starting, b) 
Hot deformed material 67% red., c) water quenched after deformation and d) 
Tempered at 700°c. 
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The intensity of the α-fibre texture components increased during rolling except 

for a remaining local texture maximum on the fibres at the (001)[110] component. 

This effect is deduced from the texture development in rolled bcc alloys. Generally, the 

α-fibre texture components steadily increase during rolling deformation [22]. It is 

expected that the (112)[110] texture component strongly develops via plane strain 

deformation during rolling. The fact that this prominent deformation texture 

component is rather weak on the surface plane is therefore primarily attributed to re-

crystallisation. In this respect, the drop in the orientation density of the (112)[110] 

orientation might be ascribed to the favourable orientation relationship for re-

crystallisation between the (112)[110] deformation component and the (111)[112] 

re-crystallisation component, which is commonly observed in low carbon and alloy 

steels [17]. Although partial re-crystallisation was observed previously in other 

warm-rolled bcc alloys at high strains, the necklace-type morphology of the newly re 

crystallised grains, as observed in the current case, is rather uncommon due to the 

high SFE and dislocation annihilation that takes place widely during recovery. In other 

words, according to hot deformation conditions, the slip planes in the bcc structure, 

which are inactive at ambient temperature, are activated such that no necklace 

structures are observed along the former grain boundaries. In addition, the sample 

reveals both fully re-crystallised zones and certain rather long as-deformed grains 

that do not contain re-crystallised crystals. 

The specimen that was water quenched following hot rolling exhibits a 

columnar grain structure near the surface plane, as shown in Fig. 3c, which is parallel 

to the heat conductivity direction. The formation of new strain-free grains is quite 

heterogeneously distributed in the microstructure in the thermal choked region and 

creates a large number of dislocations during quenching. The texture consists 

primarily of orientations on the γ-fibre with a stronger (111)[112] and a weaker 

(111)[110] orientation. Rapid quenching in water followed by tempering after hot 

rolling creates a new microstructure that is rather inhomogeneous across the 

thickness. The higher intensities of the {001} fibre and γ-fibre could result from an 

appropriate choice of finishing temperature for hot rolling and optimal annealing 
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conditions immediately following the last pass of hot rolling. Hot band annealing with 

phase transformation leads to a heightened intensity of the Goss and cube texture. It 

also has been confirmed that a coarse-grained hot band structure produces a higher 

intensity of Goss texture [14]. Fig. 3d shows that the tempered sample after quenching 

exhibits the ideal γ-fibre texture characterised by the presence of (111)[110] and 

(111)[112]. The γ-fibre texture represents the {111}//ND texture, where the <111> 

directions of the crystals are aligned along the normal direction of the sample. In 

contrast, the undesirable (001)<110> texture component exists in the centre plane of 

all samples during thermomechanical paths. The results confirm that the crack would 

more likely nucleate and propagate in the centre because the lack of sufficient slip 

planes in this region makes it more prone to crack formation. The crystallographic 

texture is dominated by a strong (111)[112] texture component that might be 

attributed to the well-known pronounced nucleation and growth of this orientation 

into deformed {111}<uvw>- and (112)[110]-oriented deformation microstructure 

[23]. Because we discussed that the (001)[110] texture component was strongly 

recovered in the centre layer of the material, we should also consider that the texture 

observed in Fig. 3d could result from both re-crystallisation and subsequent grain 

growth. 

2.4.3. EBSD Studies 

The influence of plastic and shear deformation distributions across the 

thickness and the influence of microstructure and local texture through the material 

were studied using the EBSD technique. To investigate the texture heterogeneities due 

to shear deformation across the thickness, the crystallographic characteristics of the 

specimen that was age-quenched at 700 1C at the centre and two regions of the 

surface plane were examined with the EBSD technique. The EBSD crystal orientation 

maps and the ODF of the quench-tempered specimen (at 700 1C for one hour) are 

presented in Fig. 4. It is worth mentioning that the crystallographic analysis that was 

performed on a small specific region obtained by EBSD could not represent the 

crystallographic orientations of entire sample but could provide valuable and 

attributable information for a better understanding of the textural evaluation during 
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hot deformation and post-heat-treatments. The HAGBs were defined as containing 

misorientations greater than 151. Generally, these types of grain boundaries can be 

used as a crystallographic criterion for the main grain boundaries. The LAGBs were 

defined with misorientations of 2–151. A total of 437, 400 and 325 grain boundaries 

were investigated in samples a-c, respectively, to assess whether the EBSD-based 

microtexture measurements are representative of the bulk sample [12]. 

Fig. 2.4: EBSD Orientation maps and ODF of quench tempered sample at 700 °c for one 

hour a,e) center and b,f) surface plane I, c,g) surface plane II . (d) Unit triangle of 

inverse pole figure showing the crystal alignment with respect to the rolling direction, 

RD, of the rolled plates. 

 

The XRD and energy dispersive X-ray (EDX) tests were per-formed to confirm 

that the final structure after all thermomechanical heat treatment paths has a bcc 

lattice. This observation is also confirmed by the EBSD analysis, which produced no 

evidence of second phases in the matrix. Various thermomechanical paths, including 

hot rolling and post-treatment, demonstrated that the grain structure was uniform, 

randomly oriented, and nearly equiaxed due to re-crystallisation. The uniform 

structure in the initial sample plays an important role for texture evolution during 
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subsequent processing because coarse grains and/or preferred casting textures 

usually entail strong inheritance effects. Micro-structure (and texture) inheritance 

implies that preferred casting textures could lead to warm rolling microstructures 

that undergo strong recovery instead of re-crystallisation [20]. Grain rotation during 

re-crystallisation has an important effect on non-uniform deformation due to 

dislocations trapped at the boundaries, which lead to new directions to reduce 

internal energy. Grain non-uniformity strain is related to two reasons: first, the 

absence of sufficient slip systems to satisfy the Von Mises criterion, and second, the 

plastic anisotropy that can be imposed by exterior restraints such as high-friction end 

pieces in a deformation experiment (which is likely what occurred during rolling) 

[24]. In this explanation for the difference grain shape and size observed in three 

different regions, the grains are fully re-crystallised at the near surface region, and 

dynamic recovery is observed at the centre plane. 

At the centre plane, no relevant re-crystallised areas appear in the micrographs 

and EBSD maps. The texture evolution in this region is characterised by the steady 

evolution of (001)[010] and (111)[1 1 2] (as Liu and Xie [16,21] have also reported), 

and the texture orientations of the resultant specimens after quenching and re-

crystallisation correspond between the parent austenite and the product martensite 

phases. Thus, it could be deduced that the (001)[010], (010)[001], (111)[211] and 

martensitic texture components could originate from a single austenite (110)[110] 

texture. At the same time, column grains are related to bainite and martensite laths. In 

the surface layer of the first specimen (sample I), α-fiber is built up such that 

(111)[110] and (111)[011] were intensively developed. In addition, at the near 

surface plane II, {110} ND is predominant, whereas (111)[112] has the most powerful 

texture component. The transition from the (111)[110] to (111)[112] orientation 

might be introduced by the re-crystallisation process and partially by the increasing 

deformation. Grain-size calculations were performed for each map, and 8 µm, 12.5 µm 

and 15 µm sizes were assigned. As the strain increases due to shear deformation 

during rolling, large grains are divided into relatively large sub-grains that are 

gradually misoriented to form a number of new grain boundaries. It is interesting to 
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note that only the largest sub-grains rotate, whereas the smaller scale sub-boundaries 

maintain low misorientations. The grains that develop are a composite of original and 

newly accreted material sur-rounded by a mixture of migrated old and new grain 

boundaries [22]. In other words, development of the deformation zone occurs with 

large cumulative lattice misorientations adjacent to the grain boundaries, and finally 

one sub-grain growth consumes the entire deformation zone such that a new grain-

free nucleus is formed. 

The strong through-thickness texture and microstructure image that are also 

observed in hot-rolled specimens are a consequence of the macroscopic gradients in 

shear and temperature that occur during hot rolling, as explained previously. The 

centre layer is principally deformed by a plane strain deformation condition, which 

leads to the formation of a strong deformation-induced (001)[010] texture 

component. The grains in this region normally display elongated pancake-type 

morphology relative to the hot-rolled sheets intensively, as observed in the current 

case, when recovery dominates intensively. Recovery is particularly important for the 

preservation of certain α-fibre texture components, particularly in the (001)[010] 

orientation. Dislocation annihilation during recovery of high SFE material suppresses/ 

retards re-crystallisation. This process has a small nucleation rate for re-

crystallisation because it typically encounters weak inherited deformation induced in 

the grain orientation gradients, which could endorse the formation of new HAGBs 

during nucleation. The rolling texture components in the centre layer, which 

essentially are shaped by a plane strain deformation condition, can generally be well 

ascribed in terms of crystal plasticity deformation models of bcc metals. These models 

all predict the formation of a strong (001)[010] and (112)[111] texture component 

assuming certain grain scale relaxation, and either the (110)[111] plus (112)[111] or 

even the (110)[111], (112)[111] and (123)[111] slip systems are activated with 

similar critical resolved shear stress. The retention of a strong (001)[010] texture 

component in conjunction with recovered pancake grains is a common observation in 

the centre plane of hot-rolled and annealed specimens [10]. 



46 
 

 
 

The near surface layers of the hot-rolled specimen are categorised by a strong 

shear deformation. The values of the orientation distributions of the shear 

components (110)[001] (Goss), (110)[112] and (4411)[11118] correspond to the 

profile of the shear strain that results from the effect of the temperature on the stress 

and the through-thickness zone. The Goss orientation is known to be developed due to 

shear strain in bcc metals [22]. The strong Goss component at the near surface of the 

hot-rolled specimen corresponds to the ideal shear texture. However, the Goss 

orientation is not only a strong shear texture component, but it is also typical of both 

as-rolled and re-crystallised grains after heavy shear deformation. This process 

induces a stable deformation-induced orientation in small volume fractions during 

heavy shear deformation and as a dominant re-crystallisation component when these 

small Goss oriented texture regions grow into the heavily strained neighbouring 

matrix. The {112}o1114 orientation, which is close to the ideal {4411}o111184 shear 

component, is essentially introduced by shear deformation but not by re-

crystallisation. 

Crack formation susceptibility is primarily related to grain boundary 

distributions, i.e., mesotexture, that results from the texture that developed during 

deformation and re-crystallisation. The large number of {001}//ND grain orientations 

that developed at the centre layer of specimens leads to the harmful effects on crack 

resistance and facilitates crack formation. The main outlook is presented by Venegas 

et al. [25]; low-resistance cleavage paths associated with transgranular cracks in the 

rolling plane provide preferred paths for crack propagation, whereas grains with 

orientations within 151 of the ideal {001}//ND texture fibre can also enhance this 

propagation. Venegas explained that the {001} cleavage planes are oriented nearly 

parallel to the rolling plane; therefore, crack propagation along these planes and along 

the rolling plane of the pipe wall are facilitated considerably. Second, a large number 

of grains with an orientation of the {001}//ND fibre could facilitate intergranular 

crack propagation along the LABs shared by neighbouring grains with the same 

orientation. Undoubtedly, the LAGBs between these grains are of the low-energy type. 

However, contrary to what occurs in LAGBs shared by non {001}//ND grains, the 
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{001} cleavage planes on both sides of a grain boundary shared by {001}//ND grains 

are close to the rolling plane. Therefore, as previously reported [16,17], LABs shared 

by {001}//ND also provide low-resistance paths to an intergranular cleavage-like 

propagation of damage in the rolling plane of the pipe wall [2,12,26]. 

At the near surface layers of specimens, crystallographic textures such as γ, 

{112}//ND, and {110}//ND were extensively developed. In addition to the reasons 

mentioned in the introduction to this paper, which make pipeline steel with such a 

texture less susceptible to crack formation and propagation, other processes that help 

improve steel's resistance to crack initiation can be mentioned. Arafin et al. [27] has 

reported that the above-mentioned texture orientations hinder or impede 

transgranular crack propagation on the rolling plane. The γ-fibre grain orientations 

have unique behaviours that can accumulate large plastic deformation if cracks are 

sufficiently close to induce interaction and coalescence. In these grains, the crystal 

lattice is able to rotate following the orientation of the maximum shear stress to 

minimise the effects of crack interaction. Thus, this process allows these materials to 

suffer large plastic deformation during the process without breakdown. This texture 

improves the resistance of the steel to cracking by reducing the driving force for 

growth of interacting cracks with a consequent reduction in the probability of 

coalescence of closely spaced, non-coplanar cracks. In addition, the surface plane of 

the group of samples is particularly attractive with respect to crack formation 

resistance because it exhibits a considerably reduced number of HABs. Consequently, 

an increased number of LABs can be found in this group with respect to the damage-

stricken samples. Furthermore, the fact that γ- fibre dominates the texture of two of 

these samples contributes to the increase with respect to LAGBs shared by the 

{001}//ND neighbouring grains and the well-known resistance offered by LABs to 

intergranular crack propagation. It has been reported [2] that LABs with a o1114 

disorientation axis have lower grain–boundary energies than LABs with a o1004 axis. 

Therefore, a steel with a strong {111}//ND texture is expected to show a reduced 

susceptibility to damage because of the increased presence of low-angle boundaries 

with the lowest possible energy. 
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Shear deformation due to friction generates a large number of dislocations 

throughout the specimens; however, as mentioned previously, dislocation 

distributions across the thickness are inherently non-uniform. Moreover, water 

quenching followed by hot deformation leads to a significant increase in the 

dislocation density. Additionally, tempering at relatively high temperature (at 700 1C) 

can enhance dislocation annihilation due to long-range migration. However, many re-

crystallised grains are observed at EBSD maps, especially at the near surface layers. 

Thus, the grain boundary distributions with consideration of the grain boundary types 

(LAGBs, HAGBs, and CSL) and the relative frequencies obtained from EBSD maps are 

shown in Fig. 5. Static re-crystallisation cannot occur bellow Tnr (non-

recrystallisation temperature). Thus, strain accumulates at the sub-grains, leading to 

pancaking of the grain shapes, which is observed at the centre plane of the 

investigated specimen. Burke and Turnbull [28] have reported that during 

deformation and post-treatment, tempera-ture facilitates dislocation and long-range 

migration at the grain interior. Next, dislocations are trapped at the sub- grain and 

grain boundaries, a process that piles up dislocation and increases the dislocation 

density, leading to transfer of LAGBs into HAGBs and providing a driving force for re-

crystallisation. Finally, the newly re-crystallised grains are surrounded by HAGBs, 

whereas the interiors of the grains contain relatively little dislocation. The significant 

increase observed at both surface planes of the investigated specimen prove that re-

crystallisation has taken place at the surface during post-heat-treatment. It is worth 

mentioning that the frequency of CSL boundaries is not changed significantly at the 

mentioned planes. 
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Fig  2.5: Volume fraction of LABs, HAGBs and CSLs at center, surface plane I and 

surface plane II of quench tempered specimen 

 

2.5. Conclusion 

The principal conclusion obtained from the results is that it is feasible to improve 

the physical and mechanical properties of pipeline steels using crystallography 

texture control and grain boundary engineering. 

- During rolling deformation, shear texture developed at the surface layer is 

dominated by {111}//ND and {110}//ND, which create additional resistance to 

damage. 

- Thermomechanical paths create {111}//ND, {112}//ND and {110}//ND at the 

near surface planes. 

- Shear strain induces a higher fraction of {110}//ND in the surface plane, and 

undesirable {001}//ND creates a lack of it in the centre plane. 

- The number of high-angle grain boundaries is higher on the surface plane and 

gradually decreases towards the mid-thickness region. 
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- The values of the orientation concentrations of the shear components 

{110}<001> (Goss), {110}<112> and {4411}<11118> correspond to the profile of 

the shear strain that results from the effect of the temperature on the stress and 

the through-thickness zone. 
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Chapter 3 

Texture study across thickness of API X70 steel after hot 

deformation and different post treatments 

3.1. Review  

In the present study, the texture heterogeneity across the thickness of API X70 

steel subjected to hot deformation and different posttreatments was investigated. X-

ray diffraction and electron backscattered diffraction were used to analyze 

crystallographic orientation and grain boundary distributions at the center and 

surface layers of specimens. The initial material was rolled at 1000LC to 67% 

reduction; then one deformed sample was cooled in air, and the others were 

quenched in water and finally tempered at 350°C and 700°C for 1 h. The shear strain 

generated by friction between rolls and strip induces heterogeneity across thickness. 

The results showed that in the center layer, the (001)[110] texture dominated in all 

specimens, whereas the {110}//ND component was developed at the surface layer. 

Furthermore, a local misorientation histogram showed that the surface layer was 

subjected to a higher degree of deformation in comparison with the center layer due 

to additional shear deformation. 

3.2. Introduction 

The increasing demand for oil and natural gas forces the petroleum industry to 

improve materials used in sweet-and-sour services [1,2]. API pipeline steels are 

employed widely to carry oil and gas for long distances for economic reasons and easy 

fabrication. Crack formation in these steels has become a severe problem. It is notable 

that cracks appear in the center regions of the cross section [3]. During casting, the 

surface is solidified in early stages and then alloying elements are rejected into the 

center region where a hard segregation zone due to the formation of precipitates is 

developed. Therefore, in this segregation area, a heterogeneous deformation across 



54 
 

 
 

the thickness can arise during rolling. In this regard, the control of the rolling schedule 

has been proposed to improve the microstructural and mechanical properties. 

It is generally believed that plane strain conditions are applied during the 

rolling process. Asbeck and Mecking4 reported that due to the friction between the 

rolls and sheet plane, the significant amount of shear deformation was imposed. This 

amount reaches a maximum at the surface layers while remaining at about zero at the 

center ones. In other words, a non-uniform deformation across the thickness develops 

various rolling textures at different through-thickness layers of the sheet. It is 

expected that the center layer is affected by the plain strain condition, whereas the 

outer layers are affected by the friction between the rolls and the sheet surface; the 

shear deformation state is illustrated in Fig. 1. Therefore, the crystallographic texture 

and the grain boundary distribution through-thickness should be considered. 

Fig. 3.1: Schematic representation showing the formation of plain-strain and shear 

condition [4] 

 

A study by Venegas et al. [5] has shown that grain boundary distributions and 

crystallographic texture can be used to improve mechanical properties due to 
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increased crack resistance. They found that in X46 pipeline steel, an increase in 

{111}//ND (γ-fiber) oriented grains improves the mechanical properties. Miyoshi et 

al. [6] showed that a strong {110} and {113}//ND texture develops in carbon-

manganese steels during a severe rolling process, which increases fracture toughness 

and crack resistance. Arafin et al. [7] reported that grain boundaries related to {110} 

and {111}//ND (γ-fiber) are highly resistant, whereas boundaries associated with 

{001}//ND are very prone to crack formation in API X65. In addition, Watanabe8 

reported that an increase in high-angle grain boundaries (HAGBs) and coincident site 

lattice boundaries (CSLs) could provide a resistance path for crack propagation and an 

improvement in toughness and mechanical properties. Recently, King et al. [9] 

showed that, besides the low-angle grain boundaries (LAGBs) and low R CSL 

boundaries, grain boundaries related to low {hkl} index planes could resist crack 

initiations. Several special boundaries, such as Σ3𝑛, Σ11 and probably Σ33c, play an 

important role in intergranular crack nucleation resistance of pipeline steel [7].  

The objective of the current investigation is to study the effect of hot 

deformation and post–heat treatments, on textural changes across thickness. In this 

respect, x-ray diffraction (XRD) and electron backscattered diffraction (EBSD) analysis 

were carried out at the surface and center layers of each investigated specimen. Then 

the results were analyzed by both texture analysis software MTEX and Channel 5 

software. Significantly different crystallographic textures and grain boundary 

distributions were found across the thickness. These results support the hypothesis 

regarding the possibility of improving the mechanical properties by crystallographic 

texture engineering through controlled hot rolling and post–heat treatment. 

3.3. Experimental procedure 

Table I shows the chemical composition of the as-received API X70 steel 

(sample a) used in this study. The sheets of initial material with an initial thickness of 

8.5 mm were rolled at 1000°C to 2.8 mm (67% reduction) and then cooled in two 

different ways: One was cooled in air (sample b), and the others were water quenched 
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followed by tempering at two different temperatures at 350°C and 700°C for 1 h 

(sample c and d, respectively). 

Table 3.1:  Chemical analysis obtained by emission spectrometry technique of API X70 

(in wt %). 

C Si Mn S Al Cu Cr P Ni Mo Nb Ti V 

0.099 0.258 1.664 0.005 0.04 0.014 0.021 0.018 0.022 0.816 0.061 0.02 0.050 

Macro-texture measurements have been carried out at center and surface 

layers of the rolled sheets perpendicular to normal direction (ND) to study the texture 

heterogeneity across thickness. Three incomplete pole figures, {110}, {200}, and 

{211}, were measured using Phillips X-Pert goniometer equipped with Co-tube. The 

orientation distribution function (ODF) of each sample was determined from the 

measured pole figures using the M-tex software. Bunge’s angles were adopted to 

describe orientations, and the φ2 = 45° section of Euler space was used to display the 

computed ODFs.  

For the EBSD measurements, the specimen surfaces were grinded using silicon 

carbide paper from grade 100 to 1200, followed by polishing with diamond paste (6, 3 

and 1 µm), and finally polished with 0.05 µm colloidal silica slurry for 3 h. 

Microtexture analyses were performed by EBSD technique using Oxford 

Channel 5 system attached to Philips XL-30 scanning electron microscope. Scans of 

400 x 120 μm with 0.5 μm step size were carried out at two regions: surface and 

center. All texture measurements were conducted on the plane perpendicular to the 

transverse direction (TD) of each specimen.  

The local misorientation angle was calculated from EBSD data to evaluate and 

map local plastic strains in different regions of each sample. This is represented by the 

average misorientation angle between a given point and its nearest neighbors 

belonging to the same grain having misorientation angle less than 5°. Moreover, grain 

boundaries were defined from orientation maps and classified into: (i) CSL, (ii) LAGBs 
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(misorientation angle between 5 and 15°) and (iii) HAGBs (misorientation angle 

greater than 15°). 

3.4. Results and discussion 

3.4.1. Macrotexture evolution during thermo-mechanical treatment 

To investigate texture heterogeneity across thick-ness, macrotexture analysis 

was conducted in both the surface and the center layer. Figure 2 shows the ODF at 

φ2 = 45° of all specimens in both layers. The texture of the initial specimen (sample a) 

was random with weak {001}//ND and γ-fiber components, which is common type of 

hot deformed texture. Furthermore, the {001}<011> component originated from the 

recrystallization {001}<010> component of fcc austenite, which showed that in the 

presence of {001} cleavage planes, it has a harmful effect on reduction of toughness 

[10]. 

During the hot deformation and post heat treatment, only modest texture 

changes at the center layer of samples a, b and c were observed. In these samples a 

reduction in texture intensity was only identified. However, Furthermore, in sample c, 

γ-fiber was formed to be dominated by (111)[12̅1] and (111)[1̅1̅2] (φ1 =

30 and 90°, ∅ = 55°, φ2 = 45°) components. In addition, in sample d, rotated Goss 

(110)[11̅0] (φ1~0 °, ∅ = 90°, φ2 = 45°) texture have been developed by cube 

component transformation of parent austenite phase [12]. Also, in sample d which 

was tempered at 700°C, (110)[33̅1] (φ1 = 12°, ∅ = 90°, φ2 = 45°) texture component 

was developed instantly.   
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Fig. 3.2: Texture components in a constant φ2 = 45° section of the ODF, Initial 
material (sample a), hot rolled followed by air cooling (sample b), and water 

quenching followed by tempering at 350 and 700°C (sample c and d, respectively), (a-
d) center (e-h) surface plane. 
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3.4.2. Microtexture evolution during thermo-mechanical treatment  

Fig. 3.3 represents the inverse pole figure (IPF) maps obtained by EBSD 

technique at both center and surface layers of all specimens. To achieve a 

comprehensive estimation of the bulk materials, EBSD analysis was conducted on a 

large area (400x120μm). The number of grains and grain sizes of all specimens were 

calculated and listed in table 3.2.  

Table 3.2: The number of grains and grain sizes of all specimens at center and surface 
layers. 

Sample 
Center Plane Surface Plane 

Number of 
Grains 

Diameter 
d[µm] 

Number of Grains 
Diameter 
d[µm] 

a 759 6.2± 0.5 380 8.9± 0.5 
b 2467 4.1± 0.5 2100 4.2± 0.5 

c 4041 2.8± 0.5 4039 2.8± 0.5 

d 435 9.0± 0.5 650 7.8± 0.5 

The fine and coarse grains coexist in the microstructure in hot rolled followed 

by air cooling (sample b), and a few grains exhibit abnormal growth in both regions. 

Most grains were slightly elongated, predominantly forming clusters aligned with the 

RD. This heterogeneity in the microstructure induces high-stress concentration fields 

leading to deterioration of mechanical properties. However, abnormally grown grains 

were infrequent due to the high Nb and V content forming precipitates, which 

restricted grain growth. 

According to Table II, the center layer of sample consists of smaller grains than 

the surface layer, whereas average grain sizes in both regions of sample b and c are 

more homogeneous. Grain sizes decreased significantly during hot rolling due to 

generation of a large number of dislocations that are absorbed in grain boundaries. 

Water quenching followed by tempering at 700°C (sample d) produced large 

recovered grains in both regions. In addition, the center layer exhibited coarser grains 

when compared with the surface layer. The effect of grain size on mechanical 

properties is a challenging issue. On the one hand, it is expected that the grain 

boundaries can act as obstacles to crack propagation; thus, toughness and mechanical 

properties increase. On the other hand, grain boundaries can stop dislocation motion, 
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so pile-up dislocation with high stored energy would be formed that facilitates crack 

initiation and catastrophic fracture. The extent of this blocking effect depends on the 

boundary nature and can be quantified by a Hall–Petch equation [13] which states 

that plastic deformation leads to pile-up dislocations in front of boundaries. These 

pile-up dislocations can cause stress concentrations on certain grain boundaries, as 

well as on their adjacent grains. When the stress concentration is high enough to 

reach the critical value, a dislocation source is activated in adjacent grains and plastic 

deformation can progress into those grains [14]. In addition, smaller grains provide 

high stored strain energy in grain boundaries and may facilitate crack propagation 

[15]. Thus, cracks can propagate in very small grains. 

The ODFs related to each IPF are shown in fig. 3.3. Although texture analysis in 

the small specific region by EBSD could not present the crystallographic orientations 

of the whole sample; it could provide a lot of valuable and attributable information to 

better understand heterogeneity of texture during hot deformation and post heat 

treatment across thickness. 

At the center layer, sample a, dominant texture component (111)[12̅1] (φ1 =

30 and 90°, ∅ = 55°, φ2 = 45°) was observed. During hot deformation of sample b, 

{001}//ND and γ-fiber were developed, beside (223)[11̅0] and (111)[01̅1] 

components were dominated in the α- fiber. Then, after quenching (001)[110] 

(rotated cube) was formed, which is crystallographic orientation having the lowest 

mechanical property [12]. In addition the (112)[uvw] texture components as active 

slip plane were developed in this region. Finally, (223)[2̅1̅2] and (110)[11̅2] 

components were formed by recovery process in sample d.  
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Fig. 3.3: IPF color maps and related ODFs of all specimens at center and surface 
planes. (a,e) sample a, (b,f) sample b, (c,g) sample c and (d,h) sample d. 
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At the surface layer, (111)[01̅1] texture component was developed as a result 

of recrystallization during hot rolling (t=1200°C) of the as-received material. The α, γ- 

fiber, and {110}//ND are expected to develop due to shear strain during rolling. 

Samples b and c illustrate the same dominate texture components and γ-fiber as the 

main crystallographic orientation. Finally, as expected, (110)[11̅2] (Brass component) 

and (110)[11̅3] were observed in this region as a result of recrystallization of cube 

component in parent austenite phase to develop {110}//ND texture components at 

surface layer. 

Fig. 3.4 shows volume fraction of HAGBs, LAGBs and CSL in both layers of all 

specimens. Grain boundaries with misorientation angle of 1° < ϴ < 15° and 15° < ϴ < 

62.81° are considered as a LAGB and HAGB, respectively. 

Fig. 3.4: Volume fraction of LABs, HAGBs and CSLs at center (a) and surface (b) plane 

of specimens. 

  

Figure 4 demonstrates that the volume fraction of LAGBs decreased in both the 

center and surface regions during hot rolling. This steel has a high stacking fault 

energy (SFE) that permits a long-range dislocation motion through material leading to 

an annihilation of dislocation. 

As discussed earlier, a recovery took place during hot deformation. However, 

sample c exhibited a large increase of LAGBs due to dislocation pile-up. A lower 

cooling rate led to the more homogeneous distribution of dislocations at the center 
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layer. Generally, HAGBs have higher energy due to higher accumulation of 

dislocations. It is also believed that each system tends to reduce its internal energy. In 

this respect, HAGBs boundaries have a tendency to reduce the energy needed to reach 

the stable condition. A reduction of stored energy in deformed grains would facilitate 

crack formation. 

During rolling deformation, the crystallographic textures are likely to be 

composed of {110}//ND and c-fiber on the surface. Moreover, the CSL boundaries that 

have lower internal energy in comparison with HAGBs tend to be more resistant to 

crack propagation. Therefore, a gradual increase of internal energy is expected in 

samples b and c, whereas sample d tends to experience a decrease. In contrast, 

Yazdipour et al. [15] found that the HAGBs have a high dislocation density, causing a 

higher stress concentration in the microstructure. Consequently, misorientation 

increases rapidly with rising dislocation density. Moreover, the HAGBs can restrict 

dislocation mobility, and hindered and piled-up dislocation tend to form micro-cracks 

[16]. 

Figure 3.5 shows a local misorientation angle obtained by EBSD analysis at 

both the center and surface layers of all specimens. Thermal residual stress can be 

induced because of a difference in the thermal expansion coefficient between 

austenite and ferrite during cooling after hot deformation and posttreatments [17]. 

Local misorientation is defined as an average misorientation of a point with all of its 

neighbors in a grain. This parameter shows residual stress in single grains. The higher 

residual stress and dislocation accumulation due to higher local misorientation 

provide preferred path-ways for cracks. 

 

 

 

 



64 
 

 
 

Fig. 3.5:  Local misorientation angle at center (a) and surface (b) plane of all 

specimens. 

  

Figure 3.5 demonstrates that samples b and d had the lower local 

misorientation in comparison with others at both layers due to recrystallization and 

recovery at higher temperature. The variation of local misorientation due to 

dislocation accumulation showed a non-uniform dislocation distribution across the 

thickness, which could provide an easier path for crack propagation. In contrast, 

samples b and d demonstrated the lowest stored energy, which could be beneficial for 

mechanical properties. 

When the plastic strain increases, local misorientation increases inside grains. 

Nevertheless, the larger orientation gradients are found near grain boundaries, 

showing the localization of deformed areas. In fact, grains without subgrains show 

local misorientation values close to one, whereas sub-grains within a grain exhibit 

higher values (up to 5) [18]. Since this amount is generally higher at the surface layer, 

the residual stress should be also high and widely distributed over grains. Miyamoto 

et al. [19] observed that dislocations tend to be accumulated on grain boundaries 

when moderate strains are applied. 

CSL boundaries describe the relationship between the crystal orientations of 

grains adjacent to the grain boundaries. Watanabe8 found that grain boundary 

segregation and fracture have difficulty occurring at LAGBs and at CSL boundaries. 
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Intergranular cracks occur typically when there is a high frequency of random 

boundaries. 

Figure 3.6 shows the CSL boundaries histogram obtained by EBSD from both 

layers in all specimens. This figure demonstrates that some CSL boundaries have 

higher frequencies (i.e., Σ3, Σ7, Σ9, Σ11, Σ17b, Σ25b and Σ33c). It is worth mentioning 

that CSL notation provides no information on the actual grain boundaries. For 

example, the crystal-lographic habit plane of coherent R3 twins is well defined, 

whereas this is not the case in incoherent R3 twins. The higher the tilt and twist 

misorientation angle between adjacent slip bands, the more effective the grain 

boundary acts as a barrier to the transmission of the plastic deformation into the 

neighboring grain [20]. 

Fig. 3.6: Coincidence site lattice (CSL) boundaries histogram at center (a) and surface 

(a) plane of specimens. 
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In addition, crystallographic orientation can influence the energy of grain 

boundaries and stored energy. Also, the grain boundary energy is not exclusively 

dependent on the misorientation between adjacent grains but also affected by the axis 

of misorientation and crystallographic texture. It is of great interest to investigate the 

induced deformation within the grains in specimens. The local change in the crystal 

orientation due to the accumulation of stored dislocations also provides useful 

information, which can be determined by EBSD [21]. Figure 3.7 shows the 

recrystallized, sub-structured, and deformed fraction by three different colors: red, 

yellow, and blue, respectively. These grain types were identified by the misorientation 

in each grain separately. It can be seen that the degrees of recrystallization increased 

during hot deformation in both the surface and center regions due to recrystallization. 

In general, a large number of deformed grains scattering is located at center regions, 

whereas in sample c, the whole sample was found as deformed. Interestingly, sample 

b shows the largest fraction of recrystallized grain in both sections due to 

recrystallization. 

Fig. 3.7: EBSD recrystallization fraction map at center and surface layers. (a,e) sample 

a, (b,f) sample b, (c,g) sample c and (d,h) sample d. 
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According to Refs. [6–10] the {111}//ND dominant texture provides enough 

slip planes to facilitate dislocation motion through grains. Because of stored energy 

decreases, the mechanical properties can be improved. In the current work, during 

hot deformation, recovery occurred with {110} and {111}//ND fiber components. Due 

to this recovery, the volume fraction of grains with <111> orientation increased. In 

addition, reduced dislocation density by dislocations annihilation process led to lower 

stored energy. It is worth mentioning that the recovery process was enhanced at the 

surface layer due to the higher deformation degree. During casting, a sheet plane 

solidified first so alloying elements such as Nb and V were rejected into the central 

region where precipitates form and retard recovery by pinning of dislocation. Thus, 

the center regions are prone to fracture and a deterioration of mechanical properties. 

The recrystallized fraction in sample b was observed to be the highest. Figure 

3.7 shows that samples c and d have the lowest recrystallized fraction at surface area. 

Furthermore, sample c has higher stored energy, and thus, fracture damage is 

probable. This demonstrates clearly the heterogeneity of the crystallographic texture 

and grain boundary distributions across the thickness. Results obtained in this work 

can be used to enhance the accuracy of numerical models [22,23]. 

3.5. Conclusion 

In the current study, the macro- and microtexture evolution across the 

thickness of API X70 steel subjected to hot rolling and different post–heat treatments 

was investigated to obtain information about crystallographic texture and grain 

boundary distributions that should contribute to improved mechanical properties. 

The main conclusions of the study are summarized as follows: 

– At the center layer, (001)[110] was the dominant texture component, whereas 

the {110}//ND texture component was developed at the surface layer in all 

investigated specimens. 
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– The formation of the {110}//ND texture component at the surface layer is 

expected to improve ductility and crack resistance due to provision of abundant slip 

systems. 

– Formation of the {001}//ND texture component in addition to precipitation in 

the center layer have a harmful effect on the mechanical properties. 

– A local misorientation histogram showed that the surface layer was subjected 

to larger deformation in comparison with the center layer due to the additional shear 

strain generated by friction between the rolls and the sheet plane. 
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Chapter 4 

Effect of rolling in the recrystallization temperature region 

associated with a post-heat treatment on the microstructure, crystal 

orientation, and mechanical properties of API 5L X70 pipeline steel 

4.1. Review 

In order to improve the mechanical properties of API X70 pipeline steel, a 

rolling schedule in the recrystallization temperature region associated with a post 

heat treatment was proposed. Optical and scanning electron microscopy, electron 

backscattered diffraction, hardness, and tensile tests were carried out to show the 

effects of microstructure and crystallographic orientation on the final mechanical 

properties. The normalized hot-rolled sample and the sample subjected to hot-rolling 

followed by quenching and consequent tempering at 700 °C exhibited an excellent 

combination of yield strength and elongation. This was attributed to the recrystallized 

ferrite microstructure and tempered martensite with martensite–austenite 

constituent dispersion, respectively. In addition, the development of (112)[1̅1̅1] and 

(111)[101̅] texture components and the high fraction of low angle boundaries have a 

significant effect on the improvement of the mechanical properties. 

4.2. Introduction 

American Petroleum Institute (API) pipeline steels are kinds of microalloyed 

steels that are used more and more all over the world. These steels offer excellent 

mechanical properties, the highest safety in pipeline operation, and low costs [1-3]. 

Thermomechanical control processing (TMCP) is used industrially to produce high-

strength low-alloy (HSLA) steels. It refers to a continuous deformation schedule above 

and below the recrystallization temperature, followed by accelerated cooling, to attain 

a fine and uniform acicular ferrite microstructure. Although the TMCP process leads to 

an excellent combination of strength and ductility, it also has some disadvantages. The 

reduction of the rolling temperature increases the rolling loads and many mills are not 
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designed to resist the additional stresses. Besides, waiting time is usually 

incorporated in the rolling schedule, and precise temperature control can increase the 

rolling time and reduce productivity, leading to increased manufacturing costs. 

Therefore, in this work a rolling procedure based on engineering of the 

crystallographic texture in the recrystallization temperature region of the austenite 

phase associated with a post heat treatment was suggested. In this regard, hot rolling 

produces a new set of strain-free grains that are replaced during recrystallization of 

austenite grains followed by ferrite transformation. 

It is well-known that the crystallographic texture developed during the 

manufacturing process plays a significant role in the mechanical properties [4-6]. The 

texture of a rolled sheet is represented by {hkl}<uvw>, which means that {hkl} planes 

are parallel to the rolling plane and the <uvw> directions are parallel to the rolling 

direction [7]. Masoumi et al. [8] reported that the {110}//ND (normal direction) and 

{111}//ND (γ-fiber) texture components, which are developed by shear deformation 

close to the surface layers due to the friction between the mill and surface sheet, can 

improve the mechanical properties. Blonde et al. [9] showed that the grains associated 

with {100} planes are the most strained by the applied stress in comparison to the 

strain development for other grain orientations. Nafisi et al. [10] and Yang et al. [11] 

also studied the effect of texture evolution on the mechanical properties of API X100 

steel. They concluded that the (001)<110> rotated cube components provide cleavage 

planes that facilitate crack nucleation and propagation. In contrast, γ-fiber, 

{110}//ND, (332)<113>, and (112)<110> components provide good yield and 

ultimate tensile strengths because they provide enough slip systems during 

deformation. Moreover, Xie et al. [12] and Yang et al. [13] found that the low angle 

boundaries (LABs) and coincidence site lattice boundaries (CSL) are crack resistant, 

due to good lattice compliance. Meanwhile, the high angle boundaries (HABs) with 

higher stored energy due to higher lattice distortion are prone to crack nucleation and 

propagation. 
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The  a new rolling procedure in the recrystallization temperature region 

associated with a post heat treatment such as normalizing, quenching, and tempering 

to obtain acceptable mechanical properties according to the API 5L specifications [4]. 

4.3. Experimental methods and procedures 

An API 5L X70 steel (0.099 C–1.664 Mn–0.04 Al–0.02 Ti–0.258 Si (wt.%)) with 

a thickness of 8 mm was used in this study. The as-received steel plate had banded 

ferrite-pearlite with a partially recrystallized microstructure with mean grain sizes of 

8 ± 1 μm and dominant {001}//ND and γ-fibres as the common texture orientation 

during hot rolling production (Figure 1). Precipitations and inclusions such as MnS 

facilitate the breakdown of bonds and create preferred sites for crack initiation, 

leading to early fracture. To eliminate the undesirable inclusions and develop the fully 

strain-free recrystallized microstructure, the plate was subjected to a solution heat 

treatment at about 1200 °C for 3600 seconds. Next, the resulting plate was cut into 

four samples. Then, the samples were rolled by two-pass step rolling (8 mm → 6 mm 

→ 2.6 mm) in the recrystallization temperature range (recrystallization temperature 

calculated approximately 1006°C) using a Stanat model TA-315 rolling machine with a 

rotational speed of 273 rpm. It is notable that the recrystallization temperature was 

determined by the chemical composition according to the equation proposed by 

Palmiere et al.15. The start and finish temperatures during the rolling operation were 

measured by a Minolta/Land Cyclops 152 infrared thermometer and were recorded 

as 1050 and 950 °C, respectively. Then the rolled samples were subjected to different 

post heat treatments as listed in Table 1, called AC, ACN, WQ350, and WQ700, where 

AC and WQ denote air cooled and water quenched, respectively. The main purpose of 

performing various post heat treatments of the rolled samples was to obtain different 

microstructures and textures to show their effects on the mechanical properties. 
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Fig. 4.1: (a) SEM micrograph, (b) ODF at φ2=45˚ of initial material. 

 

Table 4.1: the post-heat treatment processing underwent by each one of these 
specimens. 

Sample 
Total thickness 

red. (%) 
Cooling Condition Post-heat treatment 

AC 

67.5 

Air cooling - 
ACN Air cooling Normalizing at 850 ˚C for 3600 s 

WQ350 Water quenching Tempering at 350 ˚C for 3600 s 

WQ700 Water quenching Tempering at 700 ˚C for 3600 s 

 

For the microstructural analysis, the cross-sections (RD-ND) of specimens 

were ground with 120, 220, 400, 600, and 1200-grit SiC papers and polished with 6, 3, 

and 1 µm diamond paste. Then, samples were etched with a 2% Nital solution to 

determine the microstructure using optical microscope (Zeiss Axio Imager.M2m) and 

scanning electron microscope (FEI Quanta 450 FEG SEM). The Vickers micro-hardness 

was also measured on all samples in the central regions, which were subjected to 

lower thermally induced deformation and lower thermal shocks. Each hardness result 

was determined from an average of ten measurements with a 49.03 N indentation 

load (HV5) in the mentioned areas. In addition, tensile tests were performed based on 

the ASTM E8M-13a standard on samples with a gauge length of 50 mm and overall 

length of 200 mm under a strain rate of 2 × 10-2 s-1 at room temperature. 
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The electron backscattered diffraction (EBSD) measurements were conducted 

using an Oxford Channel 5-EBSD system installed in a field emission SEM (FEI Quanta 

450 FEG). These analyses were carried out in areas of 100 ×100 µm using a step size 

of 0.5 µm. In the EBSD measurements, the grain orientation, grain boundary 

distributions, misorientation, and Taylor factor were analysed using Oxford 

Instruments Channel 5 and the MTEX free and open source software toolbox. In this 

study, boundary misorientation was defined as follows: point-to-point misorientation 

of less than 15° was considered as a LAB and point-to-point misorientation greater 

than 15° was considered as an HAB. Also, the deformation texture was simulated 

through Taylor type models using HKL Technology Channel 5. 

4.4. Results and discussion 

4.4.1. Microstructural investigation 

The optical and scanning electron micrographs of specimens are shown in 

Figures 2 and 3, respectively. Ferrite was the most common constituent in the as-

rolled structure, with a limited amount of carbon in the iron (less than 0.005% at 

room temperature), as shown in Figure 2a. The excess carbon is rejected from the 

ferrite to the adjacent austenite. On cooling this enriched austenite, cementite (iron 

carbide) particles, ferrite, and pearlite form as micro constituents, as shown in Figure 

3a. In the normalized sample, ferrite with different morphologies such as elongated, 

polygonal, and needles type, called acicular ferrite, which mostly nucleated at the 

grain boundaries, appeared (Figure 3b). The micrographs show that the hot rolling 

enhanced the recrystallization of grains or formed pancaked austenite grains that 

produced more nucleation sites for ferrite nucleation. Both mechanisms led to grain 

refinement from 8 μm (in as-received material) to 6 μm during hot rolling. However, 

normalization at 850 °C increased the ferrite grain size to 16 μm. 
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Fig. 4.2: Optical micrograph of (a) AC, (b) ACN, (c) WQ350 and (d) WQ700 samples. 

 

The immediate quenching after rolling at elevated temperature formed a hard 

and brittle martensitic structure due to the large amount of internal strain from 

supersaturation of carbon atoms in the lattice16. It is notable that in API steel with 

low carbon content, carbon cannot occupy the octahedral positions in the body-

centered cubic (BCC) lattice17. Thus, a BCC martensite structure result, which is softer 

and tougher than the ordinary body centred tetragonal (BCT) martensite. Therefore, 

tempering at two different temperatures was carried out to regain the mechanical 

properties and ductility. Different morphologies of tempered martensite due to the 

tempering at 350 and 700 ˚C are shown in Figures 2 and 3. Figures 2c and 3c show the 

lath martensite with dispersed carbide particles that are typical of the microstructure 
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of low carbon steels. Also, it is expected that some other phases, such as bainite, 

pearlite, or retained austenite, can be found in this condition. Figures 2d and 3d 

illustrate the dual phases in the microstructure consisting of hard martensite–

austenite constituents (M/A islands) dispersed in a soft ductile ferrite matrix after 

water quenching followed by tempering at a constant temperature of 700 ˚C. 

Fig. 4.3: Scanning electron micrograph of (a) AC, (b) ACN, (c) WQ350 and (d) WQ700 

samples. 

 

4.4.2. Mechanical Properties 

API X70 pipeline steel for the designed purpose is required to meet the API 5L 

supplementary requirements. These requirements avoid any catastrophic failure of 

pipelines due to deformation as a result of ground movement and any other 

unexpected incidents. The minimum values of yield and ultimate tensile stress for X70 
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steel are 486 and 565 Mpa (70,000 and 82,000 psi), respectively. Also, according to 

the API specification, the ratio of yield to tensile stress (YS/TS) must not exceed 0.93. 

The mechanical properties such as yield, ultimate tensile stress, yield to tensile stress 

(YS/TS) ratio, and elongation under different conditions obtained by tensile testing 

are shown in Figure 4 and listed in Table 2. The AC sample with refined ferrite 

microstructure had an acceptable yield and ultimate strength. In the ACN sample, 

normalization led to significant grain growth. Thus, decreases in the yield and 

ultimate strength were obtained, in accordance with the Hall-Petch equation18,19. On 

the contrary, a significant increase in total elongation was observed in this sample. 

Thus, this sample successfully met the API specification. Further, the yield strength of 

the WQ350 sample was evaluated as the highest among the specimens because of the 

hard martensite structure. Consequently, the WQ350 sample could not meet the 

requirements, because of the very low elongation and brittle fracture mode. However, 

the tempering temperature of 700 ˚C led to a ferritic structure with relieved internal 

stress, combined with small hardened particles of M/A constituents. This 

microstructure leads to a significant improvement in the mechanical properties and 

meets the pipeline requirements.  

Fig. 4.4: Engineering stress-strain curves of investigated samples
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Table 4.2: The yield, ultimate tensile stress, yield to tensile stress (YS/TS) ratio, 
elongation and hardness of specimens 

Sample 
Yield Stress 

(MPa) 
Ultimate Tensile 

Stress (MPa) 
YS/TS 
ratio 

Tot. El. 
(%) 

Hardness 
(HV) 

AC 686 ± 5 751 ± 7 0,91 12.4 ± 1.5 190 ± 5 

ACN 536 ± 8 649 ± 10 0,82 21.8 ± 1.8 178 ± 7 

WQ350 780 ± 8 875 ± 7 0,89 5.5 ± 0.5 221 ± 11 

WQ700 574 ± 4 696 ± 4 0,82 14.2 ± 1.6 182 ± 9 

The hardness measurements show that the refined ferrite microstructure in 

the AC sample increased the hardness from 165 ± 5 to 190 ± 5 HV. Then, 

normalization decreased the hardness to 178 ± 7 HV because the residual stress was 

relieved by recovery and dynamic recrystallization, grain growth, and the 

development of uniform polygonal ferrite in the microstructure. Further, the WQ350 

sample had the highest hardness value among all specimens due to the creation of a 

huge number of dislocations and crystallographic defects during water quenching and 

final brittle martensite even after tempering at 350 °C. However, tempering at 700 ˚C 

reduced the hardness to 182 ± 9 HV. 

4.4.3. Crystallographic orientation analysis 

In order to observe the changes of the microstructural parameters such as the 

crystallographic orientation, boundary distributions, and Taylor factor when the 

samples were subjected to hot rolling and various post heat treatments, EBSD 

measurements were carried out. The normal direction inverse pole figure (IPF) maps 

of specimens are presented in Figure 5. The inhomogeneity of the microstructure – a 

mixture of various ranges of fine and coarse grains in the microstructure of the 

sample subjected to hot rolling followed by air cooling (Figure 5a) – creates local 

stress concentration sites and leads to a decrease in the mechanical properties. 

Furthermore, the normalization at 850 °C enhanced grain growth (Figure 5b). Water 

quenching forms martensite with high dislocation density. Then, tempering at 350 °C 

could not relieve the induced stored energy, and as a consequence, a low Kikuchi 

pattern quality was detected by EBSD. Finally, tempering at 700 °C led to the 
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development of a quasi-polygonal ferritic structure, and a good quality Kikuchi 

pattern was obtained due to the low stored energy because of dislocation annihilation.  

Fig. 4.5: IPF maps of (a) AC, (b) ACN, (c) WQ350 and (d) WQ700 samples. 

 

In order to achieve a better understanding of the evolution of the 

crystallographic orientation during hot deformation and post heat treatments, the 

orientation distribution function (ODF) was calculated for individual IPF maps and is 

shown in Figure 6. The {111}//ND texture components, including the (111)<211>, 

(111)[101], and (112)[021] components, were characterized in the AC sample, which 
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is common in hot-rolled low carbon steels (Figure 6a). Interestingly, normalization at 

850 °C significantly changed the orientation to (112)[111] and (110)[110] 

components. Dong et al.20 also reported that the copper component (112)[111] 

identified in the ACN sample, as shown in Figure 6b, can enhance the mechanical 

properties. In this respect, the ferritic structure (i.e. polygonal and acicular ferrite) 

and the presence of the pearlite microconstituent associated with the copper 

component lead to a good combination of strength and elongation in this condition. 

Furthermore, non -diffusional martensitic transformation of austenite grains by water 

quenching led to the development of (001)<110> rotated cube components with 

undesired cleavage (Figure 6c). In several studies [21-23], the rotated cube 

components are reported to be responsible for the brittle cleavage fracture in BCC 

materials. Tempering at a constant temperature of 700 °C led to the formation of 

(111)<101>, (232)[14̅5], and (001)<130> components, as shown in Figure 6d. 

Bhadeshia et al. [24] showed that (111)[101] texture components are one of the 

crystallographic slip systems deformed by martensitic transformation which facilitate 

dislocation displacement and improve the mechanical properties. Moreover, Rollet25 

also found that the (001)[130] texture tends to retard crack initiation and 

simultaneously improve the mechanical and electrical properties caused by internal 

stress due to substitutional and interstitial elements in the parent lattice. Therefore, 

our findings show the importance of the crystallographic texture for the mechanical 

behaviour. 
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Fig. 4.6: ODF of sample at φ2=45° of (a) AC, (b) ACN, (c) WQ350 and (d) WQ700 

samples. 

 

Boundary distributions that can control the mechanical properties are strongly 

dependent on the crystallographic orientations and misorientation angles in 

individual grains [26]. In general, microstructures with high dislocation density and a 

large fraction of HABs are prone to early fracture, while LABs and special boundaries 

with good lattice compliance are more resistant to yielding. The boundary 

distributions in the investigated samples are presented in Figure 7. A high fraction of 

LABs was characterized in the AC, ACN, and WQ700 samples. Jakobsen et al. [27] 

reported that dislocations were trapped inside sub-grain boundaries by low-range 

dislocation movement, leading to increases in lattice distortion and local stress 
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concentration and finally early fracture. In addition, the average misorientation angles 

(θav) related to average crystallographic lattice incompliance were calculated and are 

noted in Figure 7. The maximum amount of θav was obtained in the sample that was 

quenched and then tempered at 350 ˚C, indicating that this sample had the highest 

instability and lattice distortion, resulting in low ductility during tensile loading. 

Conversely, the ACN and WQ700 samples had the lowest level of θav, indicating 

enhancement of the mechanical properties. 

Fig. 4.7: Distribution of boundary characteristics in investigated specimens 

 

Taylor factor analysis can predict the level of plastic deformation of individual 

grains based on the family of active slip systems. Taylor28 was the first to attempt to 

explain this discrepancy by tracking the behaviour of each crystal associated with 

neighbouring crystals and applied strain [29]. Regarding the slip systems of each 

crystal and applied loading direction, grains are categorized into three groups. In the 

first group, the grains’ slip planes are already aligned in the loading direction, which 

means that slip can easily occur when critical resolved shear stress is achieved, as 

indicated in blue colour on Taylor factor maps. In the second group, the grains are 

rotated in an ideal direction to give an appropriate slip plane position where plastic 

deformation can occur, as indicated in yellow and light green. Finally, the third group 
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is formed by the grains that cannot rotate to bring appropriate slip planes for the 

occurrence of plastic deformation. These grains are called hard grains or hard 

orientations and are indicated in red on the Taylor factor maps30. Therefore, low 

Taylor factors lead to easy deformation, while high Taylor factors predict higher 

resistance to deformation. Figure 8 shows the Taylor factor maps calculated via the 

Taylor model under the boundary conditions using EBSD data. 

Fig. 4.8: Taylor Factor maps of (a) AC, (b) ACN, (c) WQ350 and (d) WQ700 samples. 

 

The activation of slip systems depends on the crystallographic orientation and 

local stress differences close to the grain boundaries between adjacent grains31. The 

Taylor factor was calculated using the family of active slip systems for BCC metals 

{110}<111> and the plane strain deformation [32], and the Taylor factor maps of all 
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investigated samples are presented in Figure 9. The AC and WQ350 samples showed 

the highest Taylor factors; consequently, more energy will be required to start 

deformation. The grains with high stored energy have more resistance to yielding. In 

other words, grain boundary sliding is restricted in neighbouring grains with high 

local stress differences due to crystallographic orientation and/or induced by primary 

strain, and thus crack formation is expected in these regions. However, the relatively 

easier deformation due to the low Taylor factor in the ACN and WQ700 samples due to 

dislocation displacement led to improvements in the mechanical properties, as shown 

in Fig. 4.9. 

Fig. 4.9: The variation of Taylor factor value in specimens 

 

From the results, it could be concluded that the engineering of crystallographic 

texture and microstructure by rolling in the recrystallization temperature region 

associated with a post-heat treatment play a significant role in the improvement of 

mechanical properties. Among all conditions, the sample subjected to hot-rolling 

followed by quenching and tempering at 700 °C exhibited excellent mechanical 

properties because of the formation of the recrystallized ferrite microstructure and 

tempered martensite with martensite–austenite constituent dispersion, respectively. 

Moreover, developing the (112)[111]and (111)[101]texture components enhanced 

mechanical properties. 
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4.5. Summery 

A rolling schedule based on engineering of crystallographic texture in the 

recrystallization temperature region associated with a post heat treatment of API X70 

pipeline steel was proposed. In addition, the effects of microstructural parameters 

such as crystallographic orientation, boundary distributions, and Taylor factor were 

studied and the following conclusions can be drawn:  

- The normalized hot-rolled sample and the sample subjected to hot-rolling 

followed by quenching and tempering at 700 °C exhibited excellent mechanical 

properties because of the formation of the recrystallized ferrite microstructure 

and tempered martensite with martensite–austenite constituent dispersion, 

respectively. 

- The mechanical properties decreased drastically in the WQ350 sample due to 

the formation of brittle martensite and the presence of the cleavage 

(001)<110> rotated cube components. 

- The development of the (112)[1̅1̅1] and (111)[101̅] texture components in the 

ACN and WQ700 samples improved the mechanical properties.  

- The AC and WQ350 samples with high Taylor factors are more prone to 

fracture. The ACN and WQ700 samples with low Taylor factors are able to 

provide enough slip systems to facilitate dislocation motion, leading to 

increased ductility. 
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Chapter 5 

Microstructure, texture and tensile properties of API X70 steel 

after different thermomechanical processing 

5.1. Review 

Effects of microstructure and crystallographic texture on tensile properties of 

API 5L X70 steel subjected to different thermomechanical processing were studied in 

the current work. The tensile behaviour changed with the rolling temperature which 

was attributed to difference in microstructure, distribution of second hard phases in 

the matrix and crystallographic texture. The high volume fraction of low angle grain 

boundaries is attributed to recovery of ferrite and ferrite grains nucleated at the same 

austenite grain boundary. Sample which was rolled isothermally at 850°C presented 

excellent combination of strength and elongation, due to finely martensite-austenite 

constituents dispersed in ferrite matrix with grains oriented with {111} and {110} 

parallel to the normal direction (ND) and weak {001}//ND texture fiber.  

5.2. Introduction 

American Petroleum Institute (API) steels are widely used for large diameter 

pipelines to transport crude gas and oil for long distances under high pressure. API 5L 

X70 steel pipes are considerable candidate rather than higher-grade pipeline steels 

(i.e., API X80 and above) due to the good combination of strength and toughness and 

low ductile to brittle transition temperature [1,2,3]. This was achieved by 

thermomechanical control processing (TMCP) which refers to multi-stage 

deformation sequence above and/or below the non-recrystallization temperature 

(TNR) [4,5,6]. TMCP based on temperature regions are categorized into three main 

groups: (i) High temperature region or above the TNR to produce fine recrystallized 

austenite grains, (ii) below the TNR to obtain pancake shaped austenite grains with 

increased number of nucleation sites for the austenite-to-ferrite transition and (iii) 

temperatures between Ar3 and Ar1, where a mixture of austenite and ferrite is present. 
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The ferrite is responsible for increasing hardening rate of the material and the 

austenite is leading to undergo additional hardening by multiplication of available 

sites for ferrite nucleation. Moreover, a wide range of microstructure are obtained by 

controlling TMCP and following heat treatment such as polygonal ferrite (PF), quasi-

polygonal ferrite (QPF), pearlite (P), acicular ferrite (AF), granular bainite (GB) and 

martensite/austenite constituents (M/A constituents), which play a significant role on 

mechanical properties. 

Recently, improving the mechanical properties and ductility in a wide range of 

materials by controlling of crystallographic textures has attracted much interest. The 

texture of a rolled sheet is represented by {hkl}<uvw> in which {hkl} planes are 

parallel to the rolling plane and the <uvw> directions are parallel to the rolling 

direction [7]. Yang et al. [8] found that the rotated cube {001}<110> texture 

component in steel, is harmful for mechanical properties and needs to be eliminated. 

Joo et al. [9] also reported that cube {001}<100> and rotated cube developed by 

dynamic recrystallization during hot rolling lead to the fracture surface for the 45° 

orientation and a further decrease in toughness. However, low temperature finish 

rolling (below the non-recrystallization temperature) produces fine grain structures 

with {111}//ND grains which provide superior impact toughness and mechanical 

properties [10]. Dillamore et al. [11] showed that the grains orientated with {110}, 

{112} and {123} planes, corresponding the dense packing of atoms and in the 

direction of low distance between atoms facilitate slip deformation and enhance 

mechanical properties.  

Final mechanical properties depend on several metallurgical factors such as 

variation in shape and size of grains, chemical segregation, inclusions and 

crystallographic texture. However, there are few investigations about TMCP on the 

API X70 steel performed at various rolling temperatures [12,13,14]. It is reported that 

the {111}//ND and {110}//ND fibre textures developed under controlled warm 

rolling– between half of the melting point and TNR – in API steels [4,15]. In this 

respect, the effect of various TMCP paths with different finish rolling temperature 
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(FRT) on microstructure, tensile properties, crystallographic texture and grain 

boundaries characteristics was studied in the current work.  

5.3. Experimental procedure 

The composition of an API 5L X70 steel plate used in this work was 0.10 C, 1.66 

Mn, 0.82 Mo and microchemical alloying elements Nb+Ti+V less than 0.14 (wt.%). The 

initial plate with 25 mm thickness was cut into four specimens in rolling direction and 

solution annealed at 1200°C for one hour to dissolve harmful precipitates such as MnS 

and eliminate segregation zones which were produced during manufacturing 

processing. Then, the samples was subjected to four different thermomechanical 

paths as shown in Fig. 5.1. The initial samples were hot rolled using Stanat TA-315 

rolling machine with 273 rpm rotational speed, in three passes to reach the 25 mm 

thickness (25 mm  19 mm  13 mm  10 mm), followed by air cooling to room 

temperature. It is worth mentioning that the main idea for the different start and 

finish rolling temperatures, lower than the non-recrystallisation temperature 

(TNR=1006°C), was to obtain a similar microstructure with different crystallographic 

textures.  

Fig. 5.1: Schematic presentation of thermomechanical rolling paths. 
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Microstructural studies were carried out along the RD–ND section in all 

specimens using Philips XL-30 scanning electron microscope (SEM). Samples were 

prepared using standard metallographic procedure including grinding, mechanical 

polishing and etching with Nital 2%. The average grain size was completed by 

measuring the diameter of the equivalent area with individual grains using Image-Pro 

software on an Olympus optical BX51 microscope. Vickers hardness was measured in 

the mid-thickness of RD–ND plane with 4.903 N indentation load for 15 seconds 

(HV0.5). Tensile tests were also performed based on ASTM E8M-13a standard on 

samples with 50 mm gauge length and 200 mm overall length, under strain rate 2x10-

2 s-1 at room temperature. 

Macrotexture measurements were carried out using Phillips X-Pert 

diffractometer equipped with a texture goniometer. Three incomplete pole figures, i.e., 

{110}, {200}, and {211} were obtained, using Cu radiation, in the reflection mode on a 

5° grid up to 85° sample tilt. Orientation distribution function (ODF) of each sample 

was calculated from the measured pole figures using MTEX open source software 

toolbox. The φ2=45° section of Euler space was used to display the computed ODFs. 

The electron backscatter diffraction (EBSD) measurements were conducted in 

a plane perpendicular to the transverse direction of the samples. The specimens were 

ground using silicon carbide paper from grade 100 to 1200, followed by polishing 

with diamond paste (6, 3 and 1 µm) and finally polished with 0.05 µm colloidal silica 

slurry for 3 hours. Microtexture analyses were conducted using the Channel 5 data 

processing software package (Oxford Instruments) installed on SEM (FEI Quanta FEG 

450). The backscattered electrons generated from the sample as a result of primary 

electron-specimen interaction project a characteristic diffraction pattern (Kikuchi 

Pattern) following Bragg's diffraction conditions. The principles of Kikuchi pattern 

generation and analysis are addressed vividly in a review by Dingley and Randle [16]. 

The working distance was set to about 17 mm with the tilt angle of 70˚. The 

accelerating voltage of the gun was adjusted to 25 kV.  
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5.4. Results and discussion 

5.4.1. Microstructural studies 

The SEM micrographs of investigated specimens are presented in Fig. 5.2. 

Microstructure containing polygonal and elongated ferrite, granular bainite, 

degenerated pearlite, and M/A constituents were observed in Fig. 5.2. Also, no 

segregation zone was found in central regions of samples. Ferrite microstructure as a 

common microstructure in low carbon hot rolled API steel, was observed. The ferrite 

grain size measured in initial material was 12 ± 2µm which reduced to 6, 5, 4, and 5 ± 

1.5µm, in sample A, B, C and D, respectively. It shows that the prior austenite grain 

boundaries which considered as main site for ferrite nucleation grew by hot 

deformation in absence of recrystallization. As a consequence fine microstructure was 

obtained was obtained in these conditions. Hardness measurements were carried out 

in specimens. The measured hardness values in samples A, B, C and D were 172±4, 

221±6, 232±7 and 210±5 HV0.5, respectively. The lowest hardness was measured in 

sample A, where a soft polygonal ferrite was dominant in the microstructure. 

However, higher hardness was obtained in microstructure consisted of elongated 

ferrite, degenerated pearlite and granular bainite (Fig. 5.2b and c). It is expected that 

ferrite and granular bainite microstructure exhibit good tensile properties (i.e., 

strength and toughness) [17,18]. The finely M/A constituents dispersed in the matrix 

prevent movement of dislocations, leading to an increase in hardness. 

The enriched austenite (i.e. contain a large concentration of carbon and other 

alloying elements) transformed into brittle M/A constituents. Consequently, the 

distribution of fine and brittle M/A constituents in ferrite phase enhance tensile 

properties [19]. The volume fraction of brittle M/A constituents was determined 6 

and 9 ±1 vol.-% by X-ray diffraction pattern analyses in sample A and D, respectively. 

Moreover, there no M/A constituents were found in sample B and C. However, a small 

fraction of degenerated pearlite was characterized in these conditions which is 

presented in Fig. 5.2b,c.  Finally, the presence of granular bainite in Fig. 5.2b and d, 

was associated with carbon-enriched secondary micro-constituents at elevated 

temperature [20]. Interestingly, the samples which finished rolling close to the Ar3 
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temperature were mainly composed of granular bainite with a small amount of 

secondary phases. However, the ferrite phase consisted of polygonal ferrite 

surrounded by M/A constituents as observed in Fig. 5.2a and d. 

Fig. 5.2: SEM micrographs of a) sample A, b) sample B, c) sample C and d) sample D. PF 

(polygonal ferrite), EF (elongated ferrite), GB (granular bainite), DP (degenerated 

pearlite), and MA (martensite-austenite constituents) 

 

5.4.2. Tensile properties  

Fig. 5.3 presents the room-temperature engineering stress-strain curves at a 

strain rate of 2x10-2 s-1. From these curves, tensile properties were determined and 

listed in Table 5.1. Minimum acceptable yield and ultimate tensile stress for X70 steel 

according to the API 5L specification [21] for pipeline application are 486 and 565 
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MPa, respectively. Another important parameter for pipeline steels is their yield to 

tensile ratio. This parameter is an indication of pipeline capacity to strain hardening 

and should be less than 0.93 for X60 and higher grade pipeline steels. The results of 

tensile test demonstrated that API 5L specification was met in all samples except 

sample A (Table 5.1). Elongated ferrite with degenerated pearlite constituents 

developed in sample C during finish rolling temperature of the mixture of ferrite–

austenite caused the highest yield and tensile stress. However, the lowest elongation 

was obtained in this sample. Moreover, distribution of M/A constituents in ferrite 

microstructure in sample D resulted in a good combination of strength and elongation. 

Fig. 5.3: Engineering stress-strain curves in samples A-D.  

 

Table 5.1: Tensile properties determined from tensile tests 

Sample 

Initial 

rolling 

Temp. (°C) 

Finish 

rolling 

Temp. (°C) 

Yield 

stress 

(MPa) 

Tensile 

Stress 

(MPa) 

Total 

elongation 

(%) 

Yield/ 

Tensile 

Ratio 

HV0.5 

A 950 833 462 569 21 0.81 172 
 

B 860 737 525 605 18 0.87 221 

C 900 620 620 757 13 0.82 232 

D 850 850 500 690 22 0.72 210 
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Sample A rolled at temperatures of 950-833°C showed both lowest hardness 

and tensile properties and did not meet API specification. It is observed that the 

strength increased with a decrease in the finish rolling temperature. Correspondingly, 

the sample B with finish rolling temperature at 737°C exhibited higher strength. 

Finally, the highest yield and tensile stress were obtained in sample C which was 

rolled in range of 900-620°C. Conversely, the strengthening was accompanied by 

elongation degradation. The total elongation of samples A and D was about 21% with 

finish rolling temperature 833 and 850 °C, respectively. As a consequence, finish 

rolling temperature decreases to 620°C caused a drastically elongation dropp to 13% 

in sample C. It is notable that the ductile fracture was observed in all investigated 

samples. In general, the results showed that the sample A subjected to higher finish 

rolling temperature could not achieved the specification requirements. However, a 

good combination of strength and elongation was attained in sample D which 

isothermally rolled around 850°C. 

5.4.3. Crystallographic orientation evolution 

It is well-known that microstructural parameters such as microstructure, grain 

size, hardness and distribution of second hard phases play a significant role in tensile 

properties. Moreover, different finish rolling temperatures (i.e. higher and lower the 

TNR and intercritical ferrite-austenite phases) can change crystallographic orientation 

of materials, results in controlling the tensile properties. The differences in terms of 

tensile properties were found in this study obtained as function of different TMCP 

paths, confirming the importance of crystallographic textures on final tensile 

properties. Fig. 5.4 shows the orientation distribution function (ODF) determined 

from the macrotexture analysis using X-ray diffraction of each sample individually.   
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Fig. 5.4: Texture components in a constant φ2=45° section of the ODF of samples (a) A, 

(b) B, (c) C and (d) D. 

 

Sample A and B showed the dominant {001}//ND fibre texture which 

prevailing at rotated cube {001}<11̅0> and {001}<1̅2̅0> components which are 

considered as low resistance texture components in cubic crystals [22]. In general, 

recrystallization in austenite grains followed by ferrite transformation during cooling 

causes the formation of these components [23]. However, rolling in intercritical (α+γ) 

field caused the consumption of undesirable {001}//ND fibre texture and 

development of {110}//ND fibre texture, predominant at (110)[11̅3] component. 

Interestingly, the same texture evolution is observed in sample D, components aligned 

in <110> axis parallel to the normal direction including {110}<33̅1>, {110}<22̅3>, 

{110}<11̅3> and {110}<001> (Goss component) were developed (Fig. 5.4d). Besides, 
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the {112}<11̅0> ~ 10˚ is characterized as one of the main slip systems in BCC 

structure was found to be dominant in sample D together with γ-fiber. According to 

crystallographic aspect, the elimination of undesirable {001}//ND components 

associated with developing of {110} and {111} grains in BCC lattice with dense 

packing of atoms and low distance between atoms, facilitate dislocation movements 

and enhance plasticity [24,25], which is in good agreement with the tensile behaviour 

results. 

Fig. 5.5: The comparison of intensity of texture components in a) {001}, b) {112}, c) 
{111} and d) {110}//ND fibers of specimens 

 

A comparison of intensity of the texture fibres in {001}, {112}, {111} and 

{110}//ND fibers as the main components developed during hot and warm rolling is 

presented in Fig.  5.5a-d, respectively. Fig. 5.5a shows the highest intensity of 

undesirable {001}//ND belongs to sample A, whereas sample D with the least its 

intensity exhibited better tensile behavioiur. No remarkable difference is observed in 
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total intensity of {112}//ND fiber. Fig.  5.5c clearly shows that the {111}//ND fibre 

intensity in sample D is twice as higher in other samples. Also, development of 

{110}//ND fibre in investigated samples is presented in Fig. 5.5d.  These finding are in 

good agreement with the results of tensile test, which revealed that the development 

of {111}//ND and {110}//ND fibers, beside the reduction in {001}//ND components, 

leads to ductility improvement. 

Fig. 5.6: The normal direction IPF a) sample A, b) sample B, c) sample C and d) sample D. 

 

The capabilities of EBSD technique to characterize the crystallographic aspects 

of microstructure such as grain orientation and the spatial distribution of different 

types of grain boundaries can describe the deformation behaviour in materials [26]. In 

order to investigate the effect of different rolling schedule on grain orientation and 

grain boundary distributions on tensile properties, EBSD analyses were carried out. 
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Fig. 5.6 shows the normal direction inverse pole figure (IPF) maps of investigated 

samples. Medium angle grain boundaries (MAGBs) with misorientation between 5 - 

15° and high angle grain boundaries (HAGBs) with misorientation greater than 15° 

were defined and represented with thin and thick black line, respectively. 

Furthermore, each color indicates the specific crystal orientation related to the 

individual grain. For instance, red color grains referred to the grain aligned in axis 

{100} parallel to the normal direction, while blue and green colors are referred to 

{111} and {110}//ND. The dominant {001}//ND grains in Fig. 5.6a,b and {110}//ND 

grains which are observed in Fig. 5.6c,d are in a good agreement with the calculated 

ODFs (Fig. 5.4).  

Fig. 5.7 presents grain boundary distributions in all specimens. The volume 

fraction of low angle grain boundaries (LAGBs, point-to-point misorientation less than 

5°) is the highest in all conditions due to i) recovery of ferrite and ii) ferrite grains 

nucleated at the same austenite grain boundary, with the same orientation 

relationship with their parent austenite grain (one of the two neighbours). However, 

HAGBs with high stored energy due to higher lattice distortion and high 

misorientation between adjacent grains provide easier sites for defects nucleation and 

facilitate crack propagation. Thus, the low elongation and tensile behaviour in sample 

C is ascribed by the high volume fraction of HAGBs. Mykura et al. [27] concluded that 

coincidence site lattice (CSL) boundaries are considered as HAGBs with lower internal 

energy due to the specific misorientation angle, enhance tensile properties. However, 

sample C having the highest fraction of CSL boundaries showed poor tensile 

properties. A detailed distribution of CSL boundaries, up to Σ29 is shown in Fig. 5.8. It 

is observed that the major differences appeared at ∑ 3, 9, and 27a boundaries. 

Although it  has been shown that the Σ3𝑛 boundaries are indicated as twin 

boundaries, Arafin et al. [28] reported that in low carbon steel, twining structures 

cannot be created due to high stacking-fault energy (SFE). Therefore, these 

boundaries act as HAGBs with high internal energy and facilitate defects formation 

and crack propagation. 
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Fig. 5.7: Grain boundaries distribution 

 

Fig. 5.8: Distribution of CSL boundaries in samples A-D. 
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5.4. Conclusions 

The purpose of this work was to study the effect of various TMCP paths on 

microstructure, tensile properties, crystallographic orientations and grain boundary 

characteristics in API X70 steel as a new strategy for improvement of tensile 

properties. The following conclusions can be drawn: 

1. Finely M/A constituents dispersed in ferrite microstructure developed in 

sample rolled isothermally at 850°C. 

2. The sample rolled in the range of 950-833°C showed predominantly undesired 

{001}//ND fiber and this sample failed to meet the API specification. 

3. A strong {111} and {110}//ND texture in addition to a weak {001}//ND texture 

developed during isothermal rolling temperature of 850˚C, contributed to 

enhancement in tensile properties. 

4. The high volume fraction of low angle grain boundaries is attributed to 

recovery of ferrite and ferrite grains nucleated at the same austenite grain 

boundary. 
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Chapter 6 

Effect of crystallographic orientations on the hydrogen-induced 

cracking resistance improvement of API 5L X70 pipeline steel under 

various thermomechanical processing 

6.1. Review 

In this study a thermomechanical processing was suggested to improve the 

hydrogen-induced cracking (HIC) resistance in X70 pipeline steel. Proposed 

thermomechanical treatment produced favorable crystallographic textures and 

significantly increased HIC resistance which is of great interest to petroleum industry. 

The results showed that the high angle grain boundaries and Kernel parameter values 

acted as hydrogen-trapping sites, leading to increased HIC susceptibility. Highest HIC 

resistance was obtained in sample rolled isothermally at 850°C, due to the high 

proportion of grains oriented with {110} planes parallel to the normal direction and 

{111}//ND fibers accompanied by negligible fraction of grains oriented in {001}//ND. 

6.2. Introduction 

The continuously increasing demand for crude oil and gas requires the 

steelmaking industry to improve the corrosion resistance in harsh and aggressive 

environments. Low carbon steels for sour service piping are widely used for 

transportation of natural gas and crude oil across long distances because of the low 

alloying elements content, economic manufacturing and easy installation [1,2,3]. 

Stress corrosion cracking (SCC) and hydrogen-induced cracking (HIC), are considered 

as the main damage modes in the sour environment [4,5,6] and cause a considerable 

amount of economic loss to the petroleum industry. Therefore, many strategies have 

been proposed to reduce HIC susceptibility including adding micro-alloying elements 

such as titanium, niobium and vanadium, decreasing sulphur and phosphorus 

contents, controlling the morphology of manganese sulphides, removing precipitation 

and segregation zones during solution heat treatment and reducing the number of 
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hydrogen trapping [7,8,9]. However, these strategies have not effectively succeeded to 

control HIC susceptibility. Therefore, crystallographic texture and grain boundary 

distributions engineering seems to be a logical step for enhancement of HIC 

resistance. 

Grains oriented in preferred crystallographic orientation that develop during 

manufacturing process can influence both the mechanical properties and the HIC 

resistance. The texture of a rolled sheet is represented by a combination of 

crystallographic plane and direction {hkl}<uvw>, which means that {hkl} are the 

planes parallel to the rolling plane and the <uvw> are the directions parallel to the 

rolling direction which is shown in Fig. 6.1 [10]. Venegas et al. [11,12] studied 

influence of texture on HIC susceptibility in API X46 steel. They showed that the 

preferred grain oriented with plane {111} parallel to normal direction ({111}//ND) 

produced via warm rolling bellow recrystallisation temperature increased the HIC 

resistance. Ghosh et al. [13] reported that the cleavage {001}//ND grains generated 

during rolling at high temperature by rescrystallisation of austenite grains followed 

by ferrite transformation, provide an easy crack path and reduce significantly both the 

mechanical properties and the HIC resistance. Verdeja et al. [14] documented that the 

crystallographic textures associated with {110}//ND and {332}//ND reduce the 

sensitivity to HIC in ferritic-pearlitic steels, while {001}//ND and {112}//ND textures 

have the opposite effect. Recently, Mohtadi-Bonab et al. [15,16,17] reported that there 

is no preferred direction for hydrogen crack propagation, and that crack can 

propagate along various orientations. However, different factors such as grain 

orientation, grain boundary distributions, special coincidence site lattice (CSL) 

boundaries, and distribution of recrystallised grains play significant roles in HIC 

resistance by providing good lattice fit with low stored energy ahead of the crack tip 

[18,19]. It is worth mentioning that the crystallographic texture interpretation is not 

straightforward and a fundamental understanding of corrosion is required.  
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Fig. 6.1: Schematic representation of crystal orientation with respect to sample axes 

[10]. 

 

In the present work, firstly microstructure and microtexture in the vicinity of 

hydrogen induced cracks, in a plate taken from an in-service sour gas pipeline were 

examined to find a correlation between crack propagation and crystallographic 

textures. Then, a similar material with comparable chemical composition was cut and 

subjected to thermomechanical processing with various finish rolling temperatures to 

produce a similar microstructure with different crystallographic textures. Then, to 

study the effects of different thermomechanical processing on microstructure, 

macrotexture and microtexture were investigated by scanning electron microscopy 

(SEM), X-ray energy dispersive spectroscopy (EDS), electron backscatter diffraction 

(EBSD), and X-ray diffraction (XRD). Finally, electrochemical hydrogen charging tests 

were carried out to show the HIC resistance improvement via appropriate 

thermomechanical processing. 

6.3. Experimental procedure  

An API 5L X70 plate was taken from an in-service pipeline which was used for 

about 20 years for sour gas transportation and contained several hydrogen induced 

cracks. The chemical composition of this sample was 0.105 C, 1.664 Mn, 0.018 P, 0.006 

S and 0.204 Si (wt.%). In addition, another similar plate with comparable chemical 

composition (0.099 C, 1.604 Mn, 0.014 P, 0.011 S and 0.180 Si (wt.%)) was cut from a 
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9 mm plate and then subjected to four different thermomechanical processing routes, 

as shown in Fig. 6.2.  

Fig. 6.2: Schematic representation of thermomechanical processing of samples A-D. 

 

In order to dissolve inclusions and eliminate probable segregation zones, the 

samples were solution annealed at 1200°C for one hour. Then, the samples  were 

rolled in a Stanat model TA-315 rolling machine with 273 rpm rotational speed, in 

three passes to reach the 3 mm thickness (9 mm  7 mm  5 mm  3 mm), followed 

by air cooling to room temperature. Temperature tracking during the rolling 

operation was carried out by Minolta/Land Cyclops 152 Infrared Thermometer. It is 

worth mentioning that the main idea for the different start and finish rolling 

temperatures, lower than the recrystallisation temperature (in both austenite and 

austenite-ferrite regions), was to obtain a similar microstructure with different 

crystallographic textures.  

Microstructural studies were carried out along the cross section (RD-ND) on all 

samples. The rolled samples were prepared for metallographic analysis by grinding 

with SiC papers up to 1200 grit and then polishing with 6, 3 and 1 µm diamond paste. 

Finally, the specimens were etched with 2% nital solution for approximately 40 s and 

examined using SEM. Also, the micro-hardness test was performed based on the ASTM 
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E-384 standard along the mid-thickness of specimens with 4.903 N indentation load 

for 15 s (HV0.5). 

Macrotextures were measured in mid-thickness along the RD-TD sections 

(rolling plane). These studies were performed using Panalytical X'Pert Pro 

diffractometer equipped with Cu radiation source and texture goniometer. Three 

incomplete pole figures, i.e. {110}, {200} and {211} were obtained in the reflection 

mode on a 5° grid up to 85° sample tilt. The orientation distribution function (ODF) of 

samples was calculated from the measured pole figures using MTEX-free and open 

source software toolbox. The φ2=45° section of Euler space was used to display the 

computed ODFs. Moreover, electron backscattered diffraction (EBSD) analysis was 

conducted in the RD-ND plane of investigated samples using FEI Quanta FEG 450 

scanning electron microscope operating at an acceleration voltage of 20 kV, sample 

tilt angle of 70°, working distance of 12 mm and 0.5 μm step size. The Channel 5 

software and MTEX were used to analyse and display the data. 

In order to estimate the HIC resistance, two specimens of each sheet were 

prepared from the mid-thickness region, considered as the most susceptible area to 

HIC, and were subjected to the electrochemical hydrogen charging test. The samples 

were ground up to 1200 grit paper, and then polished with 6, 3 and 1 µm diamond 

paste to eliminate flux-limiting surface impedances [20]. 0.2 M sulphuric acid solution 

was used for hydrogen charging, in the electrochemical hydrogen-charging test. 

Moreover, to prevent the formation of hydrogen bubbles on the surface of the 

specimen and to increase the amount of hydrogen entering the steel, 3 g/l arsenic 

trioxide (As2O3) was added to the solution. Each sample was then electrochemically 

charged for 6 h with a constant current of 20mA/cm2. 
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6.4. Results and discussion 

6.4.1. Microstructure of HIC sample 

The in-service sour material with several hydrogen-induced cracks presented a 

pearlite/ferrite banded microstructure. The typical stepwise hydrogen crack 

propagation is shown in Fig. 6.3a and 633b and is oriented parallel to the rolling 

direction, besides some deflection towards the normal direction. There was no 

segregation zone found in the sample by SEM and EDS analysis. However, different 

types of inclusions were found in the vicinity of the cracks. Some complex 

carbonitride precipitates such as (Ti, Nb, V)(C, N) were identified by EDS.  As shown in 

Fig. 6.3, the ferrite/pearlite phase boundaries also enhanced the crack spread. Micro-

hardness measurements in two different regions (with and without cracks), 

demonstrated the significant hardness variation. The hardness was measured as 

about 200±5 HV in the non-cracked region, while 235±7 HV was measured around the 

cracked area, which indicated a correlation between hardness and HIC susceptibility. 

Fig. 6.3: a) SEM micrograph, b) EDS result of the particle in hydrogen crack path. 

 

6.4.2. Microtexture analysis of HIC sample 

Fig. 6.4 shows the normal direction inverse pole figure (IPF) maps of the HIC 

cracked sample. The medium angle grain boundaries (MAGBs) with a misorientation 

between 5–15° and high angle grain boundaries (HAGBs) with misorientation greater 
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than 15° are marked as thin and thick black lines, respectively. As shown in the IPF 

maps, the HIC crack propagated along the boundaries related to the grains oriented 

with {001}//ND and {111}//ND fibers, which are indicated with red and blue colours, 

respectively. Since the high angle grain boundaries have higher internal energy in 

comparison to both low and medium angle grain boundaries, they were considered as 

the main hydrogen trapping sites, providing easier paths for crack propagation.  

Fig. 6.4:  Inverse pole figure orientation maps in three different regions around 

hydrogen induced cracks 

 

Fig. 6.4a also demonstrates that the hydrogen induced crack propagated along 

very small grains (i.e. less than 2 μm in diameter).  It is expected that very fine grains 

with large fraction of high angle grain boundaries with high stored energy, increased 

the number of nascent hydrogen trappings. Then, trapped hydrogen atoms recombine 
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to form hydrogen molecules, leading to greater internal pressure in material, thus 

promoting crack nucleation and propagation [21]. In addition, hardness plays a 

significant role in HIC susceptibility. On the one hand, according the Hall-Petch 

relation [22,23], the yield strength and hardness increase with decreasing grain size, 

leading to increased HIC susceptibility. On the other hand, it is believed that the grain 

boundaries act as obstacles to crack propagation. In the same sample also few very 

coarse grains (around 18 μm in diameter) were observed in the vicinity of the cracks 

(Fig. 6.4a and 6.4b). These coarse grains with low fraction of grain boundaries can  

facilitate crack propagation and increase HIC susceptibility. Therefore, there is an 

optimum grain size at which maximum HIC resistance can be achieved. 

Although the IPF orientation map is an excellent method to present grain 

orientation, it has an unavoidable limitation in the Euler scheme [24]. To correct this 

limitation and find a correlation between crack propagation and grain orientations, 

orientation distribution function was calculated and shown in Fig. 6.5. The cube 

texture component with (001)[01̅0] crystallographic orientation was the dominant 

texture in the HIC cracked sample (regions A and B). The cube component that 

developed under shear deformation during thermomechanical processing has a low 

ability to release the stress or strain concentration. In Fig. 6.5a and b, the low 

resistance cleavage path with orientation within 15° of the ideal cube component is 

considered as the main crack propagation path. In addition, high dislocation density 

was generated during thermomechanical processing distributed along different slip 

systems and provided maximum shear stress ahead of crack tip [25,26]. Thus, the 

zigzag-like crack propagation observed in this sample is related to the above 

mentioned phenomenon. Also, the (112)[31̅1̅] component is observed in region C in 

the vicinity of the crack. The (112) plane is considered as one of the main slip planes 

in the BCC lattice [27]. As mentioned earlier, dislocation is arranged along this slip 

plane and provides sufficient driving force for crack propagation.  
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Fig. 6.5: Calculated texture components at constant φ2=45° orientation distribution 

function section from three different regions shown in Fig. 6.4 

 

Another parameter to be evaluated is the Kernel average misorientation (KAM) 

which represents the relative average misorientation between any points that belong 

to the same grain [28]. KAM distribution maps for the HIC cracked sample are shown 

in Fig. 6.6. According to ref. [29], hydrogen segregation is localised near the grain 

boundaries, considered as dislocation accumulation sites. A high accumulation of 

grains with relative misorientation between 0.5–2.5° is observed. This accumulation 

suggests that strain induced during both manufacturing process and service develops 

easier sites and paths to crack formation. Also, the regions near the hydrogen induced 

cracks showed lower Kernel parameter values due to release of energy near to the 

crack tip which provides sufficient driving force for crack growth. The results revealed 
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that the crack tended to propagate along grains with high Kernel parameter values. 

The high dislocation density around the crack path permits the accumulation of 

misorientations inside the grains and distortion between neighbouring lattices, 

leading to an increase in HIC susceptibility. 

Fig. 6.6: Kernel average misorientation map in three different regions shown in Fig. 

6.4 from HIC sample 

 

It is deduced that there are three possibilities for HIC crack propagation. The 

first is that the crack tends to propagate through the deformed grains with high stored 

energy where dynamic recrystallisation or recovery did not occur. The second is that 

the crack propagated along grain oriented with {001}//ND, where the lack of 

sufficient slip systems has a harmful effect on HIC resistance. Besides, deformed 

grains oriented with {111}//ND and {112}//ND with high dislocation can also 
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provide easier paths to crack propagation. Finally, very fine grains can trap more 

hydrogen and generate more internal energy to facilitate crack nucleation and 

propagation.  

6.4.3. Thermomechanical processing 

6.4.3.1. Microstructural analysis  

During thermomechanical processing, the samples were firstly solution treated 

in a furnace at 1200°C for one hour, then rolled above and below the recrystallisation 

temperature (Fig. 6.2), followed by air cooling. The microstructure of specimens after 

different thermomechanical processing is shown in Fig. 6.7. The ferrite microstructure 

with pearlite, martensite-austenite (M/A) constituents and a small fraction of bainite 

is observed. Furthermore, rolling at a lower temperature in a mixture of austenite and 

ferrite region (sample A) led to the formation of finer grain size. The ferrite is 

responsible for increased hardening and the austenite tending to undergo additional 

hardening by rising number of available sites for ferrite nucleation. Rolling below the 

recrystallisation temperature developed the pancake-shaped austenite grains, leading 

to an increase in the number of nucleation sites for the austenite-to-ferrite transition 

to form polygonal ferrite.  

Hardness measurements were carried out at the mid-thickness of specimens. 

The hardness increased with decreasing finish rolling temperature. The measured 

hardness values in samples A, B, C and D were 224, 211, 234 and 220 ±5 HV0.5, 

respectively. According to the API 5L requirements for equipment in severe wet H2S 

service [30], hardness shall be lower than 248±6 HV (22 HRC). Therefore, all 

specimens met the hardness requirements of the API 5L specification. Overall, a 

similar microstructure was obtained in all samples. This is essential here, because the 

different behaviour of HIC resistance could be only attributed to the differences in 

crystallographic textures produced via different thermomechanical processing. 
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Fig. 6.7: SEM micrographs showing microstructure of specimens after different 

thermomechanical processing a) sample A, b) sample B, c) sample C and d) sample D. 

 

6.4.3.2. Macrotexture  

The crystallographic texture and grain boundary distributions in four different 

thermomechanical processing were studied to find an appropriate texture to attain a 

higher HIC resistance. Fig. 6.8 shows the orientation distribution function at φ2 = 45° 

in the RD-TD plane in these specimens. (001)<12̅0> texture components with low HIC 

resistance were developed in sample A during recrystallisation in austenitic region 

followed by ferrite transformation. Also, deformation at a lower temperature in a 

mixture of austenite and ferrite phases caused the strong formation of {111}//ND 

fiber. However, the shear strain generated by friction between the rolls and surface 

sheet during rolling, developed grains oriented in {110}//ND directions, which is 

shown in Fig. 6.8a. It is worth mentioning that the (111)<12̅1> texture components 
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are a consequence of the recrystallisation of ferrite grains [31]. In addition, the 

highest texture intensity of the ODFs belongs to sample A, which rolled in the ferrite-

austenite region. Raabe et al. [32] showed that dislocation sliding during rolling at 

elevated temperature (above Tm/4) extensively took place in the BCC structure on the 

{110} and {112} planes, leading to decreasing the intensity of crystallographic texture. 

The cleavage {001}//ND texture components including (001)[01̅0], 

(001)<13̅0>, (001)<12̅0> and (001)<11̅0> were developed in sample B, which was 

rolled at a higher finish rolling temperature (833°C), could be attributed to 

recrystallisation of austenite followed by ferrite transformation. The presence of these 

textures increases the number of possible crack propagations and HIC susceptibility 

[8]. Also, the formation of {112}//ND components, that dominate the (112)[02̅1] and 

(112)[1̅1̅1] orientations, was observed in this condition. Singh et al. [33] reported that 

the shear strain during plastic deformation in the austenite phase can develop the 

(112)[11̅0] component due to its low stacking fault energy. Then, dynamic 

recrystallisation and austenite to ferrite phase transformation led to the formation of 

grains with the (112)[02̅1] orientation. It is notable that the plastic deformation of the 

FCC austenite phase occurs by slip or twinning system. Hu [34] reported that the 

formation of grains with the (112)[1̅1̅1] orientation is mostly related to the twinning 

system, because of low crystal symmetry. Furthermore, the crystallographic texture in 

sample C was similar to sample B, but the intensity of the {112}//ND fiber decreased 

at low finish rolling temperature (737°C). Interestingly, the isothermal rolling at 

850°C (sample D) could hinder the development of undesirable {001}//ND 

components. The (110)[11̅3] texture component with a spread towards the Goss 

component with (110)[001] orientation was dominant in sample D.  

It was demonstrated that the crystallographic orientation can improve the HIC 

resistance by well-development of {111}//ND and {110}//ND textures, and reducing 

the number of cleavage {001}//ND components [8]. Fig. 6.9 presents the orientation 

volume fraction (f(g)) of fiber components such as {001}, {112}, {111}, and {110}//ND 

calculated by MTEX software with a 2.5° deflection. For the purpose of textural design, 
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the best resistance against crack propagation results in minimising the {001} cleavage 

planes that are oriented parallel to the normal direction, and increasing the desirable 

{110}, {111} and {112}//ND fiber components that are close to the compact planes. 

The formation of strong covalent bonds between two lattices linked together by close-

packed plane leads to obstacles to crack propagation, and increases HIC resistance. As 

shown in Fig. 6.9 the first three samples were not suitable for sour environment, due 

to the high volume fraction of undesired {001} oriented grains. In contrast, sample D 

presented sharp {110}//ND and {111}//ND texture components, accompanied by a 

negligible volume fraction of {001}//ND oriented grains, and considered to be 

suitable for use in sour environment. 

Fig. 6.8: Texture components at constant φ2=45° orientation distribution function 
section in a) sample A, b) sample B, c) sample C and d) sample D. 
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Fig. 6.9: Volume fractions of fiber components in specimens A-D after different 
thermomechanical processing 

 

 

6.4.3.3. Microtexture  

All specimens were examined by the EBSD technique in order to analyse 

crystallographic orientations, average misorientation angles, grain boundary types 

and Taylor factor. The inverse pole figure (IPF) maps of samples are shown in Fig. 

6.10. It is worth noting that equiaxed, strain-free recrystallised grains surrounded by 

high angle grain boundaries as a result of hot-rolling have high resistance to crack 

nucleation and propagation [35]. Conversely, elongated grains with stored energy are 

prone to HIC. Moreover, this inhomogeneous microstructure can boost the HIC 

susceptibility in the final structure. The grain size is another efficient factor to control 

HIC resistance [36]. 
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Fig. 6.10: Inverse pole figure orientation map in a) sample A, b) sample B, c) sample C 

and d) sample D. 

 

The various thermomechanical treatments resulted in a wide distribution 

range of grain orientations in the specimens. Rolling at a relatively low temperature 

(i.e. below Ar3) generated a higher dislocation density in samples A and C. Thus, 

dislocation accumulation inside grains leads to grain subdivision with highly stored 

energy which facilitates HIC cracking. Furthermore, for sample B that was rolled at a 

relatively high temperature (above Tm/2), the degree of deformation decreased by 

recrystallisation in the austenite phase. Dynamic recrystallisation took place in this 

sample generated the undesirable (001)[01̅0] cube texture component, which 



120 
 

 
 

increases the HIC susceptibility. Also, the IPF map of sample B showed an 

accumulation of large grains oriented with {001} parallel to the normal direction (red 

colour). Based on the previous section, {001}//ND dominant grain orientations are 

highly susceptible to crack initiation and propagation. Finally, the favorable 

(112)[24̅1] and (110)[11̅1] texture components were developed by isothermally hot 

rolling at 850°C (sample D).  

The analysis of EBSD maps led to other interesting microstructural 

interpretations regarding the differences of grain-boundary angles between adjacent 

grains. The volume fraction of low, medium and high angle grain boundaries for both 

HIC cracked and thermomechanically processed specimens was calculated using 

MTEX software and is shown in Fig. 6.11. It is clearly observed that the high stored 

energy as consequence of a large fraction of high angle grain boundaries in HIC 

cracked sample led to increasing the HIC susceptibility. In other words, HIC resistance 

depends on the ability of microstructure and precipitates to trap hydrogen. The high 

angle grain boundaries with high disorder between neighbouring grains and high 

density of dislocations and vacancies are considered as effective hydrogen trapping 

sites. It is also believed that high angle boundaries with high lattice distortion and 

high stored energy provide an easier path to crack nucleation and propagation. 

Therefore, an increased number of low angle and coincidence site lattice (CSL) 

boundaries are favourable for improvement of HIC resistance. Although 

thermomechanical processing reduced significantly proportion of high angle grain 

boundaries, there was no significant change observed in CSL boundaries. Therefore, it 

was confirmed that the HIC susceptibility increases with increased proportion of high 

angle grain boundaries, and its fraction was found higher in all regions of HIC sample.  

 

 

 

 



121 
 

 
 

Fig. 6.11: Grain boundary distributions in samples A-D in addition to sample with 

hydrogen induced cracks where LAGBs means low angle grain boundaries, MAGBs 

means medium angle grain boundaries, HAGBs means high angle grain boundaries 

and CSL means coincidence site lattice. 

 

As mentioned earlier, plastic deformation at crystal scales is considered by 

lattice orientation along dislocation arrays, can be observed by Kernel average 

misorientation. The frequency of Kernel parameter distribution in deferent regions of 

HIC sample and TMCP specimens is shown in Fig. 6.12. The high Kernel parameter 

values belong to HIC sample. It means that the high Kernel parameter values 

correspond to higher HIC susceptibility. Moreover, the presence of very high Kernel 

parameter values exceeding 2.5° is observed in HIC sample, facilitate hydrogen crack 

propagation. Samples B and D have maximum frequencies of low Kernel parameter 

values (less than 0.5°), which led to high HIC resistance in these samples (Fig. 6.12). 

Furthermore, high relative frequencies of low Kernel parameter values (less than 2.5°) 

were found in samples B and D, where new recrystallised grains with low dislocation 
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density were nucleated. In other words, the recovery and dynamic recrystallisation by 

annihilation and dislocation rearrangements can significantly reduce the Kernel 

parameter values and HIC susceptibility. Therefore, an improvement of HIC resistance 

in the mentioned specimens is expected. 

Fig. 6.12: Frequency distribution of Kernel average misorientation in samples A-D in 

addition to HIC sample 

 

The Taylor factor, which demonstrates a correlation between yield stress and 

crystal orientation in metals, is used to analyse the level of plastic deformation, 

showing the distribution of grain orientation [37,38]. Taylor factor analyses were 

performed on cracked and thermomechanically processed specimens, shown in Fig. 

6.13. Some grains that are already aligned in the loading direction can easily slip and 

deform, since the critical resolved shear stress (τcrss) is attained. These grains have a 

low Taylor factor value. Secondly, the grains that are not already aligned in slip planes 

regarding stress state. Thus, there needs to be some kind of rotation into a new 
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position to bring out minimum τcrss to slip. These grains with moderate Taylor factor 

value are called soft grains. Finally, there are some grains that cannot rotate to bring 

the appropriate slip systems. Therefore, such grains are called hard grains, with a high 

resistance to deformation, and are highly prone to crack formation and propagation, 

as indicated by the red colour in the Taylor factor maps. Fig. 6.13 displays the 

distribution of Taylor factor in the TMCP samples. The grains indicated in light yellow 

present a relatively easy path and might resist crack propagation; whereas those in 

dark yellow and red are prone to crack formation. Transgranular crack propagation 

occurs through the grains with high Taylor factor and dislocation accumulation, while 

intergranular cracks propagate due to the Taylor factor mismatch in neighbouring 

grains because of differences in active slip systems. The grain having a high Taylor 

factor tends to be resistant to yielding, thus transgranular cracking is expected [39]. 

Intergranular cracks occurred along crack propagation paths between adjacent grains 

identified by different Taylor factor mismatches.   

Fig. 6.13: Taylor factor map in a) sample A, b) sample B, c) sample C and d) sample D. 
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Active slip systems depend on the crystallographic orientation and the 

differences of local stress near grain boundaries between adjacent grains [40]. The 

frequency distribution of Taylor factor values in TMCP samples is presented in Fig. 

6.14. Samples A and D had low Taylor values. This means that there was less 

resistance to dislocation movement. On the other hand, samples B and C developed 

high-stress concentration near the grain boundaries due to the high resistance against 

dislocation movement, leading to crack formation and providing an easier path for 

crack propagation. In other words, grain boundary sliding is restricted by their 

neighbouring grains with high local stress differences, collaborated by 

crystallographic orientation. 

Fig. 6.14: Taylor factor distribution in samples A-D. 

 

From the mentioned crystallographic texture and grain boundary 

characteristic investigations, it could be concluded that the sample D had the best HIC 

resistance. This means that the highest HIC resistance results in sample D, which was 

rolled isothermally at 850°C, due to the sharp {110} and {111} texture components 

accompanied by the negligible volume fraction of grains oriented with {001}//ND. 

Also, a large amount of low angle grain boundaries with little lattice distortion and 
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low stored energy with the least Taylor factor and Kernel parameter values provided 

lower trap hydrogen sites. Finally, to ascertain the role of crystallographic texture and 

grain boundary characteristics, sample C and D were selected to conduct an 

electrochemical hydrogen charging experiment. Fig. 6.15a shows the HIC crack 

propagation in the sample C after 6 hours. The sample D showed high resistance to 

crack formation, and no HIC cracks were found in the cross section of this sample after 

hydrogen charging (Fig. 6.15b). This supports the hypothesis of beneficial effects of 

crystallographic texture on HIC resistance. Experimental data obtained in this work 

can be used to enhance accuracy of numerical models [41,42].  

Fig. 6.15: SEM micrographs of electrochemically charged a) sample C, b) sample D. 

 

6.5. Conclusions 

In this work, several analyses were used to identify the effects of microstructure, 

precipitations, and crystallographic orientation on HIC susceptibility. Then, the 

influence of different thermomechanical treatments on microstructure, macro- and 

microtexture were studied. Finally, an electrochemical hydrogen charging experiment 

was performed to verify the hypothesis of beneficial effects of crystallographic texture 

on HIC resistance. The following conclusions can be drawn:  

1. HIC cracks propagated not only through {001}//ND oriented grains, but also 

along the grains oriented with {111}//ND. 
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2. The high dislocation density around the crack propagation path permits the 

accumulation of misorientations inside the grains, or distortion between 

neighbouring lattices, leading to an improvement in HIC susceptibility. 

3. Grain boundary distribution played a significant role in HIC susceptibility. High 

angle grain boundaries and high Kernel parameter values acted as hydrogen-

trapping sites, leading to increasing the HIC susceptibility. 

4. A poor resistance to HIC was attributed to the presence of strong {001}//ND 

texture components. Conversely, a reduction in its volume fraction and 

development of desired texture components improved HIC resistance. 

5. The recovery and dynamic recrystallisation by annihilation and dislocation 

rearrangements can significantly reduce the Kernel parameter values and HIC 

susceptibility. 

6. The highest HIC resistance results in sample D, which was rolled isothermally at 

850°C, due to the sharp {110} and {111} texture components accompanied by 

the negligible proportion of {001}//ND oriented grains. 
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Chapter 7 

Role of crystallographic texture on the improvement of hydrogen-

induced crack resistance in API 5L X70 pipeline steel 

7.1. Review 

The purpose of this work was to improve the resistance of hydrogen-induced 

cracking in API 5L X70 steel by engineering the crystallographic texture and grain 

boundary distributions via different rolling temperatures. Hydrogen-induced cracking 

and electrochemical hydrogen charging tests were carried out in two different 

conditions: commercially produced and isothermally rolled at 850°C in laboratory. 

The results showed that the development of dominant {011} grains parallel to the 

normal direction, and a small number of {001}//ND grains obtained by isothermal 

rolling at 850°C, increased the hydrogen-induced crack resistance; while the hot 

rolled sample with sharp {001}//ND textures was highly susceptible to cracking.  

7.2. Introduction 

American Petroleum Institute (API) steels have attracted considerable 

attention due to the low content of carbon and other alloying elements, economic 

fabrication and easy installation. These steels are widely used for transportation of 

natural gas and crude oil across long distances [1,2]. Hydrogen-induced cracking 

(HIC) is considered as the main damage mode in the sour environment (i.e. containing 

water and H2S) and causes huge economic loss [1-3]. Atomic hydrogen produced 

during surface pipe corrosion diffuses into the steel and traps at defect sites such as 

inclusions, precipitations, phase interfaces, martensite islands, and grain boundaries. 

These hydrogen atoms recombine to form hydrogen molecules, leading to the creation 

of internal pressure within the metal. This reduces ductility, toughness, and 

mechanical properties, called hydrogen embrittlement [3,4]. 
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The HIC behaviour depends on many metallurgical factors such as chemical 

composition, segregation, microstructure, inclusions and microstructural defects 

[5,6]. In addition, the effect of crystallographic texture on HIC susceptibility was also 

studied in the last decade [7,8,9]. However, the effects of engineering the 

crystallographic texture and grain boundary orientation on improving HIC resistance 

has not been employed in pipe manufacturing. The mechanism of HIC at the crystal 

scale is described by hydrogen-enhanced decohesion (HEDE), absorption-induced 

dislocation emission (AIDE), and hydrogen-enhanced plasticity (HELP) theories 

[10,11]. HEDE is related to increasing internal pressure at trap sites due to the 

recombination of hydrogen molecules leading to crack nucleation. Next, AIDE is 

associated with cleavage-like fracture in low resistance paths to release the energy. 

Finally, HELP is associated with a lack of sufficient slip systems, facilitating crack 

growth and propagation in material.  

It is well known that the preferred crystallographic texture that develops 

during the manufacturing process influence the final properties. Wright and Field [12] 

confirmed the feasibility of improving mechanical properties and corrosion resistance 

of steels by controlling crystallographic textures and grain boundary engineering. 

Masoumi et al. [13,14] and Nafisi et al. [15] reported that controlled warm rolling– 

between half of the melting point and the non-recrystallisation temperature (TNR) – 

produces {111}//ND and {110}//ND dominant crystallographic textures in API steel. 

Venegas et al. [7] reported that the large proportion of grains oriented with {001} 

planes parallel to normal direction {001}//ND promote intergranular crack 

propagation, leading to a reduction of HIC resistance. In contrast, the well-developed 

{112}//ND and {111}//ND fibre textures with small fraction of {001}//ND texture 

enhanced the HIC resistance [7-9]. Contrary to these findings, Mohtadi-Bonab et al. 

[9,10] reported that there is no preferred direction for HIC propagation, while other 

crystallographic factors such as grain boundary characteristics, the distribution of 

recrystallised grains and the Taylor factor distribution can play significant roles in 

governing the HIC behaviour. In addition, it was also shown that transgranular cracks 

propagate in grains with high Taylor factor, whereas intergranular cracks occur 
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where a mismatch in Taylor factor between neighbouring grains exists [16]. The 

current work aims to clarify the above mentioned contrasting results and show the 

effect of engineering of crystallographic texture on HIC behaviour.  

Here, we present the role of macrotexture, microtexture, and mesotexture1 on 

HIC susceptibility in API X70 steel as a strong candidate in the sour service 

environment. In this respect, at first favorable crystallographic textures (i.e. 

{111}//ND and {110}//ND) were produced by isothermal rolling at 850°C and 

compared to that in commercially available steel. The microstructural and textural 

evolution was characterised by scanning electron microscopy (SEM), X-ray diffraction 

(XRD) and electron backscatter diffraction (EBSD). Samples were subjected to both 

HIC test and electrochemical hydrogen charging test to evaluate the effect of distinct 

crystallographic texture which was produced by different thermomechanical 

treatments on cracking behaviour. Then EBSD analysis was carried out to find a 

correlation between HIC behaviour (i.e. nucleation and propagation), microstructure 

and crystallographic orientation. Present work revealed that significant improving of 

HIC resistance was obtained through engineering of crystallographic texture by 

isothermal rolling below non-recrystallisation temperature. The high resistance to 

HIC is highly important to oil and gas transportation. 

7.3. Experimental details 

A commercial API 5L X70 steel as a typical grade used for the manufacturing of 

pipelines transporting oil and gas in Brazil  was studied in this work and its chemical 

composition is listed in Table 7.1. Higher molybdenum content in the investigated 

steel (i.e. 0.8 wt.-%) significantly increases the pitting and naphthenic corrosion 

resistance [17] which is the main challenge of offshore pipeline in Brazil.  

 

 

                                                           
1 The terms macrotexture, microtexture, and mesotexture refer to the average sample texture, the 

crystallographic orientation of a microstructure point, and the texture of grain boundaries, 
respectively. 
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Table 7.1. Chemical composition of API 5L X70 steel (in wt. %). 

C Si Mn S Al Cu Cr P 

0.099 0.259 1.664 0.006 0.042 0.014 0.021 0.018 

Ni Mo Nb Ti V Ni+V+Ti CEPcm CEIIW 

0.022 0.816 0.062 0.019 0.050 0.131 0.203 0.409 

The material was delivered in form of 9 mm thick plate. The plate was cut into two 

sections; each was subjected to the same rolling schedule however at different 

temperatures. The first section was rolled in the recrystallisation austenite region 

(TNR=1006°C: [18]) at around 1200°C (designated as hot rolled sample), while the 

other was isothermally rolled in the non-recrystallisation austenite field at 850°C 

(designated as warm rolled sample). For the rolling a Stanat model TA-315 rolling 

machine was used with 273 rpm rotational speed, in three passes to reach 3 mm 

thickness (9 mm  7 mm  5 mm  3 mm), followed by air cooling to room 

temperature. The main reason for the selection of different temperatures above and 

below the non-recrystallisation temperature was to characterise the effect of 

recrystallisation on textural evolution and its effect on HIC susceptibility.  

To estimate the HIC resistance, two samples of each specimen were cut and 

prepared from the mid-thickness of rolling plane, considered as the most susceptible 

region to the HIC test plane. The mid-thickness of the pipeline is considered as the 

most susceptible region to the HIC due to the segregation of alloying elements (i.e. 

manganese and carbon) in this region. This leads to the formation of hard 

microconstituents which promote nucleation and propagation of the cracks [1-4]. The 

samples were then ground using 1200 grit paper, then polished with 6, 3 and 1 µm 

diamond paste. Next, the samples were embedded in resin with a copper wire for 

electric contact. 0.2 M sulfuric acid (H2SO4) aqueous solution was used for 

electrochemical hydrogen charging. Moreover, to prevent the formation of hydrogen 

bubbles on the surface of the specimen and to increase the amount of hydrogen 

entering the steel, 3 g/l arsenic trioxide (As2O3) was added to the solution. Finally, 

each sample was electrochemically charged for 6 h with a constant current of 20 

mA/cm2 [19]. Fig. 7.1 shows that the current density of 20 mA/cm2 corresponds to a 

cathodic potential of 0.7 VSCE. In addition, HIC resistance was evaluated according to 
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NACE TM0284-2011 standard [20] on samples charged for 96 h at 25 °C. The test 

solution consisted of 5.0 wt. % NaCl and 0.5 wt. % CH3COOH in distilled water 

saturated with H2S at 1 bar. The initial and final pH values of the solution were 2.7 and 

3.1, respectively. Fig. 7.2 shows schematic plot of the HIC procedure. 

 

Fig. 7.1: Electrochemical test showing that current density of 20mA/cm2 corresponds 
to a cathodic potential of 0.7 VSCE. 

 

 

Fig. 7.2: Schematic plot used for hydrogen induced cracking test 
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Microstructural studies were carried out along the rolling plane of the samples, 

using scanning electron microscopy (SEM). The rolled samples were prepared by 

grinding with SiC papers up to 1200 grit and then polishing with 6, 3 and 1 µm 

diamond paste. Finally, the specimens were etched with 2% nital solution for 

approximately 40 s. The Vickers hardness was measured in the aforementioned 

regions of the samples. 

Macrotextural characterisations were measured by X'Pert X-ray 

diffractometers equipped with Philips texture goniometer on rolling plane. Three 

incomplete pole figures, i.e., {110}, {200}, and {211} were obtained, using Cr radiation, 

in the reflection mode on a 5° step up to 85° sample tilt. The orientation distribution 

function (ODF) of each sample was calculated from the measured pole figures using 

MTEX-free and open source software toolbox. The φ2=45° section of Euler space was 

used to display the computed ODFs. Furthermore, EBSD analysis was conducted in the 

RD-ND plane of the investigated samples using FEI Quanta FEG 450 scanning electron 

microscope operating at an acceleration voltage of 20 kV, sample tilt angle of 70°, 

working distance of 12 mm and 0.5 μm step size. The Channel 5 and MTEX software 

were used to analyse and display results.  

7.4. Results and Discussion 

The SEM micrographs obtained from the rolling plane (RD-TD section) of both 

hot and warm rolled samples are shown in Fig. 7.3. The first sample, which was rolled 

industrially at about 1200°C, showed a banded ferrite-pearlite microstructure, which 

is common in hot rolled conditions (Fig. 7.3a). Moreover, the hardness and ferrite 

grain sizes were 165±5 HV and 8±1 μm, respectively. Martensite-austenite (M/A) 

constituents dispersed on ferritic microstructure were observed in the warm rolled 

sample (Fig. 7.3b). It is to be noted that no pearlite was found in this sample. Zhu et al. 

[21] reported that carbon and other alloying elements that were drawn back due to 

the nucleation of ferrite from the prior austenite grain boundaries led to the formation 

carbides and M/A constituents. Moreover, their uniform distribution strongly 

increases the impact toughness and strength [17]. In the present work also pancake-
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shaped austenite grains formed during rolling below the non-recrystallisation 

temperature which increased the number of ferrite nucleation sites. In this condition, 

the hardness and ferrite grain sizes were 198±5 HV and 6±0.7 μm, respectively. It is 

worth mentioning that no segregation zone was found in both samples.  

Fig. 7.3: SEM micrographs of a) hot and b) warm rolled sample. 

 

Fig. 7.4 shows the calculated ODF at φ2=45° of the rolled samples. In the hot 

rolled sample the rotated cube (001)<110> texture components were dominant (Fig. 

7.4a). Zhang et al. [22] reported the formation of strongly rotated cube texture 

components generated from recrystallisation of austenite grains at higher annealing 

temperatures, followed by ferrite transformation during cooling, which is in 

agreement with our result. On the other hand, the warm rolled sample demonstrated 

a strong {110}//ND fibre with predominant (110)[11̅3] texture component which is 

deflected about 10° from the Goss orientation (110)[001] component. The shear 

deformation caused by the friction between the rolls and sheet surface could develop 

{110}//ND crystallographic textures [23]. Moreover, to illustrate the effect of rolling 

temperature on the texture evolution, skeleton plots for main fibres including α-fibre 

{001}//RD, γ-fibre {111}//ND in addition to {001}//ND and {110}//ND texture 

components were plotted and these are presented in Fig. 7.5. Fig. 7.5a,b shows that 

warm rolling decreased the fraction of undesirable {001} oriented grains which can 

cause an increase in HIC resistance. There is no significant difference in {111}//ND 

texture components in both hot and warm rolled sample, Fig. 7.5c. However, an 
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extensive increase in intensity of {110}//ND texture was observed in warm rolled 

sample, Fig. 7.5d.  

Fig. 7.4: Texture components in a constant φ2=45° section of the ODF of a) hot and b) 
warm rolled sample. 

 
Fig. 7.5: skeleton plots for main fibres a) {001}//RD, b) {001}//ND, c) {111}//ND, d) 

{110}//ND in hot and warm rolled sample 
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The typical stepwise hydrogen-induced crack in hot rolled steel is shown in Fig. 

7.6. The crack is parallel to the rolling direction with some deflections towards the 

normal direction. In the warm rolled sample, no crack was found (not shown here). 

The difference in the HIC resistance in the examined samples might be explained by 

the formation of different microstructural constituents in the specimens. As 

mentioned earlier, in the hot rolled specimen, ferrite-pearlite microstructure with 

relatively large grain size developed and HIC crack tended to nucleate and propagate 

along ferrite-pearlite interfaces. It is to be noted that SEM analysis did not revealed 

any inclusions in the vicinity of cracks. In contrast, the warm rolled steel presented 

fine ferritic microstructure with M/A and cementite constituents, formed at lower 

rolling temperatures and exhibited higher resistance to HIC propagation. 

Non-metallic inclusions such as MnS can play a significant role in HIC initiation 

and high amount of sulphur content in the steel probably led to development of these 

inclusions, no inclusions were found in the vicinity of crack path. Although there is a 

possibility of forming inclusions in the steel, determination of its content (i.e. using 

ASTM E45) was not focus of the study present.  

Fig. 7.6: Crack propagation after electrochemical hydrogen charging test in hot rolled sample. 
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In order to investigate the role of crystallographic orientation and grain 

boundary distributions on HIC behaviour, EBSD analysis was conducted in the vicinity 

of the hydrogen crack with no presence of pearlite. Fig. 7.7 presents the inverse pole 

figure (IPF) map in the vicinity of HIC. In this figure low-angle grain boundaries- 

LAGBs (point-to-point misorientations less than 15°) and high-angle grain 

boundaries- HAGBs (point-to-point misorientations greater than 15°) are shown as 

thin and thick black lines, respectively. In work [7-9] was demonstrated that the 

hydrogen-induced cracks tend to nucleate and propagate along the grains associated 

with {001}//ND cleavage planes. This is in good agreement with EBSD result in the 

vicinity of crack in the hot rolled sample. The IPF colour coding system illustrates a 

simple way to distinguish the grain orientations. For instance, the grains oriented 

along {001}, {110} and {111} parallel to the normal direction are indicated in red, 

green and blue, respectively. The IPF map (Fig. 7.7a) shows that hydrogen cracks 

mainly propagated through red grains related to {001}//ND cleavage planes, which is 

in agreement with previous studies [13–15]. It is well known that the grains oriented 

with the {110} crystallographic planes correspond to close-packed planes, which can 

facilitate dislocation movements inside the grains, and can decrease crack growth rate 

[24]. Local stress concentrations form in the vicinity of boundaries associated with the 

{001} grains which facilitates crack growth and propagation [25,26]. 
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Fig. 7.7: The EBSD analysis in the vicinity of HIC, a) IPF map, b) grains type map, c) 

Taylor factor map and d) strain distribution map. 

 

The EBSD technique enables to acquire detailed information on individual 

grains and to determine their deformation degree. To characterise type of grains, the 

differences between each lattice orientation in individual grains were calculated. If 

this lattice misorientation is less than 2° the grain is identified as recrystallised. In this 

respect, lattice mistorientation between 2°-7° and greater than 7° are designated 

substructured and deformed grains, respectively. The distribution of recrystallised, 

substructured and deformed grains in specimens exhibited different behaviour 

against HIC. The recrystallised, substructured and deformed grains are shown with 

blue, yellow and red colour. This is presented in Fig. 7.7b. Large number of 

substructured and deformed grains was identified in the vicinity of crack path. These 

types of grains can increase HIC susceptibility due to their high stored energy which is 

in line with work of Mohtadi-Bonab et al. [27]. It is notable that cracked nucleated and 

propagated in the absence of external load applied. However, the residual stress 
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generated by previous deformation can contribute to crack extension. Venegas et al. 

[28] studied the strain field close the HIC crack path in API X46 by variation of EBSD 

quality patterns. Intense strain fields were localised at the vicinity of crack path which 

can contribute to increased plastic deformation in this region and consequently 

enhance crack extension.  

Taylor factor analysis can predict the level of stress state induced into the 

grains, which is based on the family of active slip systems [29]. In this study, Taylor 

factor was calculated using the family of active slip systems for BCC metals 

{110}<111> and the plane strain deformation [30]. Fig. 7.7c shows the correlation 

between grain orientation and crack interaction, such as cleavage planes and slip 

systems. The grains already aligned to the slip direction are shown in blue, while 

those with high resistance to yielding are in red. The crack propagated along grains 

with high Taylor factor values. Grains with high Taylor factor are susceptible to crack 

propagation as shown in Fig. 7.7c. In contrary, grains with low Taylor factor (Fig. 7.9c) 

were identified in the sample rolled at 850°C and in this sample no HIC cracks 

developed after hydrogen charging. Our results are in agreement with those reported 

by Merriman et al. [31] where grains with a high Taylor factor tend to initiate crack 

formation due to the dislocation accumulation. 

In order to find a correlation between grain orientation and grain size on HIC 

behaviour, grains located at the upper area of the crack were divided into three 

regions (Fig. 7.7a).  To determine the exact grain orientation of boxed region (i) in Fig. 

7.7a the ODF was calculated and shown in Fig. 7.8a. Grains oriented with the 

(001)<130>  components with an orientation within 15° of the ideal cube component 

with low cleavage resistance is considered as a main crack propagation path. 

Moreover, in-situ synchrotron X-ray diffraction analysis during tensile loading 

revealed that {001} crystallographic planes accumulate higher magnitude of lattice 

strain in comparison to {111} planes [32] which can facilitate crack propagation along 

{001} grains. Furthermore, an ODF was calculated in the section (ii) at the top of the 

crack path and presented in Fig. 7.8b. Grains with 15° deflection from the ideal Goss 

component were identified. In general, the Goss texture initially forms during hot 
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rolling, and then large grains develop during secondary recrystallization which cause 

deterioration in mechanical properties [33]. Therefore, Goss texture facilitates crack 

propagation as observed in Fig. 7.8b. Finally, the presence of very fine grains near the 

crack in section (iii) requires more attention. It is known that HIC form when trapped 

hydrogen reaches the critical amount for crack initiation [19]. Non-metallic inclusions, 

precipitates, grain boundaries and dislocations are considered as the main trap sites 

[34,35].  Oudriss et al. [36] also reported that high angle boundaries accommodated 

by dislocations are capable of hydrogen trapping. Strain distribution map at the 

vicinity of crack is presented in Fig. 7.7d. The figure revealed that small grains with 

large grain boundary surface area accumulate more strain. The larger grain boundary 

surface area is capable to increase concentration of trapped hydrogen and increase 

internal pressure by recombination of trapped nascent hydrogen which can boost HIC 

susceptibility. 

Fig. 7.8: Calculated orientation distribution function at φ2 = 45° from a) region i, and 
b) region ii. 

 

As mentioned earlier, no hydrogen-induced crack was found in the sample rolled 

isothermally at 850°C. Therefore, EBSD analysis was conducted after the 

electromechanical hydrogen charging test to investigate the effect of crystallographic 

orientation on HIC resistance, shown in Fig. 7.9a. The Taylor factor distributions are 

presented in Fig. 7.9b in the same region. A significant low Taylor factor grain 
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distribution was found. This suggests that the lower level of deformation was induced 

in this condition, due to the possibility of dislocation motions across grains increasing 

the HIC resistance. Ma et al. [37] reported that the average misorientation angle in 

{001} grains only reaches 15–30°. Meanwhile, grains oriented with {110} and 

{112}//ND tend to increase the misorientation angle to 30–60°, leading to sufficient 

driving force to facilitate the nucleation of recrystallised grains. In this respect, the 

low number of deformed grains (about 6%) beside finely recrystallised grain 

distributions in the microstructure (Fig. 7.9c), enhanced HIC resistance through 

decreasing of the stored energy. Finally, detailed crystallographic orientation analysis 

was provided by ODF, and is shown in Fig. 7.9d. The dominant (112)[24̅1] and 

(110)[11̅1] texture components were found, whose planes are parallel to main slip 

plane in the BCC lattice. According to Humphreys and Hatherly [25], slip occurs in the 

close-packed <111> directioncs, but the slip plane could be any of the {110}, {112} or 

{123} planes. This facilitates dislocation motion across activated slip systems under 

the electrochemical hydrogen charging test to reduce internal energy and improve 

resistance to HIC. 

Furthermore, the influence of grain boundary distributions on HIC behaviour in 

both samples after the electrochemical hydrogen charging tests was investigated. Fig. 

7.10 presents the grain boundary distributions including the proportion of LAGBs, 

HAGBs and coincidence site lattice (CSL) boundaries in both samples. The results 

showed that the volume fraction of HAGBs and CLS boundaries was higher in the 

cracked sample, while the proportion of LAGBs was greater in the non-cracked 

sample. This suggests that hydrogen-induced crack propagation mainly occurs along 

HAGBs with higher internal energy, while LAGBs, due to the better fit between 

neighbouring grains, retard crack propagation. Although a small fraction of CSL 

boundaries was characterised in both samples, it is believed that special boundaries 

(CSL) with lower stored energy rather HAGBs provide a resistance to crack paths 

ahead of the crack tip [38]. However, the results were in contrast to hypothesis [37]. 

Thus, detailed CSL grain boundary distributions are illustrated as well. The number of 

∑ 3 and 9 grain boundary types were higher in the cracked sample, while the fraction 
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of ∑ 11 was significantly greater in the non-cracked sample. Although ∑ 3n boundaries 

are considered as twin boundaries, Szpunar et al. [39] reported that in low carbon 

steel, twining cannot be created due to high stacking-fault energy (SFE). Therefore, 

these act as HAGBs and enhance crack propagation, leading to greater HIC 

susceptibility. Conversely, the ∑ 11 boundaries with a tilt of 50.48° related to <110> 

plane [40] in the non-cracked specimen was about four times greater than for the 

cracked sample. Experimental data obtained in this study can be used for complex 

numerical models [41,42]. 

Fig. 7.9: The EBSD analysis of warm rolled sample after electrochemical hydrogen charging 
test, a) IPF map, b) Taylor factor map, c) grains types and d) ODF. 
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Fig. 7.10: Grain boundary distributions in both hot and warm rolled sample 

 

7.5. Conclusions 

Hydrogen-induced crack and electrochemical hydrogen charging tests were 

carried out in two API X70 pipeline steel samples: industrially rolled at around 

1200°C and rolled isothermally at 850°C, to investigate the effect of microstructure 

and crystallographic orientation on hydrogen-induced cracking resistance. The 

sample rolled isothermally at 850°C presented a higher HIC resistance in comparison 

to commercially processed material. The isothermal rolling at 850°C led to 

development of sharp {110}//ND texture component accompanied by negligible 

volume fraction of {001} oriented grains. It was also shown that the grain boundaries 

associated with {111} and {110} planes can improve HIC resistance. The key finding of 

this work revealed that significant improvement of HIC resistance was obtained 

through engineering of crystallographic texture by isothermal rolling at 

approximately 850°C. Although the rolling schedule suggested in the current study 

differs from the established industrial production, a significant improvement in HIC 

resistance by controlling of texture only was achieved. This can be a great motivation 

for development of an alternative thermomechanical treatment with lower finish 

rolling temperature. 
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Chapter 8 

Conclusions 

 Determine the effects of hot deformation and various post-treatments on 

microstructural and textural changes across thickness; 

The banded ferrite-pearlite microstructure of the initial material was changed to 

acicular ferrite, quasi-polygonal ferrite, granular bainite, martensite and retained 

austenite via different heat treatments. Moreover, the shear strain generated by 

friction between rolls and strip induces heterogeneity across thickness. Different 

thermomechanical paths induced crystallographic texture variations across the 

thickness, e.g., {112}//ND, {111}//ND (γ fibre), and {011}//ND fibres dominated on 

the surface plane in contact with the rolls, whereas {001}//ND and particularly the 

(001)[110] texture component developed in the centre plane on which shear 

deformation has a zero value in this region. Furthermore, a local misorientation 

histogram showed that the surface layer was subjected to a higher degree of 

deformation in comparison with the center layer due to additional shear deformation. 

 Determine the correlation between texture and mechanical properties of API 

5L X70 under different thermomechanical path; 

The normalized hot-rolled sample and the sample subjected to hot-rolling 

followed by quenching and consequent tempering at 700 °C exhibited an excellent 

combination of yield strength and elongation. This was attributed to the recrystallized 

ferrite microstructure and tempered martensite with martensite–austenite 

constituent dispersion, respectively. In addition, the development of (112)[1̅1̅1] and 

(111)[101̅] texture components and the high fraction of low angle boundaries have a 

significant effect on the improvement of the mechanical properties. In addition, the 

tensile behaviour changed with the rolling temperature which was attributed to 

difference in microstructure, distribution of second hard phases in the matrix and 

crystallographic texture. The high volume fraction of low angle grain boundaries is 
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attributed to recovery of ferrite and ferrite grains nucleated at the same austenite 

grain boundary. Sample which was rolled isothermally at 850°C presented excellent 

combination of strength and elongation, due to finely martensite-austenite 

constituents dispersed in ferrite matrix with grains oriented with {111} and {110} 

parallel to the normal direction (ND) and weak {001}//ND texture fiber. 

 Find a correlation between a role of texture and grain boundary character 

distribution with HIC crack nucleation and propagation sites; 

It is deduced that there are three possibilities for HIC crack propagation. The first 

is that the crack tends to propagate through the deformed grains with high stored 

energy where dynamic recrystallisation or recovery did not occur. The second is that 

the crack propagated along grain oriented with {001}//ND, where the lack of 

sufficient slip systems has a harmful effect on HIC resistance. Besides, deformed 

grains oriented with {111}//ND and {112}//ND with high dislocation can also 

provide easier paths to crack propagation. Finally, very fine grains can trap more 

hydrogen and generate more internal energy to facilitate crack nucleation and 

propagation.  

 Proposed thermomechanical treatment produced favorable crystallographic 

textures and significantly increased HIC resistance which is of great interest to 

petroleum industry; 

The isothermal rolling at 850°C led to development of sharp {110}//ND texture 

component accompanied by negligible volume fraction of {001} oriented grains. It was 

also shown that the grain boundaries associated with {111} and {110} planes can 

improve HIC resistance. The key finding of this work revealed that significant 

improvement of HIC resistance was obtained through engineering of crystallographic 

texture by isothermal rolling at approximately 850°C. Although the rolling schedule 

suggested in the current study differs from the established industrial production, a 

significant improvement in HIC resistance by controlling of texture only was achieved. 
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This can be a great motivation for development of an alternative thermomechanical 

treatment with lower finish rolling temperature. 

 


