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Abstract 

Most pipelines are often designed to serve in rigorous environments for several decades. Failure 

in pipelines can lead to environmental catastrophe and substantial economic losses. The 

importance of various microstructural characteristics of pipeline has rarely been considered, and 

these characteristics decide where cracks nucleate, how they propagate, or whether they can be 

arrested or not. Steel manufacturers have explored several methods, such as using micro-alloying 

elements, the morphology of non-metallic inclusions, and the level of residual stresses’ to improve 

the quality of steels used in acidic environments. However, experiments have shown that these 

strategies are not sufficiently effective. This study explores the alteration of texture and grain-

boundary structures in the manufacturing process of pipeline steel as a potential method for 

improving fracture resistance in pipelines. 

Different schedules of thermomechanical control processing were applied to API 5L X70 pipeline 

steel. Rolling schedules were carried out at high and warm temperatures. Also, a multi-stage rolling 

was carried out to determine the effect of the different processing stages on the final microstructure 

and texture. All steel samples were then examined for microstructure and texture using EBSD, 

SEM, EDS, and XRD systems. 

EBSD analysis show that high finish-stage processing temperature played a vital role in developing 

the microstructure and influenced the mechanical properties of the steel. Also, fast cooling rate 

and accelerated cooling allowed the formation of more bainite, which increased the tensile strength 

of the steel. However, the texture at high-temperature rolling was weak and comprised of cubes 

Goss, brass, S, copper, R cubes and {331}<1-10>. The intensity and volume fraction of the desired 

{111}||ND were very diffuse and small compared to other texture components. On the other hand, 

a warm rolling schedule at 700 ⁰C produced higher intensities and volume fractions of the desired 

γ-fibre texture as the majority of the recrystallised grains were oriented towards {111}||ND. It was 

found that the recrystallisation of grains in steels rolled at 700 ⁰C favoured the development of the 

γ-fibre texture.  

Inhomogeneity of texture was observed in the investigated samples. The volume fractions and 

intensities of γ-fibre texture were higher at the mid-thick sections compared to the top and quarter 

thickness sections. In comparison to the surface, most grains at the central thickness were seen to 

be oriented in the {111}||ND and {001}||ND. The differences in texture across material thickness 
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were related to recrystallisation and deformation modes across the thickness. Texture 

measurements after two-stage thermomechanical processing indicated that although the volume 

fraction and intensity of γ-fibre texture after the finish stage were lowered, this offers a promising 

opportunity to retain the desired crystallographic orientations. Lastly, the tensile stress-strain curve 

showed that the finish-stage processing produced the steel with higher yield strength. Thus, 

reinforcing the fact that the finish-stage processing is a viable means for controlling the mechanical 

properties of the steel. 
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Chapter 1 

Introduction 

1.1 Overview 

This chapter focuses on the motivation behind this study. In particular, it highlights the existing 

challenges experienced by operators of pipelines for oil transport and the need to address these 

challenges. Lastly, the specific and overall objectives of this study are also presented.  

1.2 Motivation  

The manufacturing of high-strength pipeline steel to transport different natural resources in various 

service environments presents an enormous challenge. Failure or fracture in a pipeline can lead to 

environmental catastrophe and huge economic losses. Most pipelines built by manufacturers are 

often designed to serve in rigorous environments for several decades. Therefore, this risk must be 

mitigated. The National Energy Board (NEB) has shown that 37% of line pipe ruptures were 

related to cracking and 27% to metal loss resulting from the combined effects of corrosion and 

stress [1]. The majority of catastrophic pipeline failures are due to hydrogen-induced cracking 

(HIC), sulphide stress cracking (SSC), and stress corrosion cracking (SCC). The mechanisms for 

these cracking phenomena in steels have depended on microstructural parameters such as structure, 

composition, the morphology of non-metallic inclusions, applied stress, type of liquid being 

transported, and groundwater chemistry, among many others. Many studies have firmly 

established that in a corrosion environment, the crystallographic texture of pipeline steel 

profoundly influences the crack initiation and propagation mechanism. 

To enhance the safety and reliability of pipelines, it is critical to improve the mechanical properties 

and their resistance to HIC, SSC, and SCC of pipeline steels carrying sour hydrocarbons. Over the 

decades, steel manufacturing companies have explored several methods to improve the quality of 

steel used in acidic environments. Methods such as using micro-alloying elements to create fine 

non-detrimental trapping sites, changing the morphology of non-metallic inclusions, reducing the 

level of residual stresses, etc., have been considered [2-5]. However, experiments have shown that 

these strategies are not sufficiently effective. Therefore, texture modification during 

manufacturing has been considered a novel way of producing pipeline steel that will have a 

combination of strength and resistance to HIC. Successful execution will help reduce the fatal 
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damage that may arise from pipeline failures exposed to more complex service environments and 

those pipeline that are considered for future applications, like hydrogen transportation. 

1.3 Rationale for thermomechanical control processing (TMCP) in texture control 

Thermomechanical control processing (TMCP) of pipeline steel using hot rolling has become an 

important sheet forming process today. The process provides opportunity for heavy reduction in 

cross-sectional area and controlled rolling of the steel. Many studies show that thermo-mechanical 

control rolling parameters affect the development of crystallographic texture and microstructure 

in steels [6-8]. These parameters include, but are not limited to, finish rolling temperature, soaking 

temperature, amount of deformation, and rate of cooling of rolled plate. Therefore, control of 

thermo-mechanical processing offers a plausible way of developing a preferable crystallographic 

texture in hot-rolled pipeline steel. 

To this end, texture engineering in steel manufacturing is viable for ensuring the safe transport of 

future energy. This is because the main findings of numerous studies show that texture and grain–

boundary engineering can be used to improve the HIC resistance of pipeline steels [9-12]. Overall, 

the successful manufacturing of textured pipelines through thermomechanical control processing 

will lead to: 

1. Improved mechanical properties  

2. Improved resistance to corrosion and cracking  

3. Higher economic benefits and lower costs associated with the integrity of the pipelines. 

This thesis aims to identify processing conditions and parameters that best develop the preferable 

orientations and microstructure in hot rolled pipeline steels. Particularly the temperatures of rolling 

and modification of the two stages of rolling to achieve desired texture and microstructure. 

1.4 Research objectives  

Given the motivation and rationale discussed in sections 1.2 and 1.3, the overall objective of this 

research is to strengthen the{111}//ND and {011}//ND fibre textured grains in X70 pipeline steel 

through different thermomechanical processes. In order to realise this goal, the following specific 

objectives will be pursued: 
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1. To determine the effect of high-temperature thermomechanical processing on the 

microstructure and texture of X70 pipeline steel. 

2. To investigate the mechanism of texture and microstructural evolution in the warm-rolled 

X70 pipeline steel. 

3. To evaluate the texture inhomogeneities resulting from the various thermomechanical 

processes and assess their effect on mechanical properties in X70 pipeline steel. 

4. To optimise the final texture and microstructure through synergistic modification of the 

two-stage thermomechanical process. 

1.5 Thesis arrangement   

This thesis contains eight chapters. The first chapter includes the motivation, rationale for TMCP 

in texture control, and research objectives. 

Chapter two contains a detailed literature review of important and relevant papers relating to 

thermomechanical processing, texture, and microstructural evolution. Relevant details pertaining 

to the role of crystallographic texture in hydrogen-induced cracking and stress corrosion cracking 

were also discussed. 

Chapter 3 provides detailed discussions of all the characterisation tools and techniques used to 

realise this project. In addition, the details of the X70 pipeline material used, its chemistry and 

thermomechanical processing conditions are presented.  

 

Chapter 4 focuses on the various high-temperature thermomechanical treatments on X70 pipeline 

steel. It mainly addresses this research's first objective and has been published in the Journal of 

Material Science and Engineering A.  

In Chapter 5, the effects of warm rolling on micro and macro-texture on X70 pipeline steel were 

investigated. This chapter specifically addresses objective number two of this research. The 

research findings discussed in this chapter have been published in the Journal of Material 

Characterisation. 

The development of inhomogeneity of texture, microstructure, and mechanical properties resulting 

from thermomechanical processing is discussed in Chapter 6. This chapter focuses on the impact 
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of rolling treatments on X70 pipeline. The findings in this chapter have been published in the 

Journal of Materials Engineering and Performance. 

In Chapter 7, the synergistic effect of two-stage controlled processing was investigated and 

discussed. This chapter addresses the texture optimisation using the two-stage thermo-mechanical 

processing. This chapter has also been submitted to the Journal of Materials Research and 

Technology. It is in the final review stage. 

Finally, a summary of the work done, conclusions made from the research findings are provided 

in Chapter 8. It also includes suggestions for future work and investigations.  



5 
  

Chapter 2 

Literature review 

2.1 Overview  

A brief description of relevant concepts related to thermomechanical processing and pipeline steel 

is introduced in this chapter. A review of previous work available on texture in polycrystalline 

materials is provided, particularly in low carbon alloy steels. Also, efforts were made to further 

discuss specific topics including crystallographic texture and its importance in pipeline steels and 

critical reviews of the factors that affect texture evolution in pipeline steel. 

2.2 Thermomechanical processing in pipeline steels 

The combination of hot working technologies with a thermal path under controlled conditions 

(thermomechanical processing) provides opportunities to achieve required mechanical properties 

at lower costs. Over the years, thermomechanical processing has become an essential part of the 

production of pipeline steels. The application of thermomechanical processing in the production 

of pipeline contributes to cost reduction in steels, increased strength, and toughness which are the 

most common requirement for pipeline steels. 

Thermomechanical controlled rolling is often carried out in three temperature regions: (a) 

deformation in the recrystallization region at high temperatures, (b) deformation in the non-

recrystallization region in a low-temperature range above Ar3 and (c) deformation in the austenite–

ferrite region. Deforming in the non-recrystallization region allows the division of the austenite 

grains due to the introduction of deformation bands into the grains. During deformation in the 

austenite–ferrite region, a mixed structure is obtained. This structure consist of equiaxed grains 

and subgrains after transformation; this further increases the strength and toughness. In comparison 

to conventionally rolled steel, controlled hot rolled steel differs fundamentally in the nucleation of 

the ferrites grains. In conventional rolled steels, the nucleation of ferrite occurs exclusively at 

austenite grain boundaries while in controlled rolled steel, nucleation of ferrite occurs in the 

interior of grains as well as at grain boundaries. This process leads to a more refined grain structure. 

In other applications, grain refinement can also be achieved by the addition of microalloying 

elements such as vanadium, niobium and titanium leading to improved strength and toughness in 

controlled-rolled steels.  
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The development of new steel grades and processing technologies dedicated to thermo-

mechanically-processed products is increasing. The implementation is being expanded to create 

products with more desirable properties for pipeline applications. Pipeline steel grades are 

subjected to a thermo-mechanically controlled processing to realize these requirements. Fig. 1 

shows a schematic of a two-stage controlled-hot rolling process. During this process, thick ingots 

are reheated or austenised at a relatively high temperature, followed by two-stage rolling known 

as rough and finish rolling. During the roughing stage, the thickness of the ingot is reduced, and 

based on the requirement, the number of passes may vary. All rolling steps are carried out within 

the austenite region. Once the steel is heated, the structure turns into coarse-grained austenite, 

usually with some undissolved carbonitrides.  

The finish rolling stage is critical and requires careful modifications to obtain a suitable 

microstructure and desired strength. It is known to have the greatest influence on the pipeline 

steel's final microstructure, strength, and texture.  

 

Fig. 2.1. Schematics of a two-stage controlled-rolling process [13]. 

It is well known that during the hot rolling of ferritic steels, textures formation is complex due to 

the combination of high-temperature deformation, recrystallisation, and phase transformation. 
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This complex combination also causes the deformation model to change through the sheet 

thickness resulting in significant inhomogeneity of texture through the material thickness. In 

addition to changes in deformation mode through the material thickness, the transformation of 

austenite to ferrite can occur during hot rolling. Therefore, the development of hot rolling texture 

in ferritic steels poses a significant challenge because of its dependence on multiple factors.  

Several studies show that thermo-mechanical control processing (TMCP) is a powerful tool for 

developing high-strength steels. Understanding the effect of process parameters on the 

microstructure of these steels is a key aspect for optimising their mechanical properties. Olalla et 

al. [14] reported on the influence of rolling temperatures and cooling conditions on the texture, 

strength, and toughness of high strength low alloy pipeline steel grade and observed that at a lower 

temperature, plates rolled were found to have better strength and toughness than plates rolled at a 

higher temperature. The study also reported increased strength without significantly affecting 

toughness for plates processed through an accelerated water cooling and coiling simulation. 

A study carried out by Schambron et al. [15] shows that lowering the manganese (Mn) content of 

hot rolled steel also improves the product properties, especially toughness, by reducing the 

formation of manganese sulphide (MnS) inclusions. Another report by Mourino et al. [16] shows 

how thermomechanical processing parameters affect the final microstructure of pipeline steels. It 

was observed that the effects of processing parameters differ for various steel grades depending 

on the chemical composition.  

The replacement of conventional rolling plus post-rolling heat treatments by integrated controlled 

forming and cooling strategies implies important reductions in energy consumption, increases in 

productivity, and more compact facilities in the steel industry.  

2.3 Texture in polycrystalline materials 

Polycrystalline materials consist of crystallites of different shapes, sizes, and orientations. Texture 

in polycrystalline materials is simply referred to as the distribution of crystallographic orientations. 

A textured material is one in which the material grains have some preferred orientation. When 

orientations of grains in a material are random and do not exhibit any preferred direction, the 

material has no texture.  
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The texture associated with polycrystalline materials is a crystallographic feature and highly 

influences the material properties. In many pipeline steel materials, certain properties such as 

strength, deformation, weld-ability, and stress corrosion cracking are highly dependent on texture 

[17-19]. Therefore, developing favourable textures during material manufacturing is critical for 

enhancing properties and mitigate weaknesses that can initiate or exacerbate failures. Based on the 

cubic crystal symmetry of both FCC and BCC crystal lattice and the orthotropic symmetry of hot 

rolled steels, the important fibre and texture components for BCC and FCC steels are summarized 

in Table 2.1. These textures are expressed in the reduced Euler space (0° ≤ φ1, ϕ1, φ2 ≤ 90°). The 

rolling direction is denoted by RD, while the normal direction and transverse direction are denoted 

by ND and TD respectively.   
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Table 2.1. Some important fibres and texture components for BCC and FCC steels.  

Material Fibre name Fibre axis Important components 

BCC phase αbcc-fibre <110> parallel to RD {001}<110>,{112}<110>, {111}<110> 

γ- fibre <111>parallel to ND {111}<110>, {111}<112> 

η- fibre <001> parallel to RD {001}<100>, {011}<100> 

ξ - fibre <011> parallel to ND {011}<100>, {011}<211>,{011}<111> 

{011 }<011> 

ε-fibre <011> parallel to TD {00l}<110>,{112}<111>{4411}<11118>, 

{111}<l12>,{11118}<4411>,{011}<100> 

θ-fibre <001> parallel to ND {001 }<100>, {001 }<110> 

βbcc-skeleton 

line 

<111> close to ND {111)<110>, {557}<583>, {111}<112> 

FCC Phase αfcc-fibre <011> parallel to ND {011}<110>, {011}<211>, {011}<111>, 

{011}<001> 

βfcc-skeleton 

line 

Less symmetric fibre 

following local 

texture maxima 

rather than fixed 

coordinates 

{211}<111>, {123}<634>, {011}<211> 

 

Texture information are presented using pole figures (PF), orientation distribution function (ODF), 

and inverse pole figures (IPF). The pole figures provide a valuable description of the texture 

present in a material; however, the information is incomplete and semi-quantitative at best. Thus, 

the orientation distribution function has been used to remove this difficulty. The orientation 

distribution function ODF describes the frequency of particular orientations in a three-dimensional 

orientation space (Euler angle space). Also, the inverse pole figure is used to provide incomplete, 
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but satisfactory for certain applications, description of the texture. In this case the distribution of a 

selected direction in the specimen is depicted in relation to the crystal axes. Figure 2.2 shows 

information on texture obtained through X-ray diffraction measurements. 

 

 

Fig. 2.2. Texture information represented in (a) Pole figure (b) Inverse pole figure IPF and (c) 

Orientation distribution function. 

2.4 Thermomechanical processing and crystallographic texture  

Various reports show that steels' crystallographic texture and microstructural development can be 

influenced by thermomechanical parameters like soaking temperature, rolling temperature, degree 

of deformation and other factors. It is known that by controlling the crystallographic texture 

through various cycles of thermomechanical processing, it is plausible to produce pipeline steel 

with enhanced performance because some of these texture components are beneficial for creating 

desired anisotropies of mechanical properties and improving yield strength [20-22]. Therefore, 

microstructure and texture optimisation are necessary to improve the strength and toughness of 

pipeline steels. An appropriate design of the chemical composition together with the thermo-

mechanical control process (TMCP) contributes to achieving the required microstructures and 

textures, thereby optimize mechanical properties [23-26].  

Several literatures reported that thermomechanical processing parameters strongly influence the 

mechanical properties of pipeline steels [6-8]. In the past, various techniques such as 



11 
  

microstructure control, modifying the morphology of inclusion, micro-alloying elements have 

been adopted in improving the mechanical properties of pipeline steels.  

When producing pipelines, steel with high strength and toughness is required to reduce weight and 

ensure safety of operation. Generally, it is easier to obtain high strength, but this is usually at the 

expense of toughness. Grain refinement is known to be the most effective approach to improving 

toughness in steels. However, the toughness control is difficult because the ability of grain 

refinement in thermomechanical controlled processing is largely limited, and the grain sizes are 

often refined to a range between ~3–5 µm [27]. Therefore, it should be possible to obtain better-

performing steels by controlling the crystallographic texture and microstructure through 

thermomechanical processing. 

Kimura et al. [28] developed high strength and high toughness steels with elongated ultrafine-

grained microstructure by warm rolling in the ferrite region in low alloy steel. A study by Inoue et 

al. [29] shows the effect of delamination on impact properties of ultrafine-grained low carbon steel 

processed by warm rolling (rolling temperature was 500 °C). It was observed that good the 

strength-toughness balance could be obtained by grain refinement, control of grain shape, and 

crystallographic orientation of grains.  The delamination associated with crystallographic texture 

could effectively improve low-temperature toughness. 

A study carried out by Shen et al. [30] on the evolution of microstructure and crystallographic 

texture during warm rolling and its influence on mechanical properties showed that high strength 

and high toughness steels were developed when rolling was carried out in the dual-phase region. 

The high strength resulted from grain refinement and dislocation strengthening, whereas the high 

toughness was attributed to grain refinement.   

2.5 Crystallographic texture in pipeline steels  

The concept of preferable grain orientation in hot rolled pipeline steel for oil and gas application 

has recently received considerable attention. Figure 2.3 shows schematic of the relationship 

between thermomechanical control steel processes, texture, mechanical properties, hydrogen-

induced cracking and stress corrosion cracking. The TMCP determines the texture observed in hot 

rolled pipeline steels and the developed texture can play a role in improving the mechanical 
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properties of hot-rolled pipeline steels. To this end, many researchers have demonstrated the 

correlation between crystallographic texture and mechanical properties in pipeline steels [20-22].   

 

Fig. 2.3. Schematic of the effect of TMCP on texture and correlation with mechanical properties 

and HIC phenomenon. 

Over the years, crystallographic texture has proven to be an important microstructural parameter 

for determining the degree of anisotropy of most physical properties of a polycrystalline materials, 

including pipeline steels [20-22]. The majority of the conclusions made from these studies showed 

that texture components such as {011}<100>, {332}<113> does affect the yield strength and 

anisotropy of mechanical properties. According to several reports, the development of 

crystallographic texture and microstructure in steels can be influenced by the thermomechanical 

parameters such as soaking temperature, amount of deformation, finish rolling temperature, and 

the rate of cooling [6,8]. 
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Studies carried out by various authors show that crystallographic texture, grain size, and grain-

boundary character contribute significantly to the propagation of hydrogen induced cracking (HIC) 

in pipeline steels. A report by Hallen et al. [31] shows that crystallographic textures helped mitigate 

HIC in pipeline steels. Their experiments concluded that improving HIC resistance in pipelines 

through crystallographic texture control and grain boundary engineering can be achieved using 

warm rolling schedules. In their investigation, a near-random crystallographic texture was reported 

in a hot-rolled low carbon pipeline steel. In contrast, an enhanced intensity of {111}//ND texture 

fibre was obtained with warm rolling and was found to improve its resistance to HIC compared to 

those sets of steels rolled at higher temperature. 

Another report by Venegas et al. [32], showed that the resistance of pipeline steels to pitting 

corrosion can be related to crystallographic texture because of (i) the anisotropic behaviour of 

anodic dissolution of the ferrite, and (ii) the role that crystallographic texture plays in predicting 

the pitting resistance of pipeline steels. In this study, the actual susceptibility of steel samples to 

pitting corrosion was determined through cyclic potentiodynamic polarization measurements. The 

pitting susceptibility predicted from the texture measurements agrees with the susceptibility 

determined from the cyclic polarization tests. 

According to Bakshi et al. [33], research on the effect of crystallographic texture on toughness 

anisotropy and fracture behaviour of micro-alloyed API X70 steel, an increased toughness values 

of 20 Joules were recorded. They observed that thermo-mechanical controlled rolling below the 

no-recrystallisation temperature of austenite led to the formation of α-fiber in X70 steel with 

prominent {113}<110>and {112}<110>components. A strong γ-fiber in X70 steel was also 

formed. 

2.6 Importance of texture in pipeline steel 

Texture is seen in almost all engineering materials, pipeline steels inclusive. It significantly 

influences mechanical properties such as yield stress, toughness, corrosion cracking resistance and 

also physical and chemical properties [9, 10,30,31,35].  Hence the production of improved pipeline 

steel has become feasible by controlling the texture through various thermomechanical processes. 

This is because studies by various researchers show that an adequate amount of {332}<113> and 

relatively low intensities of {113}<110> and {100}<011> texture components are beneficial to 

both yield strength and anisotropy of mechanical properties [20,21,22,33]. Several studies have 
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been carried out on the effects of texture on properties of various grades of pipeline steel.  In this 

section, those research will be outlined. Efforts have been made to draw the importance of texture 

on pipeline steel from these researches. 

2.6.1 Texture and grain–boundary engineering can be used to improve the hydrogen 

induced cracking resistance of pipeline steels 

The role of crystallographic texture in hydrogen induces cracking, and stress corrosion cracking 

mechanisms has been investigated. Credit must be given to Wright and Field [36] for their earlier 

work on the role of various crystallographic parameters on crack behaviour in polycrystalline 

materials. In particular, they pointed out two possibilities. First is the interplay between grain 

boundary parameters and grain orientations in path selection for transgranular and intergranular 

fractures. Secondly, they stress a role played by the orientation of neighbouring grains in 

intensifying the stresses at triple junctions of grain boundaries. Later, other researchers showed 

that certain orientation offers resistance to crack propagation in the hydrogen environment [9, 32, 

37, 38].  In a study conducted by Arafin and Szpunar [9], the crystallographic texture information 

obtained around the vicinities of crack-arrest regions and cracked areas were studied. It was 

observed that the {111}||rolling plane textured grains were more crack-resistant, while the cracked 

regions were mainly observed  on 100|| rolling plan textured grains. Another report by Hallen et 

al. [31] shows that improving HIC resistance in pipeline steels through crystallographic texture 

control and grain boundary engineering is possible. In their study, warm rolling schedules were 

used, and the resultant crystallographic texture was seen to be dominated by the {111}||ND-fibre 

texture and a high proportion of low angle grain boundaries, which are two characteristics 

necessary to reduce the pipeline susceptibility to hydrogen-induced cracking. These results were 

later corroborated by other authors who have also shown that orientations close to <111>||ND 

(parallel surface) depicted good corrosion resistance in steels [10-12]. The principal conclusion 

that can be drawn from the results of these studies is that texture control and grain–boundary 

engineering through thermomechanical processes is a feasible method to improve the HIC 

resistance of pipeline steels. Therefore, the study of texture influence on the crack propagation in 

hot rolled pipeline steels has generated interest for the control of texture and grain boundary 

character to produce pipeline steels with higher resistance to the HIC and the SCC. 
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2.6.2 Texture plays a role in controlling the anisotropy of impact toughness. 

The role of texture in controlling the anisotropy of impact toughness cannot be overemphasized. 

Several investigations have been carried out on texture formation in low carbon steels during 

processes like cold rolling and subsequent recrystallisation to produce steel sheets with strong 

{111}texture. Baczynski et al. [23] put up a strong justification in support of the influence of 

crystallographic texture on the observed toughness anisotropy in thermo-mechanically rolled Nb-

micro-alloyed pipeline steels. The study noted a stronger influence of {110}α and {112}α cleavage 

on ductile fracture at a higher temperature than that of {100}α cleavage planes. Texture also has a 

significant influence on Charpy energy level. A report by Bourell [39] showed the marked 

influence of {001}(110) texture in reducing the Charpy-energy at 45° to RD in warm-rolled low-

carbon steel.  

During controlled rolling of X80 pipeline steels, the transformation texture components such as 

the {113}<110> have been found to cause significant anisotropy in both strength and toughness. 

In contrast, the {332}<113> texture component produced lower anisotropy in strength and 

toughness, thus leading to more desirable values for these properties [23,40].  Ju et al. [41] studied 

the room temperature fracture toughness of PI-X65-graded steel line-pipe and showed that the 

anisotropy of the toughness at the room temperatures might be conceivably attributed to the 

variation in the volume fraction of {110} plane.  

2.7 Factors affecting texture evolution in hot rolled pipeline steel 

It is well-known that the crystallographic texture developed during the manufacturing process of 

pipeline steel significantly impacts the pipeline's mechanical properties [42-45]. However, surface 

friction, processing parameters, and material chemistry affect the formation of texture during hot 

rolling. These factors will be discussed in detail in this section. 

2.7.1 Surface friction between the material and the rolls 

As reported by Randle [45], 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. An example of the effect of surface friction has been discussed by Masoumi 

and de Abreu. [44]. During rolling of X70 pipeline steel, inhomogeneity of texture was observed 

due to friction between the material and the rolls. The rolling schedules induced crystallographic 
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texture dominated by the {112}||ND, {111}||ND, and {011}||ND fibres, which {110}||ND fibre 

was formed mainly in surface plane but {112}, {111}||ND and {001} <110> texture component 

were developed in mid-thickness of the samples.  

Another study by Asbeck and Mecking [42] demonstrated that the texture inhomogeneity during 

rolling result from inhomogeneous shear deformation. In contrast, the surface roughness of the 

rolls causes the surface texture. This shear strain has the value of zero in the centre plane of the 

sheet. Depending on the geometrical conditions, it reaches a maximum value either at the surface 

or in some intermediate layer. The resulting shear stress-strain caused by the friction between the 

rolls and the sheet gives rise to a high hardness value around the surface region [44].  

In rolling, the residual stress induced by shear deformation is formed close to the surface layers 

due to the friction between the rolls and the surface sheet. Masoumi and de Abreu. [44] reported 

that this shear deformation near the surface layer resulted in the formation of {110}||ND and 

{111}||ND texture fibres which can improve the mechanical properties of pipeline steel and 

generate significant improvement in resistance to crack formation in near-surface region. Overall, 

it was observed that the texture heterogeneity becomes more pronounced under conditions of high 

friction.  

2.7.2 Material chemistry or alloying elements 

Today, high strength grades of hot rolled steel strips are being used for pipeline construction to 

obtain high gas transport efficiency and to allow higher operating pressures and therefore higher 

gas transmission rates. These steel grades require both increased strength and enhanced toughness, 

which is accomplished by adding micro-alloying elements without deteriorating weld-ability to 

ensure the safety and economy of the pipeline transport. Therefore, in addition to processing 

parameters, optimizing the chemical composition of steel grades has become an important factor 

during steel production [46]. 

In addition to the temperature, the chemical composition can be effective during texture formation. 

For instance, an increase in manganese content up to 2.48 wt% results in stronger {332} 〈113〉 and 

{113} 〈110〉 orientations as well as {001} 〈110〉 component. The addition of manganese may 

increase the deep-draw-ability during the hot rolling process [47]. However, this has been applied 

mostly in the manufacture of sheet in the automotive industry 
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Haddadi et al. [43] also affirm the role of manganese (Mn) in texture formation and mechanical 

properties of pipeline steel. In this study, an increase in Mn content by 1.0 wt% resulted in the 

significant strengthening of {112} 〈110〉 texture and a change in stacking fault energy. In contrast, 

adding carbon up to 0.17 wt% does not significantly differ in orientation density along alfa (α) and 

gamma (γ) fibres after rolling reductions. However, very weak texture was reported in all examined 

samples, characteristic of hot rolled ferritic steels. The weak rolling texture is inherited as starting 

texture to materials deformed during rolling leading to more robust RD fibre texture formation.  

In another study by Barnett [48], warm rolled LC-chromium steels were found to have strong ND 

fibre texture components leading to improved formability. However, the strongest {111} annealing 

texture was produced in the steel containing 1.3 wt% chromium (Cr). It was observed that the Cr 

increases the degree of in-grain shear banding, which promotes extensive nucleation of favourable 

{111} texture during recrystallisation. 

Oxides of Niobium, Titanium, and Vanadium pin down microstructural grain boundaries, hence 

serving as stabilising agents during thermo-mechanical treatment of hot rolled steel. They 

influence grain growth, recrystallisation, and austenite-ferrite transformation. Precipitation of 

niobium-carbide through the combined effect of niobium and strain energy reduces ferrite 

transformation [49]. A study by Chen et al. [50] showed that {111} transformation texture was 

obtained during deformation enhanced ferrite transformation in steel micro-alloyed with Niobium. 

More so, {111} the texture was observed with less amount of phosphorous. Excess phosphorous 

atoms degrade {111} texture by eliminating a substantial amount of titanium, which serves as 

stabilising elements. However, this must be a delicate balance because complete phosphorous 

removal will produce poor strength [35]. 

2.7.3 Processing Parameters Percentage Reduction and Rolling Temperatures 

The development of crystallographic texture and microstructure in steels is influenced by 

thermomechanical control rolling parameters. These include soaking temperature, the extent of 

deformation, finish rolling temperature, and rate of cooling rolled plate [34]  

Research carried out by Zebarjadi et al. [51] demonstrated the influence of rolling temperature on 

the formation and evolution of the samples' microstructure and crystallographic textures, and 

mechanical properties. The orientation distribution function maps obtained from the result they 
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obtained show the formation of weak {100} <001> fibre occurring randomly with an intensity of 

5 and the formation of a strong component of {111} <011> with an intensity of 7. When the rolling 

temperature was increased to 830 °C, the strong {111} <011> texture component remained with a 

lower intensity of 6. In contrast, at a higher rolling temperature of 870 °C, different textures 

including weak {001} <110>, weak {111} <011>, {110} <001>, and weak {110} <110> with an 

intensity of 5 were observed.  

During thermomechanical treatment, the range of temperatures employed plays a significant role 

in the final texture. This is because of the changes that occur as a result of the transformation of 

austenite to ferrite. Higher rolling temperatures above the Tnr produce steels with very low fraction 

of <111>||ND orientated grains [52]. Instead, at high temperature, the intensity of ({001}<110>) 

orientations in the final steel is reported to increase [14]. This is because, during high-temperature 

rolling, the rotated cube components can be formed as transformation products of the brass 

components and also from the transformation of recrystallised austenite having cube 

({001}<100>) texture components.  

Generally, rolling steel below recrystallisation temperature gives rise to austenite with deformation 

bands and high-density grain boundaries, resulting in grain refinement. However, the austenite 

transformation to the ferrite phase that occurs on cooling often affects the final texture [53]. 

Adjusting the rolling temperature within the non-recrystallisation region helps controlling texture 

in hot rolled steel strips and reduce tensile properties' anisotropy [54]. 

Hot rolling within the ferrite region is a feasible means of achieving pronounced {111}〈110〉 

annealing texture. Guo et al. [55] carried out warm rolling  of a 30 mm thick steel austenised at 

1050 ℃ for 2 hrs, air-cooled to 700 ℃, The steel was hot rolled in 6 passes and finish rolled at 

560 ℃, 620 ℃ and 640 ℃. It was observed that lower-finish rolling temperature gave rise to 

enhanced mechanical properties, more homogeneous annealed microstructure, and most 

importantly {111}||ND texture. In another study by Halder and Ray [52], a high presence of {111} 

<110> and abundant deformation bands was observed in a low carbon steel warm rolled at 

temperatures of 500 ℃ and 600 ℃. In this research, initial homogenization treatment was 

conducted at 1050℃ for 45 minutes and steels were air-cooled. Then soaking was done at 1150 ℃ 

for another 45 minutes and steels were air-cooled before rolling at 800 ℃, 700℃, 600 ℃ and 

500 ℃. It was found that the specimens rolled at temperatures of 700 ℃ and 800 ℃ have a very 
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weak {111}〈110〉 texture and well recrystallised grains. This observation was also corroborated 

by Guo et al. [56], who concluded that at finish rolling temperatures of  560 ℃, 620 ℃, and 640 ℃, 

the lower finish rolling temperature gave rise to enhanced mechanical properties, more 

homogeneous microstructure and {111}||ND texture.  

Similarly, Yu et al. [8] reported dominant {111}||ND and weak {110}||ND for 3 mm hot strip low 

carbon steel produced from 85 mm slab rolling with warm rolling technology. They applied the 

following rolling conditions; soaking/entry temperature of roughing at 1150 ℃, exit temperature 

of roughing at 1005 ℃, entry temperature of finishing at830 ℃, exit temperature of finishing at 

780 ℃ and cooling in air starting temperature at 720 ℃. 

Regarding rolling reductions, many studies have shown its potential in crystallographic texture 

modification in hot rolled steel. For example, Zebarjadi et al. [51] showed that an increase in the 

percentage reduction from 30% to 60% revealed the formation of a {111} <011>, {110} <001>, 

and {001} <110> orientations, which were stronger than in steel deformed with a rolling reduction 

of 30%. The existence of a strong {111} <011> texture in deformed steel sheets with a high normal 

anisotropy value which is desirable for various application.  

Olalla et al. [14] studied the effect of start-finish rolling temperature (SFRT) and the cooling routes 

on the mechanical properties of steel plates that were hot rolled at the same degree of reduction 

and observed the formation of  a strong {001}<110> texture components at higher rolling 

temperature as opposed to when rolled at lower temperatures. 

2.7.4 Annealing of hot rolled steels 

Several studies have been carried out on the influence of annealing on hot-rolled steels, confirming 

that annealing plays a significant role in steels' texture and mechanical properties.  

In a report by Pereloma et al. [57], an increase in the annealing time was observed to lead to the 

deterioration of the γ fibre and a significant strengthening of the α-fibre. In the fully recrystallised 

samples, the ND or γ-fibre component was stronger in the steel with a higher Cr content. 

The evolution of microstructure and texture of a 0.2%C–Mn steel during large strain warm 

deformation and subsequent annealing was investigated by Song et al. [58]. The texture of the 

samples after deformation was made up of α and γ-fibres. However, after annealing these samples, 

the strong α-fibre, observed after deformation, not only prevails but is even enhanced. More so, 



20 
  

the microstructure of the annealed material still consists of elongated ferrite grains with a relatively 

high dislocation content which indicates that no substantial recrystallisation has occurred. 

Consistently, the texture of the ultrafine-grained 0.2%C–Mn steel observed after large strain warm 

deformation and subsequent annealing consists primarily of the alfa texture fibre, which indicates 

strong recovery. 

2.8 Variant selection during hot deformation 

As a result of its significant effect on crystallographic texture, variant selection has received a great 

deal of attention in various fields, including material science and physics. It plays a vital role during 

transformations in both metals and oxides [59]. This transformation from a face-centred cubic 

(FCC) high-temperature phase, called austenite, to a metastable body-centred cubic (BCC) low-

temperature phase, the martensite, holds great significance in steel metallurgy because the strength 

of the material depends on it. Despite several studies carried out by various researchers, features 

exhibited by this transformation are still not fully understood. The variant selection phenomenon 

is one among these features; it is observed when stress and/or strain is applied to the material 

during or prior to transformation and is of great interest due to its implications in the industrial 

processing of steel. 

For example, in the course of martensite transformation, there is usually an orientation relationship 

between parent austenite and the newly transformed martensite. As a result, there is a significant 

influence of the crystallographic texture of austenite on texture development in the inherited 

martensite [59]. This is so because, in steels, if the parent material (austenite) possesses a 

crystallographic texture, the material after transformation will also acquire a texture that can be 

related to the texture of the parent material. However, for a given orientation relationship, there 

are several equivalent orientations of the inherited phase. These orientations are called variants.  

According to Lee et al. [60], in an ideal situation, all variants can appear during transformation in 

the austenite grain with an equal probability, but there are cases where some variants appear during 

transformation. This was also confirmed by Matsumoto et al. [61], who reported that some specific 

variants of martensite preferentially formed during deformation-induced martensitic 

transformation, called variant selection. This preferential formation of variants creates the 

possibility of some variants being selected more often than others, a selection phenomenon known 

as the variant selection greatly influences texture development of the inherited martensite.  
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Generally, the Kurdjumov-Sachs (K-S), Nishiyama-Wassermann (N-W), and the Bain are the 

three most commonly considered relationships. The Bain transformation relationship state that 

{001}γ||{001}α and <100>γ||<110>α. In the description, there is a total of three <100> axes. 

During deformation, an austenite grain that obeys the Bain transformation relationship is expected 

to rotate by 45° around each of the three <100> axes leading to three alternate bcc variants. This 

implies that 99 γ grains can be expected to transform into 33 of the three variants with equal 

probability [62]. 

The K-S relations, on the other hand, has a total of 24<112> axes. An austenite grain obeying the 

K-S relations will experience rotations of 90° about each of the 24<112> axes. In this case, the 

final result is 24 variants instead of 3, as observed in the Bain correspondence relationship. The 

Nishiyama-Wassermann (N-W) correspondence relationship is very similar to the Bain 

relationship and generally known as {111}γ||{110}α and <011>γ||<111>α. Because of this 

similarity, a Bain “variant” is described as a reasonable approximation of the physical effects 

within materials obeying the K-S relationship [59]. 

2.9 Texture inhomogeneity in hot rolled pipeline steels  

The manufacture of pipeline steel often requires several processes to achieve desirable properties 

for their application. These processes could require subjecting the pipeline through various thermo-

mechanical controlled processing schedules, which can influence the texture and microstructure 

of the materials. During these thermo-mechanically controlled processes, inhomogeneous 

structure and textures can be formed, causing differences in the texture, microstructure, and grain 

size through the steel thickness. M. Masoumi et al. [44] carried out rolling on low carbon steel 

reported the formation of inhomogeneous textures during rolling due to friction between rolls and 

the material rolled. They affirmed that rolling schedule of 500⁰C induced crystallographic texture 

dominated by the {112}||ND, {111}||ND, and {011}||ND fibres. The {110}||ND fibre was formed 

mainly on the surface but {112}, {111}||ND and {001} <110> texture component were developed 

in mid plan of the samples. The presence of inhomogeneity of textures in steel is often neglected, 

and the texture throughout an entire steel plate is assumed to be uniform. This assumption is rarely 

true in practice and can result in incorrect conclusions and wrong properties evaluation. 

A study conducted by Park et al. [7] on the development of texture inhomogeneity during hot 

rolling of Ti/Nb-bearing interstitial free (IF) steel under various processing parameters shows that 
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the samples developed varying textures based on the partition of the rolling reduction when rolled 

at the same finishing temperature. It suggests that the through-thickness inhomogeneity of the hot 

band texture was mainly dependent on the finishing rolling temperature. Raabe and Lucke [63] 

observed that texture inhomogeneity through the material thickness results from the changes in the 

mode of deformation occurring through the material thickness during rolling. Asbeck and Mecking 

[42] observed during their study that inhomogeneity of texture results from inhomogeneous shear 

deformation occurring during rolling, whereas the surface roughness of the rolls causes the surface 

texture 

The development of inhomogeneity in the microstructure, texture, and mechanical property in hot-

rolled (API) 5L X70 pipeline steel after rough and finish thermomechanical control processing 

was investigated by Omale et al. [64]. The result showed that texture inhomogeneity was observed 

at different depths of the rolled steel. In comparison with the surface, volume fractions of texture 

and intensities of the desired γ-fibre texture were seen to be highest at the mid-and quarter-

thickness sections after both rolling stages. Further investigations revealed that most large and 

coarse ferrite grains were produced across the thickness during the rough rolling phase. In contrast, 

the finished rolling stage led to a rather refined small-grained microstructure. EBSD investigations 

confirmed that recovered and deformed grains dominated the quarter and mid-thickness after the 

rough rolling stage compared to the surface. Investigation of the finished rolled steel showed that 

compared to the quarter and mid-thickness sections of the plate, the surface section mainly consists 

of deformed grains. 

In summary, the literatures discussed here established the importance of certain crystallographic 

textures in steels and its resistance to hydrogen induce cracking (HIC) and stress corrosion 

cracking (SCC). Therefore, validating that modification of the existing manufacturing method to 

obtain these preferable textured steels is required. In addition, it highlights the role of thermo-

mechanical control processing in texture modification of pipeline steels during manufacturing. 

Despite the research on the influence of texture on HIC phenomenon in pipeline steels, not much 

has been done on the development of industrially manufactured pipeline steels in a manner to 

obtain desired texture for application in sour service environment. The focus of this research will 

be to explore the modification of thermomechanical control processing schedules so as to obtain 

the textured steel that will be effectively used in sour service application. This research would also 
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seek to provide the explanations behind the mechanisms in the evolution of the final 

microstructure, boundary statistics and texture as a result of the thermomechanical processing. 
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Chapter 3 

Materials and methods 

3.1 Overview  

This chapter highlights all of the thermomechanical processing parameters used in the treatment 

of the current pipeline steel. For characterisations of our specimens in this study, we have 

employed different techniques to achieve the objectives set out in the present study. For the study 

of macro-texture, the X-ray diffraction (XRD) technique was used. At the same time, micro-

textural observations and elemental mappings were conducted using the electron backscatter 

diffraction (EBSD) and energy dispersive x-ray spectroscopy (EDS) technique, respectively. 

Scanning electron microscopy (SEM) and optical microscopy (OM) technique were used for other 

microstructural observations. Particulars relating to the material and processing are further 

elaborated on in the following sections.  

3.2 Material and processing of pipeline steel 

3.2.1 Material Chemistry 

The base material used in all of the experiments is an API 5L X70 pipeline steels supplied by Evraz 

Inc. in Regina. The chemical composition of the X70 steel is in weight percent (wt.%) and given 

as C: 0.047, Mn: 1.65, S: 0.0018, P: 0.009, Si: 0.18, Cu: 0.29, Ni: 0.07, Cr: 0.06, V: 0.001, Nb: 

0.073, Mo: 0.247, Sn: 0.01, Al: 0.044, SoAl: 0.036, Ca: 0.0014, B: 0.0001, Ti: 0.022, N: 0.0099, 

O: 0.003. The SoAl listed here represents soluble aluminum. As shown, the total Al is 0.044wt%, 

from which only 0.036wt% is dissolved in the metal (soluble Al) while the rest is tied up by 

oxides/inclusions. 

3.2.2 High-temperature thermomechanical treatments 

All thermomechanical processing was carried out at Canmet Materials in Hamilton. Two different 

thermo-mechanical treatments were carried out by hot rolling of a 203 mm. thick ingot and labelled 

as WE and WD. The thermomechanical paths are shown in Fig. 3.1. The plates were reheated at 

1250 °C for 8 h and then rolled in two stages; rough rolling (from 203 mm to 23 mm) and finish 

rolling (from 203 mm to 9 mm) followed by accelerated and slow cooling to simulate the coiling 

process. The rough rolling for both WE and WD was started at about 1125 °C and finished ∼at 
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1010 °C in nine passes. For specimen WE, finish rolling was started at 850 °C and finished at 805 

°C in four passes and cooled in the air from 805 °C to 780 °C  in 10 seconds followed by 

accelerated cooling from 780 °C to 609 °C in 4 seconds (42.75 C/s). Similarly, finish rolling for 

specimen WD started at 880 °C and finished at 815 °C in four passes and cooled in the air from 

805 °C to 780 °C in 12 seconds in the air followed by accelerated cooling from 750 °C to 544 °C 

in 4 seconds (51.5 C/s).  Final cooling and coiling for WE and WD were carried out at 609 °C-584 

°C and 544 °C-500 °C, respectively. The final thickness after rough and finish rolling is 9.6 mm. 

 

Fig. 3.1. Two stages of the controlled-rolling process for WE and WD specimens. 

3.2.3 Warm temperature thermomechanical processing  

In this experiment, a 23 mm slab obtained from a 203 mm thick ingot was reheated at 1050 °C for 

30 minutes and then air-cooled to the target rough rolling temperature as shown in Fig. 3.2, 

followed by two finish rolling treatments. The rough rolling stage was conducted at ∼1050 °C in 

several passes to a final thickness of 5 mm.  After the rough rolling, a sample was air-cooled to 

room temperature for investigation. At the same time, two specimens were air-cooled to the target 
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finish rolling temperatures of 600 °C and 700 °C in one pass at 37% reduction to a final thickness 

of 3.14 mm, respectively. After the finish rolling treatments, all the samples were air-cooled. 

Primarily, to ensure that all finish rolling treatments are carried out within the fully ferritic region, 

continuous cooling transformation (CCT) temperatures are determined [14,49]. The rolling 

temperatures are then selected to ensure full ferritic rolling during warm treatments. In the current 

experiment, the ferritic rolling temperatures were set based on the continuous cooling temperatures 

analysis of the steel to ensure that all the finish rolling treatments were conducted within the warm 

region.  

 

Fig. 3.2. Two stages of the controlled-rolling process for 600 ⁰C and 700 ⁰C specimens. 

3.2.4 Inhomogeneity after rough and finish rolling thermomechanical processing  

The present experiments' original ingot (203 mm) was reheated at 1250 °C for 30 minutes. This 

was followed by air-cooling to the target rough rolling conditions, as shown in Fig. 3.3. The rough 

processing was conducted at 1200 °C to a target thickness of 23 mm, while the finish stage was 

conducted at 890 °C to a target thickness of 9.6 mm. Accelerated cooling was carried out on the 

finish rolled plate to a temperature of 590 °C before air-cooling to room temperature. Samples 
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from the surface, quarter, and mid thickness sections were cut for investigations. Tensile plate 

specimens were cut along the rolling direction from sections  t = 0 (surface), t = 0.25 (quarter)  and 

t = 0.5 (mid-thickness) with dimensions gauge length (25 mm), thickness 1.5 mm, and width 6.25 

mm following ASTM standard E8/E8M-08. 

 

Fig. 3.3. Schematics of the two stages of the controlled-rolling process for specimens. 

3.2.5 Rough and finish stage thermomechanical control processing 

In this experiment, a 203 mm thick ingot was reheated at 1250 °C for 30 minutes and then air-

cooled to the target rough rolling temperature of 880 °C, as shown in Fig. 3.4, followed by finish 

rolling treatment. The rough rolling stage was conducted at ∼1200 °C in several passes to a final 

thickness of 23 mm and hot shearing to a 450 mm long transfer bar.  A sample was air-cooled to 

room temperature for investigation. At the same time, another specimen was air-cooled to the 

target finish rolling temperatures of 880 °C and finish rolled in several passes to a final thickness 

of 9.6 mm, followed by accelerated cooling to a temperature of 590 °C. 
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Fig. 3.4. Schematic of the two-stage controlled processing of the specimens. 

3.2.6 X-ray Diffraction measurement 

For crystallographic texture measurements of all steel specimens, a Bruker D8 Discover 

diffractometer with an area detector system and Cr K radiation collected the X-ray diffraction 

patterns. Figure 3.5 shows the X-ray diffraction system used for all measurements. During 

measurement, an incident beam illuminates the sample mounted in Eulerian cradle and diffracted 

beam is collected by an area detector.  

The collection of diffraction patterns using an X-ray diffractometer is governed by Bragg’s law 

given in equation 3.1: 

�� = 2�����                                                                                (3.1) 

Where n = integer number, λ = wavelength of X-ray, � = spacing between crystallographic planes, 

and ϴ is the Bragg’s angle 

In order to prevent any changes in texture resulting from grinding and machining deformation, 

great care was taken in sample preparation on the surface of interest. For example, all machining 

process was carried out under a continuous flooding lubricant/coolant flow. This ensures that no 
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heating capable of causing phase transformation of steel is allowed. Samples for X-ray 

measurements were machined, followed by careful grinding using 320 and 800 SiC grit emery 

papers, and a fine grinding using 9 µm MD-Largo, 3 µm MD-Mol, and 1 µm MD-Nap supplied 

by Struers.  

After the collection of diffraction patterns, further analysis was done on the measurements to 

obtain texture results. The crystal orientation distribution function is used to describe the 

orientation of the crystal reference system within the reference system of the specimen using the 

Euler Angles.  The orientation of the crystallite ‘g’ can be recorded as  

                                                       � = �(�1, �, �2)                                                            (3.2) 

 Where �1, �, �2  are Euler’s angles  

If all the crystallites with orientation “g” and spread “Δg,” are contained within a volume “ΔV” 

where “V” is the total volume analyzed, the orientation distribution function ODF ƒ(g) can be 

defined as 

                                                     ƒ(�)�� =
��

�
                                                                        (3.3) 

The orientation parameters φ1, Φ, φ2 define the three-dimensional orientation space and each point 

within the orientation space with specific values of (φ1, Φ, φ2) will represent the orientation of a 

grain. If in any of such points we see cluster of grain orientations this indicates that the material is 

textured. The absence of such a clusters suggests that the material is not textured. The orientation 

distribution function expressed as a series of generalized spherical polynomials provides 

information on the density of the points distributed within the three-dimensional orientation space. 

The widely used Bunge [65] representation for orientation distribution function (ODF) is 

expressed as follow: 

                                �(�����) = � � � ��
����

��(�)                                                    (3.4)
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Where ��
�� are the coefficients and P�

��(Φ)e�����e����� are generalisations of the Legendre 

polynomials.  

For texture analysis of steels, the ODF section φ2 = 45° is considered the most important. This is 

because FCC materials' deformation and recrystallisation textures generally appear in the φ2 

sections, while the φ1 sections show the grain orientations observed in BCC materials. The texture 

results in this text were presented for three sections, φ2 = 0°, φ2 = 45°, φ2 = 65° for better 

understanding of texture components that might have formed as a result of thermomechanical 

processing of the steels. For texture analysis, two-pole figures for BCC ferrite {(110), (200)} were 

used for all ODF calculations. The pole figures were used to calculate the ODFs and inverse pole 

figures with Resmat TexTools software. 

 

Fig. 3.5. Picture of X-ray diffractometer (Bruker D8 Discover diffractometer) with Cr Kα 

radiation source.  

3.2.7 Scanning Electron Microscopy observations and Electron Backscattered Diffraction 

measurements  

For SEM and EBSD microstructural characterisation, specimens were prepared. The samples were 

first polished using conventional metallographic polishing techniques and then colloidal silica 

polishing was used in a vibrometry device for 8 hours. SEM and EBSD examination were 

performed using a field emission scanning electron microscope (Hitachi SU 6600) equipped with 
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an Oxford Instruments NordlysNano EBSD detector that acquired diffraction patterns using 

AZTEC 2.0 data acquisition software (compatible with the detector) with a binning of 8 × 8 pixels. 

The microscope shown in figure 3.6 was operated with primary electron energy at 30 keV, and a 

step size of scans (0.145 μm) was used for all the measurements. When EBSD measurements were 

completed, the EBSD raw data was analysed using Oxford Instruments Channel 5 post-processing 

software. Initial post-processing of the raw data required removing mis-indexes and wild spikes. 

This software allows the identification of the grains orientation and grain boundaries character. 

Grain boundaries GB are defined as continuous regions of misorientation (misorientation angle >5 

degrees) between grains. GBs with a misorientation angle below 10⁰ were considered as low angle 

GB (LAGB). Average misorientation is also calculated within the grain at each measurement point 

for all eight neighbour sites (in a square grid), provided that any of this misorientation does not 

exceed 5⁰. In the recrystallisation fraction analysis, 1°<θ<7.5° is the misorientation angle θ 

considered to separate subgrains while θ>7.5° was considered to separate the grains. If the average 

angle of misorientation in a grain exceeds 7.5°, the grain is classified as being "deformed." 

Subgrains whose internal misorientation is under 7.5°, but the misorientation from subgrain to 

subgrain is more than 7.5°, in that case, the grain is classed as "recovered." Coincidence site lattice 

(CSL) boundaries were calculated for 3 ≤ Ʃ ≤ 33 using a tolerance of deviation from the ideal Ʃ 

value defined by the Brandon criterion (Δθ��� =
���

√�
 )  
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Fig. 3.6. Field emission Hitachi SU6600 with EDS and EBSD (Oxford Instruments Nordlys 

Nano EBSD) detectors.  

3.2.8 Tensile test 

A newly constructed experimental setup was used to conduct tensile experiments and has been 

previously described and used to test the mechanical properties of steel samples [66]. The setup 

can also be used for the stress corrosion-cracking (SCC) test. It was named the environmentally 

assisted stress-cracking system (EASCS). As seen in Fig.3.7, the tensile deformation was applied 

using a stepper motor. Fig.3b shows the specimen dimension used for the tensile test. Plate 

specimens for mechanical tensile testing with 25 mm gauge length, 1.5 mm thickness, and 6.50 

mm width were prepared in the rolling direction according to ASTM standard E8/E8M-08. The 

strain rate for the tensile experiment was 0.000787/s. Each test was repeated twice for consistency.  

http://www.sciencedirect.com/science/article/pii/S036031991531140X#fig4
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Fig. 3.7. (a) EASCS set up used for tensile test and (b) Tensile test specimen specifications. 

3.2.9 Metallography and sample preparation 

In this work, a convectional metallographic preparation procedure was used. The specimens were 

hot mounted and ground with 120, 220, 500, 600, and 800 SiC emery paper to remove the rough 

surface. This was followed by polishing with 2000 and 4000 SiC emery paper. In order to produce 

a mirror-like surface finish, 9 µm MD-Largo cloth with 9 µm MD-Largo suspension were used. 
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Diamond polishing was done using 3 µm MD-Mol with 3 µm MD-Mol suspension and 1 µm MD-

Nap cloths with 1 µm MD-Nap suspension. For optical microscopy (OM) examination, the surface 

of the steel was etched using a 2% nital solution. The optimum etching time for each steel used in 

this study was 10 s. The optical microscopy evaluation was carried out using Nikon MA100 

inverted microscope shown in Figure 3.8 with a Pax-it image analysis software. 

 

Fig. 3.8. Digital image of the Nikon MA 100L inverted optical microscope. 
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Chapter 4 

Microstructure, texture evolution, and mechanical properties of X70 pipeline steel after 

different thermomechanical treatments 

4.1 Overview  

This chapter is presented as manuscript #1(Microstructure, texture evolution, and mechanical 

properties of X70 pipeline steel after different thermomechanical treatments). In this chapter, the 

macro and micro-textural evolution resulting from high-temperature rolling were discussed. In the 

present chapter, the effect of different thermo-mechanical treatments on an API X70 pipeline steel 

structure and mechanical properties is discussed with the overall goal of determining optimum 

parameters for achieving preferable texture at high temperature rolling.  

My contributions to this paper include reviewing relevant literature, designing and carrying out all 

material preparations and characterisation, and manuscript preparation. The paper was thoroughly 

reviewed by my supervisor, Prof. Jerzy Szpunar, and peer-reviewed. All suggestions and 

corrections were implemented before publication.  

Also, the information provided already in Chapter 3 of this thesis has been removed from this 

chapter to avoid repetition, while the references in this manuscript are provided at the end.  The 

necessary copyright permission from the publisher was obtained and included in the appendix 

section. 

The manuscript was published in 2017 in Journal of Materials Engineering A: 

 Omale, J. I., E. G. Ohaeri, A. A. Tiamiyu, M. Eskandari, K. M. Mostafijur, and J. A. 

Szpunar. "Microstructure, texture evolution and mechanical properties of X70 pipeline 

steel after different thermomechanical treatments." Materials Science and Engineering: 

A 703 (2017): 477-485. 
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4.2 Abstract 

The evolution of microstructure, texture and mechanical properties of API X70 pipeline steel after 

different thermomechanical treatments have been studied using a combination of X-ray diffraction 

and electron backscatter diffraction (EBSD). Our investigations revealed that different 

microstructures consisting of polygonal ferrite, bainite, coarse and fine acicular ferrite grains were 

obtained with a centre line segregation traversing through and parallel to the rolling direction. 

EBSD investigations confirmed that dynamic recovery and partial recrystallisation occurred 

during hot rolling requiring further annealing for a more homogenous equiaxed grain structure. X-

ray macro-texture measurement showed relatively random texture components comprising of 

Cube, Goss, Brass, S, Copper, R-cube and {331}<1-10>. Texture inhomogeneity during hot rolling 

was observed for the different processing parameters. The grains at the surface are oriented 

towards {110}||ND while the mid thickness has grains mostly oriented in the {001}||ND with a 

spread towards the {111}||ND. We observed that after accelerated cooling, the fast cooling rate 

and low-temperature interruption allow the formation of more bainite, which increases the steel's 

tensile strength. 

Keywords: Texture; Thermo-mechanical processing; EBSD; Recrystallisation; Misorientation; 

Pipeline steel. 

4.3 Introduction 

Various techniques have been adopted in improving the mechanical properties of pipeline steels. 

Some of these include improving hardness and microstructure controls and modifying the 

morphology of inclusions [67-70]. Texture control through various thermo-mechanical cycles can 

also be used for producing pipeline steels with enhanced mechanical performance. Certain texture 

components are beneficial to yield strength and anisotropy of mechanical properties [20-22].  

Reports show that the development of crystallographic texture and microstructure in steels can be 

influenced by thermo-mechanical control of rolling parameters [6-8]. These parameters include 

and are not limited to finish rolling temperature, soaking temperature, amount of deformation, and 

rate of cooling rolled plate. In a study of texture and microstructure of API 5L X100 pipeline steel, 

Nafisi et al. [20] observed the development of {100}<110>, {113}<110> and {332}<113> texture 

via different thermo-mechanical paths. In another study, Mohtadi-Bonab et al. [71] showed that 
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{111}||ND, {112}||ND and {110}||ND texture were developed at the near-surface planes of an API 

5L X70 pipeline steel manufactured using different thermo-mechanical treatments. 

During thermomechanical treatment, hot and warm rolling is achieved by conducting the rolling 

processes at a temperature range of 1250-850 °C and 800-500 °C. Researchers have discussed the 

effects of hot rolling processes above and below the non-recrystallisation temperature [72-74]. 

Nafisi et al. [20] studied the impact of different thermomechanical treatments of the X100 pipeline 

steel. They observed that steel rolled above the non-recrystallisation shows mainly bainitic ferrite, 

a small amount of quasi-polygonal ferrite, and M/A (martensite-austenite) constituents. In another 

study by Haldar and Ray [52], the authors observed that warmed rolled extra low carbon steel at 

800 °C and 700 °C showed mainly pancake-shaped grains while those rolled at 600 °C and 500 °C 

showed elongated ferrite grains with a high density of deformation bands. Masoumi et al. [75] 

observed that the microstructure of X70 pipeline steel rolled at 1000 °C and tempered at 600 °C, 

650 °C and 700 °C was mainly a banded ferritic-pearlitic structure.  Rolling steel below 

recrystallisation temperature gives rise to austenite with deformation bands and high-density of 

grain boundaries, resulting in grain refinement while hot rolling within the non-recrystallisation 

region help control texture in hot rolled steel strip and reduce anisotropy of tensile properties 

[53,54]. 

Different research has been done on the development of texture in low carbon steel using hot and 

warm rolling technology [6-8, 20]. Venegas et al. [76] reported a near-random crystallographic 

texture in a hot rolled low carbon pipeline steel. In contrast, warm rolling was found to enhance 

the intensity of {111}||ND texture fibre and impact a larger amount of strain. In another study, 30 

mm thick sheets of steel were warm rolled, austenised at 1050 ℃ and finished rolled at 560 ℃, 

620 ℃ and 640 ℃ [55]. The authors observed that lower-finish rolling temperature led to enhanced 

mechanical properties, more homogeneous annealed microstructure, and the development of 

{111}||ND texture.  It is worth noting that researchers have employed microalloying elements for 

texture control [35, 50]. Oxides of elements like niobium, titanium, and vanadium were reported 

to pin down grain boundaries, hence serving as stabilising agents during thermo-mechanical 

treatment of hot rolled steel. Conclusions from the references above show that these elements 

presence influence recrystallisation, grain growth, austenite-ferrite transformation. As a result, it 

can be used in crystallographic texture control in pipeline steel. 
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To the best of the authors' knowledge, the influence of different thermo-mechanical routes on 

industrially-manufactured pipeline steels for oil and gas transportation has not been well studied. 

The present work is aimed to determine the effect of different thermo-mechanical treatments on 

an industrial API X70 pipeline steel with the overall goal of determining optimum parameters for 

achieving preferable texture components. Electron backscattered diffraction and X-ray 

diffractometry techniques were used to analyse the micro and macro-textural evolution during the 

different thermo-mechanical processing (TMCP).  

4.4 Results and discussion 

4.4.1 Microstructural study 

The room temperature micrographs of WE and WD specimens at the mid-cross-section of the plate 

after finishing rolling are shown in Figs. 4.1a and b, respectively. The microstructure of both WE 

and WD is not homogenous and consists of polygonal ferrite, bainite, coarse and fine acicular 

ferrite grains. The presence of fine acicular ferrite and bainite is more pronounced in WD 

specimens due to the fast cooling rate. The role of TMCP on microstructural evolution can be 

attributed to the difference that exists between the two different treatments. In this case, finish 

rolling and cooling rate. The role of finish rolling temperature has been reported as a means of 

improving strength and deformation texture in steels [77], while cooling rate helps to control 

microstructural products and also affects the intensity of transformation textures [14].  From our 

current study, the fast cooling rate and low-temperature interruption led to more bainite and 

acicular ferrite in WD specimen. The difference between the finish rolling temperatures is small 

and is not expected to cause a significant difference between the two specimens.  
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Fig. 4.1. The room temperature microstructures of (a) WE and (b) WD specimens after finish 

rolling. 

Figures 4.2(a) and (b) show the micrographs for WE and WD specimens after finishing rolling. 

Segregation at the centre line can be observed for both WE and WD. Figures 4.2(c) and (d) show 

a higher magnification of the segregation zone. This feature appears to be more severe in the WD 

plate.  In comparison with WD, the segregated areas in WE are more diffused. Regardless of the 

processing route for WE and WD, the segregation line traverse through the centre and parallel to 

the rolling direction. During solidification, diffusion is affected by temperature. The mobility of 

atoms during the solidification of phases is affected.  As the material cools, it cools the outside 

wall to the core of the metal, allowing for mobility to be increased towards the centre of the plate 

since the diffusion rate is a function of temperature gradient. In the process, a solute is partitioned 

between the solid and liquid to either enrich or deplete interdendritic regions leading to variations 

in composition on the scale of micrometres [79-81]. Segregation in pipeline steels for sour service 

application is undesirable as the chemical variations can lead to varying microstructural and 

mechanical properties capable of causing failure [82, 83].  An EDS scan was conducted to 

investigate the variation in composition around the segregation centre line. 
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Fig. 4.2. The room temperature microstructures after finishing rolling showing segregation: (a) 

and (c) WE specimen, (b) and (d) WD specimen. 

Figure 4.3 shows the EDS map around the segregation centre line for WE. The EDS map of the 

area indicates that the segregation line comprises mainly manganese (Mn), and this observation is 

the same for WD. In contrast, it is expected to see a stringer of other elements like sulphur and 

silicon around the segregation line [3, 71]. It should be mentioned that our current observation did 

not reveal the presence of other elements in this area.  
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Fig. 4.3. EDS map around the segregation centre line for WE specimen. 

4.4.2 Micro-texture analysis  

The EBSD map obtained from the WE and WD specimens is shown in Figs. 4.4a and b, 

respectively. The black lines are grain boundaries having misorientation greater than 15o. The 

morphology and texture of grains are different in both specimens. The structure is inhomogeneous 

(in terms of grain size and grain shape). This issue is more severe for WD specimens. The 

elongated and equiaxed grains seen in both samples are due to the relatively high stacking fault 

energy (SFE), resulting in dynamic recovery and recrystallisation during the thermo-mechanical 

processing [84]. The crystallographic orientation of grains (equiaxed and elongated) are mainly 

towards <001> and <111>||ND in WE specimen, while grains in WD specimen are mainly 

orientated in the <110> and <111>||ND.   
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Fig. 4.4. IPF colour map for (a) WE, (b) and WD specimens. 

The effect of TMCP routes for WE and WD on recrystallisation is shown in Fig. 4.5. Figures 4.5a 

and b show the EBSD recrystallisation, substructure, and deformed fraction map obtained from 

the WE and WD specimens, respectively. As is seen in this figure, the difference in stored energy 

in materials is linked to different fractions of recrystallisation. Figure 4.5a shows that both 

recrystallisation and recovery occurred in most ferrite grains due to adopted thermo-mechanical 

processing. It can be seen that a smaller fraction of recrystallised texture is obtained for the WD 

sample while the recrystallisation texture (small equiaxed grains) for WE have random orientation.  

Deformation structure can also be seen in both samples, illustrating that some of these deformed 

grains during hot rolling were not completely recrystallised (or dynamic recovery was dominant). 

Further annealing is required to get a more homogeneous structure.  
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Fig. 4.5. EBSD recrystallisation fraction map for (a) WE, (b), and WD specimens. 

The kernel average misorientation (KAM) maps for sample WE and WD are shown in Figs. 4.6a 

and b, respectively. KAM represents the misorientation (average) between a given point and its 

nearest neighbours, which belongs to the same grain [85]. It is an indirect measure of dislocation 

density and, as a result, can be used to assess the local plastic strain developed in the steel during 

the process of rolling. It can be seen that the dislocation accumulation is more pronounced in WD. 

Higher KAM and elongated grains for WD mean higher stored energy.  

 

Fig. 4.6. Kernel average misorientation (KAM) map for (a) WE, (b), and WD specimens. 

The crystallographic features due to the hot rolling were examined and shown in Fig. 4.7. Figures 

4.7a and b show the distribution of grain boundary misorientation in WE and WD, respectively. 

As shown, grain boundaries distribution in both specimens displays a bimodal structure. The 
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distribution is not uniform in both WE and WD. However, the inhomogeneity is more severe for 

the WD specimen. The boundary statistic for WE is almost entirely bimodal, whereas WD show 

large fractions of grains having misorientations in the 7° -20° range. Nafisi et al. [20] previously 

reported the absence of misorientations between 20°-47° in hot rolled X100 pipeline steel. He 

stated that this observation was a consequence of the austenite to ferrite transformation and that 

the data analysis was done in a prior austenite grains having large size. On the contrary, our 

observation shows the presence of boundaries having misorientations between 20-47°. According 

to Gourges et al. [86], this observation is only possible when the ferrite plates formed from 

different austenite grains in contact with each other.  

 

Fig. 7.7. Distribution of grain boundary misorientation for (a) WE, (b) and WD specimens. 

In addition, in-grain misorientation distribution for WE and WD is shown in Figs. 4.8a and b, 

respectively. It can be seen the misorientation is maximum at 0.5° for WE while WD is maximum 

at approximately 0.8°. In comparison, a shift in the distribution towards the higher local 

misorientations is more for WD. This indicates a higher residual strain or stored energy-requiring 

further annealing for more homogenous microstructure due to recrystallisation. This result is also 

in agreement with that is presented in the map (Fig. 4.6).  
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Fig. 4.8. In-grain misorientation distribution for (a) WE, (b) and WD specimens. 

4.4.3 Macro-texture analysis  

Figure 4.9 shows the orientation distribution functions (ODFs) calculated from X-ray diffraction 

pole figures of the specimens at mid thickness for specimen WE and WD. Figure 4.9a shows that 

WE has a relatively weaker texture compared to WD. However, it can be seen that the texture 

components for both specimens are relatively similar. It comprises of Cube, Goss, Brass, S, 

Copper, R cube and {331}<1-10>. This may be because the difference between finish rolling 

temperatures for both sheets of steel was not sufficient to cause or initiate any significant change. 

 

Fig. 4.9. Orientation distribution function (ODF) maps for (a) WE, (b) and WD specimens. 
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The volume fraction of each texture component is depicted in Fig. 4.10. It must be noted that even 

though no new texture component was introduced from the process, the volume fractions of the 

texture components are different. The plots show that the volume fraction of the Goss, S, Copper 

and R cube texture component is higher in sample WD than WE while the Cube, Brass, and 

{331}<1-10> texture component has a high volume fraction in WE than WD. Regarding the 

texture components observed, it is generally expected that the crystallographic texture developed 

in the austenite phase is inherited upon transformation by the ferrite during austenite rolling. It is 

known that for complete recrystallisation of the austenite, the cube {001}<100> texture is 

transformed primarily into rotated cube {001}<110> in the ferrite while texture containing the 

brass {110}<112>, copper {112}<111>, and S {123}<634> components, together with a Goss 

{110}<001> will be developed if the austenite is not able to fully recrystallize during or after 

rolling. From Figs. 4.9 and 4.10, we may conclude that during or after the rolling, the austenite in 

this region is not able to recrystallize fully; as a result, {110}<112>, {112}<111> and {110}<001> 

orientations were observed. From the ODF’s for WD, the rotated cube {001}<110>  and {111}<1-

10> intensity is relatively high. However, there is a spread of {111}<1-10> towards {332}<1-10} 

and {331}<1-10}. In Fig. 4.9b, the intensity of the {331}<1-10}is noticeably high (3.81) and 

shows a spread towards {332}<1-33>  with an intensity of 2.4 in WD. 

 

Fig. 4.10. The volume fraction of texture components for WE and WD specimens.   

In comparison, the macro-textural changes in WE and WD, including Beta and Epsilon, are 

illustrated in Fig. 4.11. As shown in Fig. 4.11a, the intensities of the brass {110}<112> and S 
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{123}<634> components are higher in WE than WD. The intensity of the copper {112}<111> 

component is higher in WD compared to WE. Figure 4.11b depicts the epsilon (ε) fibre plot. The 

intensities of all texture components are highest in WD compared with WE. As shown in the ODF 

and plot, the intensity of the rotating cube {001}<110> component is significantly high. This 

shows some of the austenite cube grains as a result of partial recrystallisation after the rolling 

operation.  

 

Fig. 4.11. The variation of texture fibres in hot-rolled specimen: (a) Beta, (b) Epsilon. 

4.4.4 Macro-textural changes through thickness  

Figures 4.12a and b represent the inverse pole figure for the surface and mid thickness for WE 

specimen while Figs. 4.12c and d show the inverse pole figures for the surface and mid thickness 

for the WD specimen, respectively. Figs. 4.12a and b show the texture inhomogeneity in the WE 

sample. Figure 4.9a indicates that most of the grains at the surface are oriented towards {110}||ND 

while the mid thickness has grains mostly oriented in the {001}||ND with a spread towards the 

{111}||ND (Fig. 4.12b). Similar texture inhomogeneity can be seen for the WD specimen. As 

shown in Fig. 4.10c, most of the grains at the surface are oriented towards {110}||ND. However, 

the presence of {111} orientation grains can also be observed. The mid thickness of WD 

(Fig.4.12d) is characterised by grains spreading towards all three directions. However, {001}||ND 

and {111}||ND seems to be the preferable orientation of the three orientations. The texture 

inhomogeneity observed is because of the shear and tensile strain in the rolling process. 
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Fig. 4.12. Inverse pole figure (IPF) for the surface and mid thickness, respectively: (a) and (b) 

WE specimen, (c) and (d) WD specimen. 

4.4.5 Mechanical properties 

Figure 4.13 shows the room temperature tensile stress-strain curves of WE and WD. It is expected 

that the pipeline intended for high-pressure application meets the minimum yield and tensile 

strength criteria for X70 (483 MPa and 565 MPa, respectively). The average tensisle stress/strain 

curve was obtained from two tests to ensure consistency. From the curves, it can be seen that both 

WE and WD have yield strength above the minimum criteria for X70. The tensile strength of WD 

is seen to be higher than that of WE (~100 MPa). However, the elongation for WD is seen to be 

less than that of WE, while WD has higher yield stress. The difference in strength can be attributed 

to microstructural differences in grain size, ferrite phases present, and crystallographic texture. 

First, the impact of different texture components on mechanical properties has been investigated 

[20,34]. As reported, texture components such as {332}<113> are desirable and lead to less 

anisotropy of the mechanical properties, particularly yield strength. The mechanical properties of 

steel depend on different parameters such as texture, stored energy, and grain size. In the present 
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work, the texture is relatively random and identical for both WE and WD specimens. Hence the 

effect of texture is ignored in the comparison of mechanical properties of both samples.  

Secondly, previous research show that controlled rolling and accelerated cooling of X70 pipelines 

produces acicular ferrite, polygonal ferrite, quasi-polygonal ferrite, granular bainitic ferrite, 

bainitic ferrite, and martensite [69, 87]. In this case, though both plates were hot-rolled at a 

relatively similar temperature, the fast cooling and low-temperature interruption experienced by 

the WD specimen allow the formation of more bainite. Again, variation in the mechanical 

properties of WE and WD could be influenced by the difference in grain size. As shown previously 

in Figs. 4.2 and 4.4, the grain size for WD appears to be smaller compared to WE. Based on these 

results, we may well conclude that the applications of different cooling rates resulted in the 

formation of different amounts of bainite and acicular ferrite in the final microstructures in WE 

and WD and, hence their different responses on yield strength [88, 89]. Overall the grain size, 

segregation, stored energy, texture, and thickness gradient influence the mechanical properties of 

steel. The grain size and phase fraction are the main differences between WE and WD specimens. 

That is why mechanical properties are roughly dependent on analysed phase fraction and grain 

size. The discussion on other properties like stored energy, segregation will be duly reported with 

further investigations in our next report. 

 

Fig. 4.13. The room temperature tensile stress-strain curves of WE and WD specimens. 
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4.4.7 Conclusions 

1. The microstructure of both WE and WD is not homogenous. Based on its morphology of 

grain structure, it consists of polygonal ferrite, bainite, coarse and fine acicular ferrite 

grains. The presence of fine acicular ferrite and bainite is more pronounced in the WD 

specimen, which could be attributed to the fast cooling rate. 

2. EBSD images of the microstructural evolution confirm that dynamic recovery and partial 

recrystallisation occurred during hot rolling. However, further annealing is required for a 

more homogenous equiaxed grain structure. 

3. The macro-texture result obtained by X-ray measurement shows that the main texture 

components in the hot-rolled steels are Cube, Goss, Brass, S, Copper, R cube, and 

{331}<1-10> possibly because the difference between the finish rolling temperatures is 

quite small. However, the volume fraction of each fibre texture was seen to be different.  

4. The development of texture inhomogeneity during hot rolling was observed for the 

different processing parameters. The grains at the surface are oriented towards {110}||ND 

while the mid thickness has grains mostly oriented in the {001}||ND with a spread towards 

the {111}||ND. 

5. The finish rolling temperature played a key role in developing the microstructure and 

influenced the mechanical properties of API X70 steel. It was found that after accelerated 

cooling, the fast cooling rate and low-temperature interruption allow the formation of more 

bainite, which increases the steel's tensile strength. 
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Chapter 5 

Microstructure and texture evolution in warm rolled API 5L X70 pipeline steel for sour 

service application 

5.1 Overview  

This chapter presents the results of the impact of warm rolling on microstructure and texture on 

X70 pipeline steel. Particularly rolling within the ferrite region. This chapter is presented as 

manuscript #2 (Microstructure and texture evolution in warm rolled API 5L X70 pipeline steel for 

sour service application). This chapter shows the possibility of processing X70 pipeline steel in 

ways that produce grains with {111}||ND orientations at low/warm temperature.  

All manuscript was prepared by Joseph Omale (PhD candidate), which involves a review of 

relevant literature, and the paper was reviewed by my supervisor, Prof. Jerzy Szpunar, and peer-

reviewed. In addition, I designed and carried out all experimental procedures, including material 

preparations and characterisation.  

Also, the information provided in Chapter 3 of this thesis has been removed from this manuscript 

to avoid repetition, while the references in this manuscript are provided at the end. The necessary 

copyright permission from the publisher was obtained and provided in the appendix section. 

 

Sincere gratitude goes to Mr. Alok Singh for his help during the analysis of the data.  
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 Omale, J. I., Ohaeri, E. G., Szpunar, J. A., Arafin, M., & Fateh, F. (2019). Microstructure 

and texture evolution in warm rolled API 5L X70 pipeline steel for sour service application. 

Materials Characterisation, 147, 453-463.  
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5.2 Abstract 

The evolution of microstructure and texture of API 5L X70 pipeline steel after warm rolling 

treatments has been studied using X-ray diffraction and electron backscatter diffraction (EBSD). 

Our investigations revealed that the microstructure after the rough rolling stage consists of coarse-

grained ferrite and bainite clusters, while the specimens finished rolled at 600⁰C and 700⁰C consist 

mainly of elongated ferrites and a well recrystallised polygonal-shaped ferrite grains.  EBSD 

investigations confirmed that dynamic recovery was dominant during the rough rolling stage, 

whereas partial recrystallisation and a well-recrystallised structure were observed during finish 

rolling at 600⁰C and 700⁰C, respectively.  X-ray macro-texture measurement showed that the 

intensity of the desired γ-fibre texture is dependent on the finish rolling temperature. The finish 

rolling treatments lowered the fractions of the Goss, Brass, S, and Copper texture components. 

However, higher fractions of the Goss {110}<001>, brass ({110}<112>), S ({123}<634>) and 

Copper ({112}<111>) were observed in steels rolled at 600⁰C finish rolling temperature. Strong 

texture inhomogeneity during warm rolling was observed. The γ-fibre is seen to be better formed 

at the mid thickness compared to the surface. Most grains at the mid thickness were oriented in the 

{111}||ND and {001}||ND at both finish rolling temperatures. The finish rolling temperature 

played a key role in the development of texture. The recrystallisation of grains in steel finish rolled 

at 700⁰C favoured the development of the γ-fibre texture. 

Keywords: Texture; TMCP; Warm-rolling; EBSD; Recrystallisation; Pipeline steel.  

 

 

 

 

 

 

 

 



53 
  

5.3 Introduction 

The safety and reliability of pipelines for sour service applications have become a major concern 

in oil and gas transport. This is because most pipelines are designed to serve in rigorous 

environments for several decades. Canada's National Energy Board (NEB) has shown that 37% of 

line pipe ruptures were related to cracking and 27% to metal loss resulting from the combined 

effects of corrosion and stress [1]. Many of these failures have been related to hydrogen-induced 

cracking (HIC), sulphide stress cracking (SSC), and stress corrosion cracking (SCC).  

The role of crystallographic texture in pipeline steel related to hydrogen-induced cracking and 

stress corrosion cracking has been studied [4, 11, 76, 90]. Many of these studies have established 

that in a corrosion environment, the crystallographic texture of pipeline steels profoundly 

influences the crack initiation and propagation mechanism. For example, Wright and Field [36] 

highlighted the interplay between boundary parameters and grain orientations in path selection for 

mixed transgranular and intergranular fractures. They concluded that the orientation of 

neighbouring grains and boundary distribution play a strong role in deciding the propagation path 

for transgranular and intergranular fractures. Other researchers have shown that certain 

orientations offer resistance to crack propagation in a hydrogen environment [9, 31, 32, 38]. For 

example, Venegas et al. [32] showed the correlation between grain orientation and crack path. 

They observed that the probability that a crack will propagate was mostly dependent on the 

orientation of the crack and the state of the stress ahead of the interacting crack tips. In another 

study, Arafin and Szpunar [9] showed crystallographic texture information obtained around the 

vicinities of crack-arrest regions and the cracked areas. They noticed that {1 1 1}||rolling plane 

(RP) textured grains were crack-resistant, while the cracked regions were mainly linked to the {1 

0 0}||RP textured grains. These results were supported by other authors, who have also shown that 

orientations close to <111>||ND (parallel surface) depicted good corrosion resistance in steels [10-

12]. The principal conclusion drawn from the results of these studies is that texture and grain–

boundary engineering can be used to improve the HIC resistance of pipeline steels. As a result, 

efforts should be made to develop an optimum microstructure to improve hydrogen-induced 

cracking resistance in an acidic environment. 

Control of thermo-mechanical processing offers a plausible way of developing preferable 

crystallographic texture in hot rolled pipeline steel [6, 8,13]. Warm rolling offers a novel 
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possibility of texture control since it is well known that when steel is deformed below the Ar3 and 

Ar1 temperatures, the ferrite is much softer than austenite above the Ar3 temperature. This offers a 

range of possibilities of controlling texture [93]. In terms of microstructure, Halder and Ray [52] 

observed that warm rolled low carbon steel at 600 °C and 500 °C showed elongated ferrite grains 

with a high density of deformation bands while those rolled at 800 °C and 700 °C showed mainly 

pancake-shaped grains. In another study by Barnet [48], for a low carbon steel warm rolled at a 

temperature of 600 °C, the microstructure was composed of ferrite grains with intense in-grain 

shear bands. This observation was also corroborated by the work of Toroghinejad  et al. [94]. These 

authors show that, for extra-low carbon steel rolled at 640 °C, the ferrite grains were seen to be 

elongated along the rolling direction (RD) with intense in-grain shear bands. 

The influence of warm rolling on texture has been studied in the past. Several studies showed that 

it is a feasible means of achieving pronounced {111}〈110〉 texture [8, 52, 77, 95]. In order to 

achieve improvement in the deformation texture, finish rolling temperatures lower than 670 ℃ 

have been suggested for low-alloyed steel [77]. In another study done by Guo et al. [56] at finish 

rolling temperatures of  560 ℃, 620 ℃, and 640 ℃ and cooling in the air; it was concluded that the 

lower finish rolling temperature gave rise to enhanced mechanical properties, more homogeneous 

microstructure and {111}||ND texture. Venegas et al. [76] carried out a wide range of finish rolling 

at different temperatures and observed that hot rolling resulted in almost random crystallographic 

texture. In contrast, warm rolling enhanced the intensity of {111}||ND texture fibre. Similarly, Ray 

and Halder [52] reported that in extremely low carbon steel warm rolled at temperatures of 500℃, 

600℃, 700℃ and 800℃, high intensity of {111}〈110〉  the texture was observed in the specimens 

rolled at temperatures of 500 ℃ and 600 ℃. On the other hand, the specimens rolled at 

temperatures of 700 ℃ and 800 ℃ have a very weak {111}〈110〉 texture. Although the authors 

were able to produce a high intensity of {111}〈110〉  texture, the microstructure had profuse 

deformation bands at 500 ℃ and 600 ℃, detrimental to sour service application [96].  

To the best of the authors’ knowledge, the influence of warm rolled thermo-mechanical treatment 

on industrially-manufactured pipeline steel for oil and gas transportation has not been studied. 

Until today, we cannot explain the gamma fibre formation and macro-textural evolution 

mechanism during the warm rolling of pipeline steel. The present work aims to determine the effect 

of warm rolling treatments on API 5L X70 pipeline steel. The overall goal is to determine optimum 
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parameters for obtaining preferable texture components and analyse the evolution of the gamma 

texture fibre component. Electron backscattered diffraction and X-ray diffractometry techniques 

were used to analyse the micro and macro-textural evolution during different thermo-mechanical 

processing stages (TMCP). 

5.4 Results and discussion 

5.4.1 Microstructural study 

The room temperature SEM micrographs of rough rolled and finished rolled specimens are 

presented in Fig. 5.1. As shown in Fig 5.1a, the microstructure after the rough rolling stage and air 

cooling to room temperature consists of coarse-grained ferrite and bainite sheaves (B). During the 

rough rolling stage, the rolling pass is carried out within the austenite region. Once heated, the 

structure turns into coarse-grained austenite with some undissolved carbonitrides. According to 

Nafisi et al. [20], bainite sheaves tend to nucleate at the prior austenite grain boundaries and are 

surrounded by carbides during cooling. Fig. 5.1b shows the microstructure of the 600 ⁰C rolled 

specimen. It consists mainly of elongated ferrite grains, while Fig. 5.1c shows well-recrystallised 

ferrite grains of almost polygonal shape in the 700 ⁰C rolled specimen. The effect of the different 

thermomechanical treatments on microstructural evolution can be attributed to the difference in 

the finish rolling temperatures. It seems that the finish rolling treatments refines the microstructure 

into small grains. Compared to the 600 ⁰C finished rolled specimen, there is a higher amount of 

the recrystallised microstructure in the specimen finished rolled at 700 ⁰C, which is related to the 

higher temperature of hot rolling. 
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Fig. 5.1. SEM micrographs of (a) rough rolling (b) 600 ⁰C and (c) 700 ⁰C specimens.  

5.4.2 Micro-texture analysis 

The EBSD map obtained for the specimens after the rough and finish rolling stage are shown in 

Figs. 5.2a, b, and c, respectively. The black lines are grain boundaries having misorientation 

greater than 15o. The morphology and texture of grains are different. As shown in Fig.5.2, the 

structure is inhomogeneous after rough rolling and air cooling to room temperature (in terms of 

grain size and grain shape). The grain morphology after roughing shows rather large grains 

elongated in the rolling direction. However, after the finish rolling stage and air cooling to room 

temperature, the large grains are fragmented and replaced by smaller grains (Fig 5.2b and c). Fig. 

5.2b shows the specimen rolled at 600 ⁰C. It can be seen that the grains are smaller and elongated 

along the rolling direction. In comparison, the specimen rolled at 700 ⁰C (Fig. 5.2c) shows 

recrystallised and equiaxed grains. Generally, the elongated and small grains seen in both samples 

can be related to a relatively high stacking fault energy (SFE) [84]. However, recrystallisation is 

more predominant at a higher rolling temperature of 700 ⁰C, resulting in an equiaxed grain 

microstructure. As it is well known, recrystallisation is temperature and strain-dependent. During 

the finish rolling, the temperature parameters for both experiments are different. Therefore, with a 

higher finishing temperature (in this case of 700 ⁰C) followed by air cooling, the static 
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recrystallisation seems to be dominant. Hence, the specimen rolled at 700 ⁰C appears to have more 

recrystallised grains. For pipeline steels, it is acknowledged that reducing dislocation density by 

recrystallised grains is beneficial for improving its resistance to HIC. The crystallographic 

orientation of grains (coarse and elongated) is towards <001> and <111>||ND in the rough rolled 

specimen. In contrast, grains in specimens rolled at 600 ⁰C and 700 ⁰C during the finishing stage 

are mainly orientated in the <110> and <111>||ND directions.   

 

Fig. 5.2. EBSD coloured map for (a) rough rolled, (b) 600 ⁰C and (c) 700 ⁰C specimens. 

The effect of the thermomechanical control process (TMCP) treatments on recrystallisation is 

shown in Fig. 5.3. Figures 5.3a, b, and c shows the EBSD recrystallisation, substructure, and 

deformed fraction maps, obtained from the rough rolled, 600 ⁰C, and 700 ⁰C specimens.  Figure 

5.3a shows that the microstructure of the rough rolled specimen has recovered and recrystallised 

grains (dynamic recovery was dominant). Compared to the rough rolled specimen, it can be seen 

that most of the recovered grains during rough rolling are replaced by deformed and recrystallised 

grains during the finish rolling stage. Smaller recrystallised textures (small and elongated) are 

obtained for the steel rolled at 600 ⁰C, while the recrystallisation texture (equiaxed grains) are 

obtained in the specimen rolled at 700 ⁰C.  The deformation structure observed in the 600 ⁰C rolled 
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specimen illustrates that some of the deformed grains developed during this rolling stage were not 

completely recrystallised. It would require further annealing to get more homogeneous 

recrystallisation.  

On the other hand, finishing rolling at a higher temperature of 700 ⁰C led to a considerable 

reduction in the volume fraction of deformed grains. Figure 5.3d shows that the volume fraction 

of recrystallised grains is highest for the specimen rolled at 700 ⁰C, while the volume fraction of 

deformed grains is highest for the specimen rolled at 600 ⁰C. This is because, during 

recrystallisation, new dislocation-free grains are formed within the deformed or recovered 

structure. Eventually, these grains grow and consume the primary deformed grains with a low 

dislocation density. Many experts have reported that crack can quickly propagate through 

deformed grains for sour service applications due to their high susceptibility to HIC [11,98]. 

Therefore further homogenization of microstructure is required for the specimen rolled at 600⁰C. 

 

Fig. 5.3. EBSD recrystallisation fraction map for (a) rough rolled, (b) 600⁰C and (c) 700⁰C 

specimens. 

The crystallographic features from the rolling processes were examined, and Figures 5.4a, b and c 

show the distribution of grain boundary misorientation changes during rough rolling and after the 

two finished rolling temperatures. Low-angle grain boundaries are grains with a misorientation 



59 
  

angle of 2<ϴ<15°, while high-angle grain boundaries are grains with a misorientation angle greater 

than 15°. It is known that low angle grain boundaries are formed due to the accumulation of 

dislocations. These dislocations further rearrange to reduce the stored energy during nucleation. 

On the other hand, high angle boundaries are more mobile, driving the recrystallisation process 

[99]. Therefore, the higher volume fraction of low angle boundaries at 600 ⁰C and the higher 

volume fraction of high angle boundaries at 700 ⁰C may be attributed to the recrystallisation 

process due to the higher temperature. Again, in previous studies by Nafisi et al. [20], the absence 

of misorientations between 20-47° in hot rolled X100 pipeline steel was recorded. The data 

analysis in their study was done on a large grain size prior to austenite grain formed during the 

austenite to ferrite transformation. In our current observation, we see a distribution of 

misorientations between 20-47°, and this result is in agreement with that observed in previous 

experiments [13].  

 

Fig. 5.4. Distribution of grain boundary misorientation for (a) rough rolled, (b) 600 ⁰C and (c) 

700 ⁰C specimens. 
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Again, the fraction of low and high angle grain boundaries, including the coincidence lattice 

boundaries (CSL), is plotted in Fig. 5.5. This result emphasised a higher fraction of high angle 

boundaries in steel finish rolled at 700 ⁰C, while the lower angle boundaries are more predominant 

during finish rolling at 600 ⁰C. As shown in the figure, the finish rolling treatments lowered the 

fractions of CSL boundaries in the 600 ⁰C and 700 ⁰C specimens. In comparison, the fraction of 

CSL boundaries is higher in the 700 ⁰C rolled specimen than that rolled at 600 ⁰C. For pipeline 

steels intended for sour service applications, susceptibility to HIC is related to the type and 

fractions of CSL boundaries. For example, it has been reported that special CSL boundaries, 

mainly Σ11, Σ13b, and possibly Σ5, are crack-resistant while the CSL boundaries 

beyond Σ13b are prone to cracking [9, 37]. Therefore, in addition to a strong {111}||ND fibre 

texture in steel, a high fraction of CSLs is considered to be better since it is capable of reducing 

the HIC susceptibility of the steel [37]. 

 

Fig. 5.5. Grain boundaries statistics for (a) rough rolled, (b) 600 ⁰C and (c) 700 ⁰C specimens. 

The kernel average misorientation (KAM) maps for all three specimens are shown in Figs. 5.6a-c 

respectively. Generally, KAM has been reported to represent the misorientation (average) between 

a given point and its nearest neighbours, which are in the same grain and associated with 

misorientations less than 5⁰ [85]. For pipeline steels, KAM has been found to play a key role during 

HIC. For example, Mohtadi et al. [98] reported that in X60 pipeline steels tested in a hydrogen 

environment, the regions with higher KAM values were prone to crack propagation due to the high 
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elastic energy stored there. KAM values give an indirect measure of dislocation density and, as a 

result, can be used to assess the local plastic strain developed in the steel during rolling. Fig. 5.6a 

represents the KAM maps during the rough rolling stage, and we can see that the dislocation 

density is relatively lower. It has average maxima of 0.5⁰, as seen in Fig. 5.6d. 

On the other hand, the dislocation accumulation is more pronounced after the finish rolling stage 

in the specimen rolled at 600 ⁰C. Compared to that rolled at 700 ⁰C, it has average maxima of 0.85⁰ 

while the 700 ⁰C has average maxima of 0.4⁰ respectively (Fig. 5.6b, c & d). Again, higher KAM 

and elongated grains for the specimen rolled at 600 ⁰C mean higher stored energy. In comparison, 

the difference in KAM distribution for both specimens (Fig. 5.6b and c) indicates that a higher 

residual strain or stored energy is present in the specimen rolled at 600 ⁰C.  

 

Fig. 5.6. Kernel average misorientation (KAM) map for (a) rough rolled, (b) 600 ⁰C and (c) 700 

⁰C specimens. 

The effect of the different rolling stages on the final ferritic grain size is provided in Fig. 5.7. Here 

the effective grain size is taken as the equivalent circle diameter (ECD) of grains surrounded by 

boundaries with a misorientation angle of at least 15°. For the rough rolled specimen, the ECD 

average grain size is 14 μm. Comparing the grain size distributions in Figs. 5.7b and c, it appears 

that the finished rolling stages have a greater effect on the average grain diameter recorded during 
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rough rolling. Fig. 5.7a shows the grain size distribution for the 600 ⁰C rolled specimen. We can 

see that the average grain size is around 3μm. In comparison, Fig. 5.7c shows the grain size 

distribution for the 700 ⁰C rolled specimen and the average grain size is around 5μm. Again, during 

the finish rolling stage, the increase in finish rolling temperature from 600 ⁰C to 700 ⁰C led to the 

increase in the average grain size. Grain size has been shown to have effects on the HIC 

susceptibility of ferritic steels. For example, in transgranular cracking, larger grains provide an 

easy pathway for transgranular crack propagation in hydrogen-assisted cracking [100]. In other 

studies, grain boundaries have been shown to either increase the diffusion of hydrogen by 

providing faster paths or reduce hydrogen mobility by acting as reversible hydrogen trapping sites 

at nodes and junction points [101-103]. Meaning that by decreasing grain size and increasing the 

fraction of grain boundaries, one can increase hydrogen diffusion by providing faster paths. On 

the other hand, the many grain boundaries arising from small-grain size could reduce hydrogen 

diffusion by acting as reversible hydrogen trapping sites at nodes. This contradictory observation 

of the effect of grain size remains to be clarified. Other authors have shown an optimum grain size 

for which the hydrogen diffusion coefficient will be maximum [100,104]. 
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Fig. 5.7. Grain size distribution for (a) rough rolled, (b) 600 ⁰C and (c) 700 ⁰C specimens. 

5.4.3 Macro-texture analysis  

Figure 5.8 shows the orientation distribution functions (ODFs) calculated from X-ray diffraction 

pole figures of the specimens at the surface. The volume fractions of the Cube, Goss, Brass, S, 

Copper, R-Cube for the rough rolling stage and the two finish rolling temperatures are presented 

in Table 5.1. As shown in Fig. 5.8a, after the rough rolling stage and air cooling to room 

temperature, the texture is rather weak with no trace of the γ-fibre texture. Fig. 5.8b shows that 

during the 600 ⁰C finish rolling stage, there are very few traces of the γ-fibre texture. The maximum 

intensities of the texture components are observed to be {032}<023> and {214}<-332>. The 700 

⁰C finished rolled specimen showed the presence of R-Cube ({001}<110>) texture component and 

a well-defined γ-fibre texture line as indicated in Fig. 5.8c. From the volume fractions of texture 

components listed in table 5.1, we can see that the fractions of the Cube ({001}<100>) and R-

Cube ({001}<110>) components are highest for the specimen rolled at 700 ⁰C. However, the 
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fractions of the Goss {110}<001>, brass ({110}<112>), S ({123}<634>) and Copper 

({112}<111>) components are highest in the rough rolling stage. It seems that the finish rolling 

treatment applied lowers the fractions of these texture components as seen in 700 ⁰C and 600 ⁰C 

rolled specimens. However, of the two finished rolled specimens, the 600 ⁰C rolled specimen 

showed higher fractions of the Goss {110}<001>,  Brass ({110}<112>), S ({123}<634>) and 

Copper ({112}<111>).  

Table 5.1. Volume fraction of main texture components.  

 

  

Sample    Cube % 

{001}<100> 

   Goss % 

{110}<001> 

    Brass % 

{110}<112> 

      S % 

{112}<634> 

Copper % 

{112}<111> 

R-Cube % 

{001}<110> 

1050°C      2.55       2.85     4.92     10.08     4.76      2.21 

600°C      2.64       1.96     3.57     8.63     4.37      2.73 

700°C      2.91       1.91     3.53     7.94     3.86      2.92 
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Fig. 5.8. Orientation distribution function (ODF) maps for (a) rough rolled, (b) 600 ⁰C and (c) 

700 ⁰C specimens. 

Fig. 5.9 depicts a detailed comparison of macro-textural changes after the rough rolling followed 

by air cooling to room temperature and finish rolling stages respectively, which includes the 

gamma (γ), alfa (α), and Epsilon (ԑ) fibres. As Fig. 5.9a illustrates, the intensity of γ-fibre is low 

during the rough rolling stage. This means that the finish rolling treatments applied increased the 

intensities of this texture component. In comparison, during the finish rolling stages, the specimen 

rolled at 700 ⁰C has a higher intensity of γ-fibre compared to that rolled at 600 ⁰C. The development 

of the ɣ -fibre during the finish rolling stages should be related to the difference in rolling 

temperatures. As shown previously in Fig 5.2c, the specimen rolled at 700 ⁰C showed the highest 

fraction of recrystallised grains due to the highest finish rolling temperature. According to 

Eskandari et al. [84], recrystallisation and recovery displayed strong orientation dependence such 

that the recrystallised grains in an annealed X70 pipeline steel depicted γ -fibre texture. Therefore, 

we may well conclude that the γ-fibre observed here is largely recrystallisation driven. Shen et al. 

[30] showed that the crystallographic texture evolution in a warm-rolled micro-alloyed steel plate 
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consists of α-fibre texture component and γ-fibre texture component. They further showed that 

with a decrease in warm rolling temperature, the intensity of the γ-fibre texture component was 

reduced. On the other hand, Halder and Ray [52] observed that for extra-low carbon steel warm 

rolled at 500 ⁰C, 600 ⁰C, 700 ⁰C, 800 ⁰C, the intensity of γ-fibre texture were strong at 500 ⁰C and 

600 ⁰C. Their work showed that with an increase in warm rolling temperature, the intensity of γ-

fibre texture decreased. They argued that this is static recrystallisation resulting from time delays 

between rolling and air cooling due to the higher temperatures. Contrary to their observation, our 

work showed that with an increase in warm rolling temperature, the strength of γ-fibre texture 

increases. The observed difference might be related to the amount of deformation given at each 

temperature in their sample. In our work, a total of 37% deformation was given compared to the 

80% in their work, which resulted in high deformation band density in the final microstructure. 

Again, the formation of the γ-fibre ({111}<110> and {111}<112>) is reported to be beneficial for 

pipeline steels intended for sour service environment in terms of improving its resistance to HIC 

[76].  

Fig. 5.9b depicts the Alfa (ɑ) fiber plots. As shown, the intensities of {001}<110>, {112}<110> 

and {111}<110> texture components are highest during finish rolling operation. We see that the 

finish rolling treatments strengthened the intensities of the ɑ-fibre {001}<110>, {112}<110> and 

{111}<110>  component. In comparison, the specimen rolled at 700 ⁰C also showed a higher 

intensity of {001}<110>, {112}<110> and {111}<110> texture components. While the intensity 

of the {011}<110>  texture component is lowest for the specimen rolled at 700 ⁰C. Fig. 5.9c clearly 

shows the changes in the R-Cube component.  
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Fig. 5.9. The variation of texture fibres in hot-rolled specimen: (a) Gamma (ɣ), (b) Alfa (ɑ), and 

Epsilon (ԑ). 

5.4.4 Macro-textural changes through thickness 

Figures 5.10a and b represent the ODFs and inverse pole figures of the mid thickness for the 

specimen rolled at 600 ⁰C and 700 ⁰C, respectively. Fig. 5.10a and c show the ODF, and inverse 

pole figures of normal direction (ND) for the 600 ⁰C rolled specimen. It can be seen that the γ-

fibre is observed in the mid thickness compared to that on the surface. The inverse pole figure 

shows that most of the grains are oriented towards {001}||ND and {111}||ND. Fig. 11b and d 

show the ODF and inverse pole figure for the specimen rolled at 700 ⁰C, respectively. Again, it 

can be seen that the γ-fibre is more pronounced at the mid thickness compared to the surface. 

Again, the inverse pole figure in Fig 5.10d shows that the majority of the grains are oriented 

towards the {001}||ND and {111}||ND. In comparison, the intensities of texture are higher at the 

mid thickness as well. It can be said, therefore, that at the mid thickness, γ-fibre formation is 

favoured. In addition, the intensity of the texture component is seen to be higher with an increase 

in warm rolling temperature. Many authors have investigated the inhomogeneity of texture through 
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the material thickness during rolling operations [106-108]. For example, Park et al. [7] investigated 

the development of texture inhomogeneity during hot rolling of Ti/Nb-bearing interstitial free steel 

for various processing parameters. In their study, the through-thickness inhomogeneity of the hot 

band texture depended mainly on the finishing rolling temperature. They further showed that when 

rolled at the same finishing temperature, the materials had significantly different texture 

development depending on the partition of the rolling reduction. Other authors have reported that 

the inhomogeneity of texture through the material thickness results from the changes in the 

deformation modes through the thickness during rolling [61,109]. Shear deformation is dominant 

in the surface layer, while a plane strain is dominant in the centre layer.  Rabe and Lucke [63] 

observed that α and γ-fibre texture components were the most important rolling textures due to 

plane strain deformation. Similarly, in another study, when the material was subjected to shear 

condition at the surface section, {225}<554> were seen to be the main texture component; whereas 

{001}<110> was the main texture component at the centre layer of the hot band where plane strain 

conditions are dominant [110]. In our current study, the surface of the 600 ⁰C rolled specimen 

showed a rather random texture with little traces of the γ-fibre texture. On the other hand, the 700 

⁰C rolled specimen has the {001}<110> as well as the γ-fibre texture. Again, for pipeline steels 

intended for sour service application, it is crucial to support the formation of the γ-fibre texture on 

the surface. From our observation, the γ-fibre texture seems to be better developed in the mid 

thickness at both finish rolling temperatures.  
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Fig. 5.10. Orientation distribution function (ODF) and Inverse pole figure (IPF) maps in the mid 

thickness respectively for (a) 600 ⁰C, (b) 700 ⁰C, (c) 600 ⁰C, and (d) 700 ⁰C specimens. 

5.4.5 Role of recrystallisation in the γ-fibre texture formation  

The EBSD map shown in Figures 5.2b and c were partitioned into recrystallised and deformed 

grains to investigate the role of recrystallisation in micro-textural development. After the partition, 

texture calculations were performed on each partitioned microstructure to determine the dominant 

orientations of the grains. Fig. 5.11a and c show the partitioned microstructure for the deformed 

and recrystallised grains for the 600 ⁰C rolled specimen. Here, the majority of the grains are seen 

to be deformed, while only a small portion of recrystallised grains is present. The partitioned 

microstructure for the deformed and recrystallised grains in the 700 ⁰C rolled specimen is shown 

in Fig. 5.11b and d, respectively. In this case, it can be seen that the majority of the grains are 

equiaxed and recrystallised after 700 ℃ finish rolling, while only a few deformed grains are 

present. 

In comparison, highly deformed grains were observed during rolling at 600 ⁰C. Again, as grain 

size is analysed, most of the recrystallised grains in the 700 ⁰C rolled specimen are larger than that 

rolled at 600 ⁰C. The observed differences are related to the different temperatures of rolling. At 

higher temperatures, static recrystallisation is likely to occur more often due to unavoidable time 

delays between rolling or during air cooling of the specimens.  
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Fig. 5.11. EBSD coloured maps of the partitioned microstructure for (a) deformed microstructure 

at 600 ⁰C, (b) deformed microstructure at 700 ⁰C, (c) recrystallised microstructure at 600 ⁰C and 

(d) recrystallised microstructure at 700 ⁰C specimens. 

Figure 5.12 shows the inverse pole figure (IPF) of the partition microstructures. Fig. 5.12a and b 

show the IPF for the deformed and recrystallised grains, respectively. As shown in Fig. 5.12a, the 

deformed grains are mostly oriented towards {101}||ND with a spread towards {111}||ND. On 

the other hand, most of the recrystallised grains in the 600 ⁰C rolled specimen are seen to be mainly 

oriented towards {101}||ND.  Fig. 5.12c shows that the deformed grains in the 700 ⁰C rolled 

specimen are rather randomly oriented, whereas the recrystallised grains are seen to be oriented 

most often in the {111}||ND. In line with this observation, we may conclude that as more 

recrystallised grains continue to form due to static recrystallisation in the case of 700 ⁰C rolled 

specimen, the γ-fibre is seen to develop. This conclusion is also in agreement with the texture 

measurement shown in figure 5.10. As shown, the γ-fibre texture at the mid thickness of the 600 

⁰C rolled specimen is seen to be well-formed, and also the intensity of the 700 ⁰C rolled specimen 

is higher at the mid thickness compared to the surface. It is generally expected that the surface of 

the steel cools faster during water or air cooling of steel. The faster cooling at the surface may 

prevent further recrystallisation of grains if the temperature is not high enough, as seen in the case 



71 
  

of 600⁰C. On the other hand, the slower cooling rate experienced in the mid thickness of the 

material allows for further recrystallisation of grains leading to a better γ-fibre texture formation.  

 

Fig. 5.12. Inverse pole figure (IPF) maps of the partitioned microstructure for (a) deformed 

microstructure at 600 ⁰C, (b) recrystallised microstructure at 600 ⁰C, (c) deformed microstructure 

at 700 ⁰C and (d) recrystallised microstructure at 700 ⁰C specimens. 

5.4.6 Conclusions 

1. After rough rolling and air cooling to room temperature, the microstructure of steel consists 

of coarse-grained ferrite and bainite sheaves, while the finished specimens rolled at 600 ⁰C 

and 700 ⁰C have mainly elongated ferrite a well recrystallised polygonal-shaped ferrite 

grains. The difference in the microstructure is seen to be related to the finish rolling 

temperatures.  

2. EBSD investigations revealed that dynamic recovery was dominant during the rough 

rolling stage. Partial recrystallisation was observed during finish rolling at 600 ⁰C, and a 

well-recrystallised structure was observed in the 700 ⁰C rolled steels. 

3. Macro-texture results obtained by X-ray measurement show that the main texture 

components in the warm rolled steels are Cube, Goss, Brass, S, Copper, and R cube. The 

finish rolling treatments lowered the fractions of the Goss, Brass, S, Copper texture 



72 
  

components as seen in 700 ⁰C and 600 ⁰C rolled specimens.  However, higher fractions of 

the Goss {001}<100>, Brass ({110}<112>), S ({123}<634>) and Copper ({112}<111>) 

were observed in 600 ⁰C finished rolled specimen. 

4. The intensity of the γ-fibre texture depends on the finish rolling temperature. The intensity 

of the γ-fibre texture increased with increased finish rolling temperature. 

5. The through-thickness texture inhomogeneity of the warm rolled steel is observed to be 

different. Thus, the γ-fibre is seen to be better formed at the mid thickness compared to the 

surface. In comparison to the surface, most grains at the mid thickness were seen to be 

oriented in the {001}||ND and {111}||ND at both finish rolling temperatures. 

4. The finish rolling temperature played a key role in the development of the microstructure 

and texture. It was found that the recrystallisation of grains during 700⁰C finished rolling 

favoured the development of the γ-fibre texture as the majority of the recrystallised grains 

were oriented towards the {111}||ND. 
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Chapter 6 

Through thickness inhomogeneity of texture, microstructure and mechanical properties 

after rough and finish rolling treatment in hot rolled API 5L X70 line pipe steel 

6.1 Overview  

Inhomogeneity of microstructure and texture resulting from thermomechanical control processing, 

if not well controlled, could lead to failure of the pipelines during in-service use. This chapter 

provides detailed observation of the inhomogeneity of texture and microstructure and how it 

affects the mechanical properties of the X70 pipeline steel. The chapter discusses the role of 

temperature, the nature of strain through the material thickness during rolling. The current chapter 

is presented as manuscript #3 (Through thickness inhomogeneity of texture, microstructure and 

mechanical properties after rough and finish rolling treatment in hot rolled API 5L X70 line pipe 

steel).  

All experimental procedures, including material preparations and characterisations, were prepared 

by Joseph Omale (PhD candidate). In addition, manuscript preparation was also carried out by the 

PhD candidate. These involve a thorough review of relevant literature followed by my supervisor, 

Prof. Jerzy Szpunar, and the journal peer-reviewers.  

Finally, the information provided in Chapter 3 of this thesis has been removed from this manuscript 

to avoid repetition, while the references in this manuscript are provided at the end. The necessary 

copyright permission from the publisher was obtained and provided in the appendix section. 

The manuscript was published in 2019 in the Journal of Materials Engineering and Performance: 

 Omale, J. I., Ohaeri, E. G., Mostafijur, K. M., Szpunar, J. A., Fateh, F., & Arafin, M. 

(2020). Through-Thickness Inhomogeneity of Texture, Microstructure, and Mechanical 

Properties After Rough and Finish Rolling Treatments in Hot-Rolled API 5L X70 Pipeline 

Steel. Journal of Materials Engineering and Performance, 29(12), 8130-8144.  
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6.2 Abstract 

The development of inhomogeneity in the microstructure, texture, and mechanical property in hot 

rolled (API) 5L X70 pipeline steel after rough and finish thermomechanical control processing 

(TMCP) have been investigated by experimental measurements. Our investigations revealed that 

the rough rolling stage produced mostly large and coarse ferrite grains across the thickness, while 

the finish rolling stage led to a rather refined small-grained microstructure.  EBSD investigations 

confirmed that recovered and deformed grains dominated the quarter and mid-thickness after the 

rough rolling stage compared to the surface. Investigation of the finish rolled steel showed that 

compared to the quarter and mid-thickness sections of the plate, the surface section mostly consists 

of deformed grains. The texture components obtained from X-ray measurement showed that after 

rough and finish processing stages, the {001}<100>, {110}<112>, {123}<634>, {112}<111>, and 

{001}<110> components were observed to be present.  However, inhomogeneity of texture was 

observed at different depths of the rolled steel. In comparison to the surface, volume fractions of 

texture and intensities of the desired γ-fibre texture were seen to be highest at the mid and quarter-

thickness sections after both rolling stages. The room temperature tensile stress-strain curves 

showed that the highest yield strength was observed for samples obtained from the near-surface 

section. In contrast, samples obtained from the mid-thickness section showed the highest 

elongation during tensile deformation. Overall, the final stage processing refined the final 

microstructure of the steel, thus improving the strength of the steel.  

Keywords: TMCP; EBSD; Texture; Inhomogeneity; Austenite; Hot rolled. 
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6.3 Introduction 

Thermomechanical control processing (TMCP) of textured pipelines has received considerable 

attention in the last few years due to the demand for pipelines for service in different environments. 

Microstructural inhomogeneity resulting from thermomechanical control processing of pipeline 

steel is often observed and could lead to failure during in-service use if it is not well controlled. 

Researchers have investigated some of the reasons for inhomogeneity in steel manufacturing [79, 

80,108,111-113]. They have concluded that the differences in cooling and the changes in 

deformation modes across material thickness during rolling affect the final structure of the rolled 

steel. For instance, in terms of microstructure, the volume fraction of the phases formed was 

heavily dependent on the rolling temperature and cooling rate leading to an inhomogeneous 

distribution of structure, which is detrimental to material performance [111].  

Furthermore, the centreline segregations of precipitates in pipeline steels were often observed. As 

the hot rolled steel cools after hot rolling, the mobility of atoms during the solidification of phase 

is affected due to the differences in temperature between the outside wall and the core of the metal 

[79,112]. The resulting chemical variations can lead to varying microstructure and mechanical 

properties, which is undesirable for pipeline steels intended for use in different service 

environments [82, 83]. Besides the microstructural changes, texture inhomogeneity through 

material thickness has also been studied by researchers. Previous work showed that the resulting 

inhomogeneity in texture is due to the change in the strain modes through the thickness of the steel.  

Typically, inhomogeneous shear strains are caused by friction between the steel surface and the 

rolling partition [7].  

Before hot rolling, thick ingots are often reheated at a relatively high temperature, followed by 

two-stage rolling known as rough and finish rolling. The roughing stage is meant to reduce the 

thickness of the ingot, which may involve several passes. The finish rolling stage is known to have 

the greatest influence on the steel plates' microstructure and texture during processing. Therefore, 

careful parameter modifications are required to obtain a microstructure suitable for the type of 

application. 

Generally, rolling temperatures have been found to play a major role in microstructure control and, 

consequently, control of the mechanical properties of pipeline steel [30,114,115]. Researchers 

verified that grain refinement is the most effective way of simultaneously achieving strength and 
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toughness in steel [116,117]. Following the slab reheating, the steel is often processed above the 

austenite non-recrystallisation temperature (���) during the rough processing stage. The Tnr is the 

temperature below which static recrystallisation can no longer be completed for a given inter-pass 

time. It has been reported that the highest precipitation hardening is obtained when TMCP 

processing is conducted in the austenite recrystallisation region. However, a high rolling 

temperature above ��� leads to the growth of the recrystallised austenite grains during rolling 

interpasses, thereby reducing grain refinement, which in turn impair the strength of the rolled steel 

plates [117]. Therefore, during steel rolling schedules, it has been recommended that finish rolling 

should be carried out below the non-recrystallisation temperature, ��� since this gives finer 

(smaller) grains compared to rolling above this temperature, due to the higher number of nucleation 

sites (nucleation density) associated with elongated  grains and deformation bands.  

It is well known that thermo-mechanically controlled rolling affects the texture of materials since 

the rolling parameters are often seen to impact the crystallographic orientation of hot rolled steels 

in high temperature and warm rolling conditions [6, 20,30,52,94,114]. For instance, in a warmed 

rolled low carbon pipeline steel, the intensity of {111}||ND fibre texture was observed to increase 

while a near-random crystallographic texture was observed during rolling at high temperatures. 

This observation also agrees with Halder and Ray [118], who investigated a warm rolled low 

carbon alloy pipeline steel at 500 ℃ and 600 ℃ and reported a high intensity {111}||ND fibre 

texture. However, they concluded that at lower rolling temperatures of 500 ℃ and 600 ℃,  the steel 

microstructure was dominated by many deformation bands, which is not suitable for pipeline 

application in the hydrogen environment.  

Due to the influence of TMCP on the occurrence of inhomogeneity in microstructure and texture, 

which ultimately can affect the material performance, it is important to investigate the 

microstructural variations that occur during rough and finish rolling in pipeline steel. To date, not 

many studies have been done relating the variations in microstructure, texture, and mechanical 

properties resulting from the different stages of thermo-mechanically controlled processing of API 

X70 pipeline steel. The present work aims to determine the resulting variations in microstructure, 

texture, and mechanical property of an industrial API X70 pipeline steel. In this study, a 

combination of X-ray diffraction methods and Electron backscattered diffraction analysis was used 

to investigate the micro and macro-textural inhomogeneity resulting from the two process stages. 
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6.4 Results and discussion 

6.4.1 Inhomogeneity of microstructure through the thickness  

The microstructural difference through the rough rolled steel thickness is shown in Fig. 6.1. In this 

study, the black lines mark grain boundaries in the EBSD maps with misorientation greater than 

15o. Fig. 6.1a, b, and c represent the maps obtained from the surface, quarter, and mid-thickness 

sections, respectively. Also, the grain size distribution across the thickness is plotted in Fig. 6.1d. 

As shown, the structure is different in morphology and grain size through the thickness. The grain 

size at the surface is large and rather equiaxial. 

On the other hand, the quarter and mid-thickness show a rather large and coarse-grained 

morphology. The average grain size is largest at the mid-thickness, corresponding to 5.4 μm. 

However, the quarter and surface had an average grain size of 5.2 and 5.0 μm, respectively. This 

indicates that larger grains were formed after rough rolling at the mid-thickness followed by the 

quarter-thickness. The grain size is seen to increase through the thickness after this stage involving 

high-temperature processing. It is well known that in crystalline microstructures, the general 

kinetics of grain growth is found to depend on temperature and time, as described by equation 

(6.1): 

�� − ��
� = � × �, (6.1) 

Do in the equation represent the initial grain size, t is the time, D represents the new grain size after 

time t, and k is a temperature dependant constant: 

� =  �����
��

��
, (6.2) 

Where ko is a material constant, the activation energy for boundary movement is denoted by Q, 

and T is the temperature.  

From our observation, Eq. 6.1 and Eq. 6.2 suggest the longer the material is kept in a higher 

temperature regime, the larger the grain size is expected to be formed. This accounts for the 

difference in the microstructure at the quarter and mid thickness, which experienced a slower heat 

transfer, cooled down at a slower rate, and thus was exposed to a higher temperature for a longer 

period of time. This provided enough energy for some grain growth.  
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Fig. 6.1. EBSD colored maps for (a) t = 0, (b) t = 0.25, (c) t = 0.5, and (d) grain size distributions 

of all thickness for the rough rolled specimen. 

Fig. 6.2 explains the effect of the rough rolling process on grain recrystallisation behaviour 

throughout the bulk and surface of the material. As shown, the microstructure at the surface of the 

plate is marked by mostly recovered and recrystallised grains. On the other hand, the structure at 

the quarter and mid thickness are dominated by mostly recovered and deformed grains. Once again, 

these differences can be attributed to the differences in temperature throughout the thickness of 

the material that resulted from differences in cooling across the different sections. In addition to 

differences in temperature across the material’s thickness, it is also important to mention that the 

deformation mode is different across the material’s thickness during steel deformation. The surface 

layer is reported to experience shear deformation while the centre layer is subjected to compression 

and tension, and these differences have been reported to have an impact on the final structure 

[63,109].  
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Fig. 6.2. EBSD recrystallisation fraction maps after the rough stage processing (a) t = 0, (b) t = 

0.25, and (c) t = 0.5. 

Fig. 6.3 shows the Kernel average misorientation across the steel thickness after rough rolling. It 

can be seen that the accumulation of dislocation is higher in the quarter and mid thickness 

compared to the surface. Fig. 6.3d shows that local misorientation at the mid thickness reaches up 

to 3.8o while the surface reaches up to 2.5o. Here, it seems that air cooling to room temperature 

after rough rolling allows recrystallisation to occur at the surface leading to lower stored energy. 

Usually, during recrystallisation or recovery, the stored energy is a driving force during the 

annealing process. The kernel misorientation measures dislocation density and is used to assess 

the residual strain in deformed material. The residual strains in deformed materials have been 

reported to affect the material properties. Therefore, to minimise the impacts of residual strains 

that may lead to cracking in pipeline steel, further heat treatment is required to minimise 

inhomogeneity of residual strains developed during pipeline steel rolling  
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Fig. 6.3. Kernel average misorientation (KAM) maps after the rough stage processing (a) t = 0, 

(b) t = 0.25, (c) t = 0.5, and (d) plots of local misorientations. 

The micro-texture map after rough rolling was evaluated and presented in Fig. 6.4. A deviation of 

15o was used for all grains having the gamma fibre orientation during the analysis process. Figs. 

6.4a, b, and c show the gamma fibre orientation maps at the surface, quarter, and mid thickness, 

respectively. It can be seen that the microstructure at the top has fewer grains with the gamma fibre 

orientation compared to the quarter and mid thickness section. Fig. 6.4d is a plot of the volume 

fraction of grains having this orientation. The fraction of gamma fibre orientation at the quarter 

can be seen, and mid thickness is almost twice what is observed on the surface. Generally, the 

increase in the volume fraction is more predominant in the mid thickness area. The importance of 

gamma fibre orientation in pipeline application with emphasis on the texture inhomogeneity during 

rolling has been well reported in the literature [6, 7,108]. These studies describe the development 

of texture inhomogeneity to the changes in deformation modes across thickness and differences in 

temperature. This observation will be further discussed in detail in the later section of this paper. 
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Fig. 6.4. EBSD texture maps after rough stage processing: (a) t = 0, (b) t = 0.25, (c) t = 0.5, and 

(d) plots of volume fractions of γ-fibre texture. 

Figure 6.5 depicts the effect of the finish stage processing on the microstructure across the different 

sections of steel. Figs. 6.5a, b, and c represent the orientation maps for the surface, quarter, and 

mid-thickness sections, respectively. The EBSD map highlights grains of different sizes and 

shapes. Specifically, the microstructure at the surface shows a mostly chaotic arrangement of 

small-sized needle-like ferrite structure, while at the quarter and mid-thickness section, the grains 

become larger and coarse. The mid-thickness shows that the grains in this section are coarser 

compared with the quarter thickness section. The grain size distribution analysis is presented in 

Fig. 6.5d such that the pattern of grain size distribution is similar across the thickness. The average 

grain size for the top, quarter, and mid-thickness sections are 2.23 μm, 2.68 μm, and 3.12 μm, 

respectively. The differences in grain size and morphology of grains observed after finish rolling 

can be related to the difference in temperature across the thickness during cooling. In comparison, 

the average grain size in the rough rolled steel is about twice the size of the finish rolled steel. This 

indicates deformation during finish rolling, a precursor for grain fragmentation mechanism, and 

thereby causing grain refinement as observed in the microstructure. The effect of finish rolling 

treatments in refining the microstructure has been reported by previous authors [115,117,119]. As 
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already mentioned, conducting hot rolling at temperatures above the ��� will allow the growth of 

recrystallised austenite grains whereas when rolling is done at temperatures below the ��� it leads 

to flatter grains with a higher number of nucleation sites often observed.  This will allow smaller 

grains to form due to recrystallisation. Therefore, in our current observation, it is safe to conclude 

that the large grain size observed after rough rolling stages indicate that the hot rolling temperature 

was above ���. Whereas, the finer grains observed after the finish rolling stage may indicate that 

the finish deformation temperature (below ���) allowed the fragmentation of the large grains 

which were unable to grow. 

 

Fig. 6.5. EBSD coloured maps showing the microstructure after finish processing stage; (a) t = 0, 

(b) t = 0.25, (c) t = 0.5, and (d) grain size distributions. 

Fig. 6.6 shows the effect of the finish stage processing on recrystallisation. Figs. 6.6a, b, and c 

show the recrystallisation maps at the surface, quarter, and mid-thickness, respectively. The 

surface is predominantly marked by deformed grains with fewer recovered grains and fewer 

recrystallised grains. The situation is somewhat different for quarter and mid-thickness. In these 

cases, the map is dominated by recovered grains. The proportion of recrystallised and deformed 

grains in quarter and mid-thickness is somewhat similar. As stated earlier, the temperature 
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distribution in the cross-section of the steel plate plays an important role in the recrystallisation 

process. For this situation, it is believed that static recrystallisation is expected to promote 

recrystallisation at the surface at high temperatures. However, the differences in temperature 

across thickness may coarsen the microstructure at the quarter and mid-thickness, resulting in 

mostly recovered and recrystallised grains with very few deformed grains. However, the highly 

deformed structure observed at the surface here may be attributed to the accelerated cooling after 

the finish rolling before the coiling of the steel. The fast cooling at the surface may inhibit the 

recrystallisation processes, which will lead to mostly deformed grains with higher stored energy. 

Compared to the recrystallisation maps after the rough roll process, the morphology and size of 

the deformed, recrystallised, and recovered grains are different. On the other hand, finish rolling 

produced mostly small and elongated microstructures. After rough rolling, air-cooling to room 

temperature led to large grains at the surface, quarter, and mid-thickness, respectively. Again, the 

reason for the smaller deformed grains at the finish rolling is related to the fragmentation of 

austenitic grains when deformed at a temperature below the ���. 

 

Fig. 6.6. EBSD recrystallisation fraction maps after the finish processing stage: (a) t = 0, (b) t = 

0.25, and (c) t = 0.5   
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Fig. 6.7 shows the KAM maps after the finish rolling treatments across the thickness. Figs. 8a, b, 

and c show the individual maps at the surface, quarter, and mid-thickness, respectively. In these 

maps, it can be seen that the dislocations accumulation is more prominent at the surface compared 

to the quarter and mid-thickness region. It is important to note that the high KAM values in 

deformed pipeline steels measure the extent of dislocation density resulting from the processing. 

The high values at the surface of the finish rolled specimen suggest that the dislocation density is 

high in this region. This agrees with Fig. 6.6, where the surface is marked by mostly deformed 

grains. Higher KAM is indicative of high stored elastic energy. When recrystallisation is inhibited, 

the release of stored energy is prevented, and high KAM values are expected. Further annealing is 

required to minimise the residual stress induced in the material during deformation. In pipeline 

steels intended for sour environment applications, it is important to minimise residual stress. This 

is because dislocations arising from pipeline rolling can trap hydrogen atoms as reversible trap 

sites. They can facilitate crack since hydrogen atoms can move along the trap sites towards the 

crack tip. According to Mohtadi-Bonab et al. [11], the differences in the dislocation density 

between an X60 and X60SS specimens caused the X60 specimen to be more prone to Hydrogen 

induced cracking than the X60SS specimen. When evaluating KAM in hot-rolled pipeline steels, 

it is salient to mention that often, the KAM values do not exceed 2.5° except in areas where HIC 

cracks were observed. In this study, in all the regions across the investigated thickness, the KAM 

values were seen to exceed 2.5°, which means that this value may increase the HIC susceptibility 

of the investigated steel. 
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Fig. 6.7. Microstructure of finish rolled steel (Kernel average misorientation map): (a) t = 0, (b) t 

= 0.25, (c) t = 0.5, and (d) plots of local misorientations. 

In the sour environment, the final rolling texture is of critical importance. Many researchers have 

concluded that gamma fibre textures are the most important orientation in pipeline steels. This is 

because, in the hydrogen environment, the gamma fibre texture is reported to be the preferred 

orientation due to its resistance to crack initiation and propagation during cracking [9, 32,37,38]. 

Fig 6.8a, b, and c show the gamma fibre orientation maps at the different thickness sections of the 

finish rolled steel. Fig. 6.8a and b represent the maps of the gamma fibre orientations of the surface 

and quarter thickness sections, while Fig. 6.8c represents the obtained from the mid-thickness 

section of the same specimen after finish rolling. The observation here is similar to the pattern 

observed after the rough rolling stage. It is clear that grains having <111>||ND orientation are 

fewer at the surface compared to the quarter and mid-thickness sections, respectively. The gamma 

fibre is better observed in the mid thickness of the sheet. The volume fraction of the grains having 

this orientation is evaluated and presented in Fig. 6.8d. It shows the volume fraction of grains 

having the <111>||ND orientation. This corroborates the previous observation that the volume 

fraction of <111>||ND is highest at the mid-thickness and almost twice what is observed at the 

surface. The volume fraction at the quarter thickness is similar to that at the mid-thickness. The 

current observation results from the differences in the state of the stress experienced across the 

thickness during deformation.  
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Fig. 6.8. EBSD texture maps for (a) t = 0 (b) t = 0.25 (c) t = 0.5 and (d) plots of volume fractions 

of γ-fibre texture obtained for finish rolled specimen.  

6.4.2 Macro-textural evaluations through the thickness 

Figures 6.9a, b, and c represent the orientation distribution functions (ODFs) of the surface, quarter 

thickness, and mid thickness for the specimen after the rough rolling stage. Table 6.1 shows the 

fractions of the main texture components. It is obvious that after rough rolling, the gamma fibre is 

formed across the thickness. It is well represented in the mid and quarter thickness layers. The 

maximum intensity of 1.6 at the mid thickness is compared with 1.4 and 1.3 at the quarter and 

surface thickness layers, respectively. Only a few investigations have been done on high 

temperature rough rolling effects on textural evolution. After rough rolling, steel is subjected to 

further hot rolling treatments, resulting in a different texture at the finishing stage depending on 

the finish rolling schedule. In addition to the finish rolling treatments, rough rolling is often done 

at a higher temperature, usually above the  ���. As stated earlier, higher rolling temperature above 

��� during rough rolling stage allows the recrystallised austenite grains to grow further, which 

hinders grain refinement. In addition to the effect on microstructure, recrystallisation texture is 

also formed following the austenite rolling. This is because deforming austenite above the Tnr leads 

to a recrystallised texture. The intensity of the texture largely depends on the accumulated strain 
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before recrystallisation. The deformed austenite texture is expected to display a cube {100}<001> 

texture. The cube texture here is unstable, and upon cooling to ferrite, often transforms to the R-

cube {001}<110> texture. Also, for the case of a partially recrystallised austenite structure, the 

main austenite rolling texture components are Copper {112}<111>, Brass {110}<112>, S 

{123}<634>  and a weak Goss {110}<001> [118], [119]. In terms of volume fraction, it can be 

seen that the highest fractions of Goss {110}<001> and R-Cube {001}<110> are obtained at the 

mid thickness while the highest fractions of Cube {001}<100>, Bs {110}<112>, S {112}<634> 

and Cu {112}<111> are observed at the surface and quarter thickness respectively. (Table 6.1).  

Table 6.1. Fractions of the main texture components after the rough process stage.  

 

It is well known that the effect of austenite rolling temperature on texture is related to the 

transformation behaviour of the deformed austenite. However, in practice, such description is very 

complex owing to the presence of many parent orientations, which are predicted to be responsible 

for several products and the occurrence of variant selection [47,109,122]. In addition to the rolling 

temperature, it is necessary to consider the state of the strain through the material thickness in the 

analysis of the texture inhomogeneity during the rolling treatment. The state of the strain affects 

the final texture of the rolled pipeline steel [6, 7,108,123]. From the values provided in Table 6.1, 

the volume fractions of the cube component of the textures are reduced through the material 

thickness. The table shows that the cube component at the surface was highest (2.38), while the 

quarter and mid-thickness values are observed to be 2.17 and 2.11, respectively. It is expected that 

the {001}<100> texture will be fully transformed if complete recrystallisation of the austenite is 

achieved. However, in this case, we observed differences in the fractions of the cube components 

across the different thickness sections. This observation supports the EBSD maps presented in Fig. 

Rough 

rolled 
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{110}<001 

    Brass % 

{110}<112 

      S % 

{112}<634 

Copper % 

{112}<111 

R-Cube % 

{001}<110 

Surface      2.38       2.06     3.92     9.58     4.86      2.35 

Quarter      2.17       1.93     3.66     9.52     4.85      2.56 

Mid      2.11       2.18     3.40     8.09     3.98      3.05 
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6.8, which showed that recrystallisation at the surface was more pronounced than quarter and mid-

thickness, respectively. Hence, this may be a reason for the higher volume fraction of the cube 

components observed at the surface.  

 

Fig. 6.9. Orientation distribution functions (ODF) obtained from (a) t = 0, (b) t = 0.25, and (c) t = 

0.5 after rough processing stage. 

In the current study, the ODFs in Fig. 6.9 shows that the desired gamma fibre is better formed at 

the mid thickness section. The intensities and volume fractions were further analysed and 

presented in Fig. 6.10a and b, where S=0 represents the intensity and volume fraction at the surface. 

In contrast, S=0.25 and S=0.5 represent the intensity and volume fraction at the quarter and mid-

thickness, respectively. The intensity and fraction of the gamma fibre components change with the 

through-thickness of the material. Compared with the surface and quarter thickness, the intensity 

and fraction of the gamma fibre are highest at the mid thickness. The intensity and fractions of the 

gamma fibre increased with an increase in the depth of thickness. This observation is in agreement 

with the observation in the micro-texture EBSD maps provided in Fig. 6.4  
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Fig. 6.10. The variation of (a) γ-fibre texture and (b) volume fractions of γ-fibre texture for the 

rough rolled specimen. 

It is well established that the finish process stage determines the final texture of the steel. 

Therefore, the resulting texture components after the finish process stage are given in Figs.6.11. 

The figures represent the ODFs at the surface, quarter, and mid-thickness layers, respectively. As 

shown, it seems there are no significant differences in the texture pattern compared with the rough 

rolling stage. It follows that after the finish process stage, the gamma fibre at the mid and quarter 

thickness sections is more significant, respectively. Also, the intensity of the ODFs is higher at the 

mid thickness layer. 

Furthermore, Table 6.2 shows the volume fraction of the main texture components. As shown, the 

fractions of the texture component are seen to change through the material thickness. For instance, 

compared to the quarter and surface layer sections, the Cube, Copper, and R cube volume fractions 

are highest at the mid thickness section. 
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Table 6.2. Fractions of the main texture components after the finish process stage. 

 

 

Fig. 6.11. Orientation distribution functions (ODF) obtained from (a) t = 0, (b) t = 0.25, and t(c) t 

= 0.5 after finish processing stage. 

Analysis of volume fraction and intensity of the gamma fibre texture component is presented in 

Fig. 6.12a and b, which represent the plot of the volume fraction and intensity of the gamma fibre 

observed across the thickness layers. From the plots, it is evident that the intensity of the gamma 

fibre is highest at the quarter and mid-thickness layers compared to the surface. The plot of the 
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volume fraction in Fig. 6.12b shows that the fraction of the gamma fibre is also highest at the mid 

thickness layer compared with the quarter and surface layer thickness. Regardless of the rolling 

stage, this work shows that after the rolling treatment, the intensities and volume fraction of the γ-

fibre texture are higher at the mid thickness. Therefore, during the rolling operation, γ-fibre 

formation is favoured at the mid thickness. The texture inhomogeneity through material thickness 

due to hot rolling has been studied by many authors [13,106-108,124]. These studies ascribe the 

final hot band texture inhomogeneity to the finishing temperature, deformation modes across 

thickness during rolling, and material chemistry. Park et al. [7] observed that during hot rolling of 

Ti/Nb-bearing interstitial free steel for various processing parameters, the finish processing 

temperatures affected the inhomogeneity of developed texture. In another study by Omale et al. 

[125], it was observed that the development of the gamma texture at the mid-thickness was 

favoured due to recrystallisation. Furthermore, during the rolling of low carbon steel, the range of 

temperatures employed plays a principal role in the transformation behaviour of the material. This 

is because by deforming at the austenite temperature, the transformation of austenite to ferrite 

occurs during cooling. As a result of the transformation behaviour of steels, the development of 

hot rolling textures has been reported to depend on the Bain, Kurdjumov-Sachs (K-S), and 

Nishiyama-Wassermann (N-W)) relations and variant selection (departure from these relations) 

[47, 62,126,127].  

Inhomogeneity through material thickness due to changes in deformation modes through material 

thickness has been reported by different authors [63,109]. Most of them conclude that shear 

deformation is dominant at the surface layer due to shear strains resulting from friction between 

the surfaces of the plate sand the rolls during the rolling operation. However, plane strain and 

compression are reported to be dominant in the centre layer. 
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Fig. 6.12. The variation of (a) γ-fibre texture and (b) volume fractions of γ-fibre texture for the 

rough rolled specimen. 

Furthermore, Figs. 6.12a and b show that the intensity and volume fraction of the gamma fibre 

after the finish rolling operation is higher than what is obtained after the rough rolling stage. This 

suggests that in addition to refining the microstructure, the finish rolling treatment increased the 

intensities and volume fraction of the gamma fibre texture components. Overall, we observed a 

very similar texture pattern developed during the rough and finish rolling stage. This may be 

because both rolling treatments were done at austenite temperature, and the texture development 

would have most likely followed a similar mechanism during the austenite to ferrite 

transformation. However, we observed some inhomogeneity of texture components in both steel 

plates after the rough and finished rolling stages. The texture gradient observed in these steels after 

each rolling stage may be attributed to the effect of inhomogeneous and redundant shear strains.  

6.4.3 Mechanical properties through thickness  

Microstructural inhomogeneity often has profound effects on material performance since it 

degrades its mechanical properties. The tensile stress-strain curves after the rough rolling stage of 

the through-thickness layers measured at room temperature are presented in Fig. 6.13a and Table 

6.3. The tensile stress/strain values were computed as average obtained for two tests to ensure 

consistency. The maximum ultimate tensile and yield strength is obtained at the sample's surface 

compared to the quarter and mid thickness layer, respectively. Meanwhile, elongation at fracture 

is more at the mid thickness followed by the quarter and surface layer, respectively.  
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Table 6.3. Tensile test results of rough and finish rolled specimens. 

 Yield strength (MPa) 

 

Rough/Finish 

Ultimate tensile 

strength (MPa) 

Rough/Finish 

Elongation (%) 

 

Rough/Finish 

Surface 505      630 637      748 23.9     22.0 

Quarter 486      588   625      728 24.4     23.9 

Mid 476      569 601      712 26.2     24.6 

 

The effect of finish rolling treatment on the through-thickness tensile stress-strain curve is given 

in Fig. 6.13a. Details of the ultimate tensile strength (UTS) and yield strength (YS) are shown in 

Table 6.3. Similar to the rough rolling stage, it is evident that the surface showed a higher value of 

ultimate tensile and yield strength, followed by the quarter and mid-thickness layer, respectively. 

Also, it is noteworthy to mention that in terms of elongation, it follows that the highest elongation 

was obtained for the specimen at the mid-thickness. In both rolling scenarios, the specimen at the 

surface layer showed the least elongation, as depicted in Fig. 6.13a and b. The differences in 

strength can be ascribed to variations in grain size, crystallographic texture, and other 

microstructural inhomogeneity, such as centreline segregation and stored energy. In terms of grain 

size, Figs. 6.1d and 6.5d show the grain size distributions after the rough and finish rolling stages, 

respectively. As shown in both figures, the grain sizes increase with the depth of material thickness. 

The average grain sizes for surface, quarter and mid-thickness after rough are 5.02 μm, 5.24 μm, 

and 5.36 μm. However, after the finish rolling for surface, quarter and mid-thickness, the average 

grain sizes are 2.23 μm, 2.68 μm, and 3.08 μm, respectively. Generally, the Hall-Petch equation is 

used to predict the behaviour of a material with respect to changing grain size. Such that with 

decreasing grain size, it is expected that the material strength will also increase [128,129]  

�� = �� +  
�

√�
 , (3) 

Where τy is the yield resolved shear stress; τo is the friction resolved shear stress; k is the stress 

concentration factor, and d represents the average grain size. In this study, the microstructural 

difference in grain size may affect the yield strengths of the different thickness layers of the steels.  
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Besides the grain size, centreline segregations are important and could influence the through-

thickness inhomogeneity of mechanical properties. It is also important to state that our previous 

report on this steel shows that the current X70 pipeline steel is marked by the centreline segregation 

zone of the manganese element [13].  During high-temperature rolling and cooling of hot-rolled 

pipeline steels, the outside wall of the material is cooled first and then the core of the metal. At a 

high temperature, the mobility of elements towards the middle or core of the rolled plate is higher, 

leading to variations in composition [79, 80]. It must be noted that segregation in pipeline steels is 

undesirable as these segregations can lead to varying mechanical properties [82, 83]. In this work, 

the mid-thickness has the lowest strength. Therefore, in addition to the grain size, it may well be 

concluded that the possible segregation of elements at the centreline has contributed to the lower 

strength observed at the mid-thickness. 

In terms of crystallographic texture, it has been reported that different texture components affect 

the mechanical properties of steel. For example, the {332}<113> texture component is reported to 

lower anisotropy and lead to better mechanical properties, including the yield strength, while 

{100},<110>  texture component is found to have a deleterious effect on the delamination of steels 

[20,34]. On the other hand, γ-fibre texture components ({111}||ND) are often desirable in 

improving the formability of steels, especially for automotive applications. Our current 

observations in Figs. 6.13a and b show that the total elongation is highest at the mid-thickness. It 

must be recalled that the analysis of the volume fractions and intensities of the γ-fibre texture 

components is presented in Figs. 6.4, 6.8, 6.10, and 6.12 show that it is the highest at the mid-

thickness layer. Following these observations, it may be concluded that the higher elongation 

observed at the mid-thickness layer of both rough and finish rolled specimens is related to the 

differences in the volume fractions of the γ-fibre texture.  
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Fig. 6.13. Tensile stress-strain curves across different thicknesses for (a) rough rolled and (b) 

finish rolled specimens. 

6.4.4 Conclusions 

1. The rough stage processing yielded mostly large-grained ferrite, while the finish stage 

processing produced refined small-grained microstructure. The resulting differences in the 

microstructure are related to the rolling temperature. 

2. The X-ray texture analysis shows that the texture across the steel thickness after rough and 

finish stage processing is different. The volume fractions and intensities of γ-fibre texture 

were higher at the mid and quarter thickness sections. 

3. In addition to refining the microstructure, the γ-fibre texture was improved such that the 

volume fractions and intensities of γ-fibre texture increased after finish rolling. 

4. The room temperature tensile stress-strain curves across different thicknesses for both the 

rough and finish rolled specimens revealed that samples from the surface have the highest 

yield strength while the mid-thickness section showed the highest elongation. 

5. The final finish processing treatment played an important role in refining the 

microstructure and thus can be considered important for improving steel properties. 
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Chapter 7 

Effect of two-stage thermomechanical control processing on microstructure, texture, and 

mechanical properties of API 5L X70 pipeline steel 

7.1 Overview  

Two-stage thermomechanical processing in steels has been identified to provide better results than 

single rolling, particularly better microstructure. This chapter explores the control of 

crystallographic texture at high temperatures using two-stage control processing. It is presented as 

manuscript #4 (Effect of two-stage thermomechanical control processing on microstructure, 

texture, and mechanical properties of API 5L X70 pipeline steel). This chapter explores the 

processing of X70 pipeline steel using two-stage controlled treatments for achieving desirable final 

texture. It discusses the characteristics of the microstructure, texture, and mechanical properties 

after each rolling stage. Specifically, it attempts to evaluate the synergy of the rough and finish 

stage processes on the evolution of the micro-texture in ways that produce grains with {111}||ND 

and {001}||ND orientations.  

All manuscript was prepared by Joseph Omale (PhD candidate), which involves a review of 

relevant literature, and the paper was thoroughly reviewed by my supervisor, Prof. Jerzy Szpunar, 

and peer-reviewed. All suggestions and corrections were implemented before publication. In 

addition, I designed and carried out all experimental procedures, including material preparations 

and characterisation.  

Also, for details regarding experimental procedures, the information provided in Chapter 3 of this 

thesis has been removed from this manuscript to avoid repetition, while the references in this 

manuscript are provided at the end. The necessary copyright permission from the publisher was 

obtained and provided in the appendix section.  

 

 

The manuscript was submitted to the Journal of Materials research and technology and is in its 

final review stage. 
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7.2 Abstract 

The effect of a two-stage thermo-mechanical control processing on microstructure, texture, and 

mechanical properties of API 5L X70 pipeline has been studied. EBSD investigations revealed 

that the rough stage processing produced mostly large grain ferrites marked by mostly recovered 

grains. The finish stage processing produced small-grained ferrites with some bainite structure 

marked by mostly deformed grains. X-ray macro-texture measurements showed a weak texture, 

with most grains oriented towards the <111>||ND and <001>||ND after both stage of processing. 

EBSD texture measurement confirms that the finish stage processing lowered the volume fraction 

of gamma fibre orientations. However, it showed promising results for retaining the desired 

crystallographic orientations. The room temperature tensile stress-strain curve showed that the 

finish stage processing produced steel with the highest yield strength, thus indicating that the finish 

stage processing offers potential opportunities for controlling the properties of the steel for the 

desired application.  Overall, the finish stage processing refined the microstructure and contributed 

to the increase in the yield strength of the steel. 

Keywords: Texture; TMCP; EBSD; Recrystallisation; Hot rolled; Pipeline steel. 
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7.3 Introduction 

A two-staged rolling process often characterises deformation during thermomechanical control 

processing of pipeline steel. In practice, the entire process involves the roughing stage, followed 

by the finish rolling stage. These two-stage deformations play a significant role in dictating the 

microstructure, texture, and, consequently, the mechanical properties of the final steel. 

During thermomechanical control processing (TMCP) of steel pipelines, the rough rolling 

treatment is mostly carried out at a temperature above the non-recrystallisation temperature (Tnr). 

In contrast, the finish rolling is generally performed below the non-recrystallisation temperature 

(Tnr). As a result, rolling temperatures have been reported to play a significant role in dictating the 

final steel's microstructural and textural features and mechanical properties.  

Various authors have investigated the effects of conducting rough and finish rolling at high 

temperatures. Kim et al. [115] conducted several rolling schedules to observe the resulting 

microstructure and associated properties. They found that performing the rough and finish rolling 

procedures at a high temperature above the austenite recrystallisation temperatures (Tnr) allowed 

the growth of recrystallised austenite grains, which impaired grain refinement and thus reduced 

the strength. In another study by Veryynckt et al. [117], deformation at a high temperature above 

the non-recrystallisation temperature (Tnr) led to the complete static recrystallisation of austenite 

between rolling passes. The static recrystallisation between the rolling passes assisted in the grain 

growth of the deformed austenite. On the other hand, rolling in the austenite non-recrystallisation 

region (below the Tnr) yielded elongated (pancaked) austenite grain structure with dislocation 

structures due to the retardation of austenite recrystallisation during the rolling process (passes), 

leading to refined grain size. These refined grains enhanced the strength of the steel, which also 

agrees with Kim et al. [115]. 

Siahpour et al. [119] examined the effect of rolling temperatures below the austenite non-

recrystallisation on the grain size of X65 pipeline steel. They observed that decreasing the finish 

rolling temperature below the austenite non-recrystallisation region caused a decrease in the 

overall ferrite grain size by 16%. They changed the morphology of ferrite from polygonal ferrite 

to quasi-polygonal ferrite. They concluded that lower temperatures during hot rolling increased 

the number of ferrite nucleation sites, which reduced the overall ferrite grain size. Kim et al. [115] 
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also showed that hot rolling just below the austenite non-recrystallisation retards austenite 

recrystallisation during the rolling process leading to refined grain size and improved strength. 

Rolling at the dual-phase region has also been investigated in the past. The dual-phase area is the 

austenite + ferrite region below the Ar3 temperature. For example, Guo et al. [130] observed that 

the phase transformation process of austenite to ferrite during the rolling process offered an 

effective grain refinement. Still, the clustering of interphase precipitates (fine precipitates) 

significantly reduced the precipitation hardening effect, consequently degrading the strength 

compared to rolling just below the Tnr but still above the Ar3.  

Thus, for the best results in the microstructure, it is recommended that the rolling process start in 

the austenite recrystallisation region and finish in the austenite non-recrystallisation region (below 

the Tnr). This will enhance the grain refinement and precipitation hardening simultaneously, 

leading to homogenously fine grains with very high strength, well-developed dislocation structure, 

and impact properties in the steel.  

Texture control in hot rolled pipeline steels through thermomechanical processing has been 

considered. Certain texture components have been observed to offer resistance to cracks 

propagation for pipeline steels intended for use in hydrogen environments. Thermomechanical 

control processing provides a plausible means of texture control in hot rolled pipeline steels. 

Various reports show that thermomechanical control process parameters can influence the 

development of crystallographic texture in steels. These include soaking temperature, the extent 

of deformation, rough and finish stage temperatures, and cooling rate [34]. For example, in a study 

of the texture and microstructure of API 5L X70 pipeline steel, Mohtadi-bonab et al. [71] observed 

that different thermomechanical paths created <111>||ND, <112>||ND, and <110>||ND  texture at 

the near-surface planes.  

Different rolling temperatures have been explored in experimental texture control in steels by 

researchers. Olalla et al. [14] reported that low-intensity transformation textures were observed for 

rolling temperatures of 860 ⁰C-800 ⁰C, while prominent stronger textures were observed at the 

high finish rolling temperature of 1060 ⁰C-1000 ⁰C. In pipeline steel application, <111>||ND, 

<112>||ND, and <110>||ND  orientations were previously reported by Venegas et al. [76] to be the 

most desirable for pipeline steels intended for the hydrogen environment. As a result, many 

researchers are exploring rolling parameters that produce pipelines with dominant <111>||ND 
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orientations. Investigations regarding the development of gamma fibre (<111>||ND) textured 

pipelines at different rolling temperatures have been a subject of interest for a while. For example, 

high temperatures rolling above the Tnr have been found to produce very ineffective in the 

development of steels with <111>||ND orientations [52]. Rather, the intensity of rotating cube 

({001}<110>) texture components is reported to increase [14]. During high-temperature rolling, 

the rotated cube components can be formed as transformation products of the brass components 

and from the transformation of recrystallised austenite having cube ({001}<100>) texture 

components.  

On the other hand, warm rolling has been reported to favour the development of pipeline steels 

with <111>||ND orientations. According to Venegas et al. [76], high-temperature rolling results in 

almost random crystallographic texture, whereas warm rolling enhances <111>||ND texture fibre 

intensity. Another study by Halder and Ray [52] shows that strong <111>||ND orientations were 

obtained for warm rolling carried out at temperatures of 500 ⁰C and 600 ⁰C. Similarly, reported 

dominant <111>||ND and weak {110}//ND for 3mm hot strip low carbon steel produced from 

85mm slab rolling with warm rolling technology.  

To the best of the authors’ knowledge, many of the works discussed here have highlighted the 

resulting microstructure and mechanical properties following different rolling conditions. 

Considering the combined effects of the rough and finish rolling treatments during TMCP on 

developing the steel's final microstructure, texture, and mechanical properties, it is essential to 

carefully evaluate the synergistic effects of both rolling treatments during TMCP. To date, not 

enough studies have been done to effectively determine the role of the rough rolling treatment on 

the resulting final microstructure, texture, and mechanical properties after the finish rolling 

treatments. The present work is aimed to determine the characteristics of the microstructure, 

texture, and mechanical properties after each rolling process. Also, we attempt to evaluate the 

synergistic contributions of the rough and finish stage processes on the evolution of the 

microtexture. The API X70 pipeline steel in our investigation was manufactured under industrial 

conditions. Electron backscattered diffraction and X-ray diffractometry techniques were employed 

to characterise the macro-texture and microstructure adequately after the two stages of TMCP. 
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7.4 Results and discussion 

7.4.1 Microstructure and micro-texture analysis 

Figs. 7.1a and 7.1b show the EBSD map obtained after rough rolling and finish rolling treatment 

and air cooling to room temperature, respectively. In these maps, grain boundaries having 

misorientation greater than 15o are marked by the black lines. As shown in Fig 7.1a, the 

microstructure after the rough rolling stage and air cooling to room temperature is characterised 

by large equiaxed ferrites grains. Fig. 7.1c shows the microstructure of the finished rolled 

specimen. It shows mainly smaller and elongated ferrite grains.  In comparison, the morphology 

of grains after rough rolling is marked by equiaxed and well-defined grain boundaries, whereas 

the specimen after finish rolling shows the chaotic arrangement of grains (mostly similar to that of 

acicular ferrite structure), bainite, and polygonal ferrites. In both cases, the structure is 

inhomogeneous in terms of grain size and the grain shape. In terms of the crystallographic 

orientation, grains in both specimens (equiaxed and elongated) are tilted mainly towards <001> 

and <111>||ND. The elongated and equiaxed grains seen in both samples are due to the relatively 

high stacking fault energy (SFE), resulting in dynamic recovery and recrystallisation during the 

thermos-mechanical processing [84].  

 

Fig. 7.1. EBSD orientation color maps after (a) Rough stage processing and (b) Finish stage 

processing 

The effect of the different TMCP stages on the final grain size is illustrated in Fig. 7.2a and 7.2b. 

As shown, Fig. 3a represents the grain size distribution after the rough rolling stage, while Fig. 

7.2b represents the grain size distribution after the finish rolling treatments. The average grain size 
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after rough rolling is seen to be 5.4 μm. After the finish rolling operation, the average grain is seen 

to be 2.3 μm.  Fig. 7.1 shows that the finished rolling refines the final microstructure. During the 

finish rolling stage, the large grains formed during the rough rolling stage are fragmented as a 

result of the heavy deformation at lower temperatures and replaced by smaller grains hence the 

smaller average grain size is recorded after finish rolling. Many studies have been done on the 

effect of the finish processing temperatures on the final grain sizes in hot rolled steel. For example, 

Omale et al. [125] observed that during the finish rolling of a warm rolled X70 pipeline steel, the 

increase in finish rolling temperature from 600 °C to 700 °C led to an increase in the average grain 

size. Kozasu et al. [131] studied the rolling of Si-Mn steel at high temperatures but just below the 

austenite recrystallisation temperature. They concluded that this rolling temperature gives rise to 

austenite with deformation bands and high-density grain boundaries, resulting in grain refinement. 

However, it has also been reported that if the rolling temperatures are sufficiently high above the 

Tnr, static recrystallisation is often followed by grain growth leading to large grain size [132]. The 

current investigation corroborates the conclusion that finish rolling at temperatures below the Tnr 

is necessary to obtain a refined final microstructure. During the soaking stage, the high soaking 

temperature primarily leads to the growth of the austenite grains. The rough rolling process enables 

dynamic microstructural changes arising from an increase in the density of dislocations due to 

strain. The dynamic microstructural changes are a major driving force for static recovery and 

recrystallisation, followed by grain growth after the rolling if the temperature is high enough. 

Therefore, the large grain size obtained after rough rolling is largely due to the temperature of 

deformation. Generally, the effect of grain size on mechanical properties is rather well described 

by the Hall-Petch equation [129]. For enhanced strength, the smaller grain size is recommended.  

However, in the pipeline steel application, grain size has been shown to have effects on the HIC 

susceptibility of ferritic steels. For example, one study showed that large grains provide an easy 

pathway in transgranular cracking during hydrogen-assisted cracking [100]. In contrast, another 

study showed that hydrogen embrittlement sensitivity was reduced with decreasing grain size due 

to available media for trapping, hydrogen transport, and concentration [132]. However, major 

observations by yao et al. [101] and Ichimura et al. [100] show that grain boundary either increases 

hydrogen diffusion by providing faster paths or reduces hydrogen mobility by acting as reversible 

hydrogen trapping sites at nodes and junction points. 
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Fig. 7.2. Grain size distribution after (a) Rough stage processing and (b) Finish stage processing. 

Figure 7.3 represents the EBSD recrystallisation map of steel resulting from the different rolling 

stages.  Fig. 4a and 4b are the map and plots of recrystallisation, recovered, and deformed fractions 

obtained after rough rolling, respectively. As shown, the microstructure contain mostly recovered 

grains with some fraction of recrystallised and deformed grains. On the other hand, the 

recrystallisation map and plot after the finish rolling stage is shown in Fig. 7.3c and 7.3d. As seen, 

the structure is marked by mostly small deformed grains with a tiny fraction of recrystallised and 

recovered grains of almost equal volume. In comparison, the rough rolled stage showed mostly 

large recovered grains (indicating that dynamic recovery was dominant) with an almost equal 

distribution of recrystallised and deformed grains. On the other hand, Fig. 7.3c and d show that 

after the finish rolling stage, the large recovered grains observed after rough stage processes were 

replaced with mostly small deformed grains and little fractions of recovered and recrystallised 

grains. The differences in the sizes and fractions of deformed, recovered, and recrystallised grains 

after the rough and finish processing can be related to the temperature and strain of deformation 

employed in both stages. As shown after the rough processing stage, the deformed grains are being 

replaced by recovered grains, and some recrystallised grains are also seen to form from the 

recovered grains. In the case of the finish process stage, all types of grains are seen to be small. 

Usually, during hot deformation, the dynamic microstructural changes leave the metal in an 

unstable state. This instability allows for static recovery and static recrystallisation to happen 

following the rolling pass.  
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Deformed grains were detrimental in the pipeline because of their high susceptibility to HIC [11, 

87].  For example, it was reported that after hydrogen charging of X70 pipeline steel, the crack 

initiation and propagation path was seen to be mainly along the deformed grain regions [90]. From 

these studies, it seems predictive that forming recrystallised microstructure and reducing 

dislocation density during thermo-mechanical processing can improve HIC. Therefore, the large 

fraction of deformed structure observed after the finish rolling stage illustrates that further 

annealing would be required to get a more homogeneous structure due to recrystallisation. 

 

Fig. 7.3. EBSD recrystallisation fraction maps for (a) Rough stage processing, (b) plot of volume 

fraction after rough stage processing, (c) Finish stage processing, and (d) plots of volume 

fraction after finish stage processing. 

The stored energy can measure the local plastic strain in hot-rolled pipeline steel due to the 

deformation process. The kernel average misorientation (KAM) is a useful parameter for 

measuring the level of the dislocation density arising from material deformation. It is a point-to-

point misorientation (average) of nearest neighbours, which belongs to the same grain [85]. The 

study of KAM after the rough rolling and finish rolling stage is presented in Fig. 7.4a, and c. As 

shown in the maps, it can be seen that the dislocation accumulation is more severe after the finish 

rolling stage (Fig. 7.4a and c). Fig 7.4b showed that the average maxima of misorientation after 
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the rough rolling stage is 0.5 degrees. In contrast, Fig. 7.4d showed that the average maxima of 

misorientation after finish rolling is 1 degree. In terms of distribution, after rough rolling, it can be 

seen that a maximum misorientation angle of 2.5 degrees is observed, whereas the finish rolled 

stage showed a misorientation angle of up to 4 degrees. These differences can be attributed to 

different thermomechanical treatments. During the rough rolling stage, a higher rolling 

temperature is employed compared to the finish rolling stage. The higher temperature and air 

cooling after the rough rolling stage allow for static recrystallisation to occur, which can free the 

stored energy. On the other hand, the finish rolling stage is carried out at a lower temperature, 

followed by online accelerated cooling (OLAC) before coiling is done. This stage is done in ways 

that ensure the faster cooling inhibits the recrystallisation processes leading to rather small 

deformed grains with higher values of Kernel misorientation. According to previous work by 

Omale et al. [13], a high KAM correlates with a highly deformed structure. Fig. 7.3b corroborate 

this observation. As the strain in the material increases at the finish processing stage, there is a 

shift to higher average misorientation angles and a widening of the peak of the curve.  This is a 

result of the increase in dislocation density and in-grain structure evolution. Again, the role of 

Kernel values in pipeline steel applications has been previously discussed by Mohtadi-Bonab et 

al. [11]. The authors stressed that the regions with higher KAM values were prone to crack 

propagation in the hydrogen environment due to the high elastic energy stored. Therefore, further 

annealing treatment will be required to minimise the higher Kernel misorientation developed after 

finish rolling. 
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Fig. 7.4. Kernel average misorientation maps for (a) After rough stage processing, (b) plot of 

local misorientation after rough stage processing (c) After finish stage processing, and (d) plot of 

local misorientation after finish stage processing. 

The grain boundary crystallographic features from the rough and finish rolling stages were 

examined and shown in Fig. 7.5. Figures 7.5a and b show the maps and plots of the distribution of 

grain boundaries, respectively. According to the map, boundaries of higher misorientation than 5 

degrees are marked by blue lines while red and lime-coloured lines, respectively, mark boundaries 

greater than 10⁰ and 15⁰. It can be seen that after rough rolling, the map showed distinct boundaries 

mostly dominated by high angle boundaries (HAGBs). Also, Figures 7.5c and d represent the maps 

and plots of the distribution of grain boundaries after finish the rolling stage. Here the boundaries 

are not as distinct as after rough rolling due to the smaller grains after finish rolling. In comparison, 

both distributions show a bimodal structure. However, the situation is more defined after the finish 

rolling stage. There is a reduction in the fraction of grain boundaries in the ranges of 20⁰ to 50⁰ 

compared to that after the rough processing stage. Again, this observation is attributable to the 

differences in recrystallisation phenomena due to the temperatures of rolling.  A closer look at the 

plots (Figs. 7.5b and 7.5d) also shows that fractions of HAGBs after rough rolling are higher than 

after finish rolling. Consequently, the fraction of low angle grain boundaries (LAGBs) during the 
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finish rolling stage is seen to be higher than that after the rough rolling stage. This could be because 

rolling at finish temperature below Tnr creates deformation bands in the parent austenite grains 

from which the ferrite/bainite nuclei form. These newly nucleated grains within the same parent 

austenite grain are usually of similar crystallographic orientation separated by low misorientation 

angles. Thus the greater the number of nuclei, the greater the fraction of LAGB [20].  

It is known that dislocation accumulation produces LAGBs, followed by rearrangement of the 

dislocations to reduced stored energy. Recrystallisation at high temperatures and a grain rotation 

mechanism, on the other hand, leads to the formation of HAGBs. Also, it is expected that after the 

hot deformation, fast cooling and low-temperature interruption from the accelerated cooling leads 

to the formation of bainitic structure mostly with low angle grain boundaries. Therefore, the higher 

fractions of LAGBs observed after the finish rolling stage indicate that with the decrease of finish 

rolling temperature below Tnr, more nuclei were formed in the deformed austenite grains with low 

misorientation angles, which are mostly related to bainitic structure. 

Previous studies reveal that certain boundaries are detrimental to pipelines intended for use in 

stress corrosion and hydrogen environments. It has been previously reported by Arafin et al. [9] 

that boundaries with low misorientation angles and special coincident lattice (CSL) can arrest the 

propagating crack. Venegas et al. [37] also studied the role of crystallographic texture on HIC. 

They concluded that intergranular HIC propagation occurs mainly along high-energy boundaries 

while LABs and certain CSL boundaries provide a limited number of propagation paths. Since the 

characteristics of grain boundaries play a significant role in pipeline steels, the processing 

parameters must be optimised to ensure that only boundaries that enhance steel resistance to cracks 

are dominant within the steel structure 
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Fig. 7.5. (a) Grain boundary map after rough stage processing (b) distribution of grain boundary 

misorientation after rough stage processing, (c) grain boundary map after finish stage processing 

and (d) distribution of grain boundary misorientation after finish stage processing. 

Figure 7.6 shows the fractions of coincidence site lattice (CSL) in both specimens. CSL boundaries 

are determined based on geometrical matching at the grain orientation. These special boundaries 

are known to have low energy because of their excellent atomic fit of structures of grains. 

Investigations have shown that most boundaries possessing low Sigma (Ʃ) values within the CSL 

configuration have the potential for increased resistance to crack initiation and propagation during 

stress corrosion cracking [9]. Therefore, pipelines steel needs to have appropriate proportions of 

special coincidence lattice boundaries. Fig. 7.6 shows the distributions of CSL boundaries from 

Ʃ3 to Ʃ29. As shown, the fractions of Ʃ3 and Ʃ25 are higher after the finish stage processing 

compared to that obtained after the rough stage processing. It seems that the finish processing stage 

increased the fractions of Ʃ3 and Ʃ25. On the other hand, the fractions of other CSL boundaries 

were lower after the finish stage processing stage compared to that obtained after the rough stage 

processing except for Ʃ11, which is observed to be approximately equal. It is important to note 

that Ʃ3, Ʃ11, and Ʃ13b have been reported as the preferable special boundaries in the resistance to 

cracks in pipeline steel [9, 71]. In terms of these three CSL boundaries, Ʃ3 is seemed to be more 
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favoured by the finish stage treatment, while Ʃ13b is seen to be best favoured by the rough stage 

processing. Venegas et al. [37] have observed that the Ʃ13b type boundaries are defined by the 

low misorientation angles between different <111> planes. As a result, substantial fractions of 

<111>||ND oriented grains are associated with the Ʃ13b type boundaries. Overall, the volume 

fractions of Ʃ3 are highest in both stages of processing. During the deformation of micro-alloyed 

pipeline steels, due to the high stacking fault energy (SFE), cross-slip often occurs. Therefore, it 

is important to mention that the high volume fraction of Ʃ3 type boundaries in this steel is not a 

result of mechanical twinning [133]. 

 

Fig. 7.6. Fraction of coincidence lattice boundaries (CSL) after both stages processing. 

7.4.2 Macro-textural evaluation          

The macro-textural evolution after rough and finish stage processing was measured from the 

surface and evaluated. The pole figure and inverse pole figures are presented in Fig. 7.7a and b, 

respectively.  Fig.7.7a shows the pole figure and inverse pole figures of the rough rolled plate. The 

rough rolled sample shows a weak texture, as indicated by its intensity of 1.2. It can be seen that 

most of the grains are oriented towards the <111>||ND and <001>||ND. Fig. 7.7b, on the other 

hand, shows the pole figure and inverse pole figure for the finish rolled sample. Similar to the 

rough rolled specimen, the texture is also weak but with a higher intensity of 1.4. In terms of 

direction, the majority of the grains are oriented towards the <111>||ND and <001>||ND. For 
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pipeline steels intended for sour service environments, these two orientations have been reported 

to have opposing effects on crack initiation and arrest. Most reports surrounding hydrogen induce 

cracking and stress corrosion cracking suggest that the cracks mostly propagate through the grains 

having <001>||ND [9, 11]. On the other hand, grains having <111>||ND were found to be resistant 

to crack propagation [9, 90].  

The finish stage processing did not have much effect on the final texture of the steel in this 

situation, examining the impact of the processing stages on the texture. In terms of the 

thermomechanical processing shown in Fig. 3.4, we see that the finish stage processing was carried 

at a lower temperature but still sufficiently higher temperature. Therefore, the weak intensities 

observed after both processing stage is mainly due to dynamic recrystallisation in the austenite 

region and the phase transformation from austenite to ferrite during cooling of the steels. Also, 

texture transitioning occurs at the surface such that the shear texture formed after deformation 

during hot rolling disappears, leading to diffuse or weak {001}<001>texture [6]. Overall, we may 

conclude that the temperature difference between the two processing stages is insufficient to cause 

a significant change in the final texture. Hot rolling at high temperatures has been reported to 

weaken the intensities of <111>||ND [134], while those carried out at lower (warm) temperatures 

have been reported to lead to stronger <111>||ND texture [52]. Therefore, for the finish stage 

processing, deforming at a lower (warm) temperature would preserve the <111>||ND texture 

developed at the rough stage processing and help strengthen its intensity. 
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Fig. 7.7. (a) Pole figure (PF) and Inverse pole figure (IPF) after rough stage processing and (b) 

Pole figure (PF) and Inverse pole figure (IPF) after finish stage processing.  

7.4.3 Micro-texture study 

EBSD scans were done at the mid-thickness section of the sample to verify the textural evolution 

following the two-stage processing. Previous reports by Omale et al. [13] and Halder and Ray [52] 

showed that the intensity of <111>||ND is strongest at the mid-thickness section. Fig. 7.8 shows 

the EBSD orientation maps and the inverse pole figures (IPF) after the two-stage processing. Fig. 

7.8a and b show the orientation map and IPF after the rough processing stage. The orientation map 

in Fig. 7.8a shows a rather large and highly deformed grain elongated along the rolling direction. 

As shown in Fig. 7.8b, most grains are oriented towards the <001>||ND and <111>||ND directions. 

However, the highest intensity is shown to be towards the <111>||ND with an approximate value 

of 3.75.  

Fig. 7.8a and b show the orientation map and IPF after the finish processing stage. In this case, the 

grains are smaller, and the IPF in Fig. 7.8c confirms that most grains after the finish stage 

processing show a spread towards the <111>||ND and <211>||ND directions. The highest intensity 

is seen to be towards the <211>||ND direction with an approximate value of 2.5. In comparison, 

the steel after the rough stage processing showed distinct preferable orientation. The finish stage 

processing led to a deviation from these two distinct orientations towards a spread in the 

<111>||ND and <211>||ND directions. In addition, it is important to mention that the finish stage 
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processing seemed to have a significant effect on the grains having the <001>||ND orientation. As 

shown, most of the grains having <001>||ND orientations observed after the rough stage processing 

diminished after the finish stage processing. This indicates that although the intensity of the 

<111>||ND orientation is lower after the finish stage processing, the finish stage processing offers 

a plausible means of eliminating grains oriented towards {001}<011>. In pipeline applications, 

Ray and Jonas [135] showed that during steel processing, the formation of {001} <011> 

components should be prevented because of its deleterious effect on the delamination behaviour 

of steels. Therefore, the finish stage processing should be coordinated so that the intensity of the 

grains having <111>||ND orientation can be maintained. In contrast, the formation of grains having 

<001>||ND orientations should be prohibited. According to Nafisi et al. [20], steels manufactured 

above the Tnr produce {001} <011> texture component due to the partial recrystallisation of the 

gamma phase. Thus, most of the {001} <011> components may observe after the rough stage 

processing were a result of the higher rolling temperature above Tnr, as shown in Fig. 3.4. 

 

Fig. 7.8. (a) EBSD orientation color maps after rough stage processing, (b) EBSD Inverse pole 

figure (IPF) after rough stage processing, (c) EBSD orientation color maps after finish stage 

processing and (d ) EBSD inverse pole figure (IPF) after finish stage processing. 
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Fig. 7.9 shows the micro-texture maps and volume fractions of grains having <111>||ND 

orientation after processing the rough and finish stage. In this analysis, a deviation of 15⁰ was used 

for all grains with gamma fibre orientations. Fig. 7.9a shows the map after the rough stage 

processing. It can be seen that more grains in this area of the scan showed gamma fibre orientation. 

Fig. 7.9b, on the other hand, shows the gamma fibre texture map after the finish stage of 

processing. Similarly, it can be seen that grains in this area of the scan mainly showed gamma fibre 

orientation. In terms of volume fractions, it can be seen that fractions of grains having gamma fibre 

texture are higher after the rough stage processing compared to that after the finish stage 

processing. As shown, it can be concluded that the finish rolling treatment lowered the fractions 

of the gamma fibre orientations. Again, this result is in agreement with that presented in Fig. 7.8.  

 

Fig. 7.9. EBSD gamma fibre texture maps after (a) Rough stage processing, (b) Finish stage 

processing and (c) Plots of volume fractions after both processing stages. 
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7.4.4 Mechanical properties  

Figure 7.10 shows the steels' room temperature tensile stress-strain curves after the rough and 

finish rolling stage. These tensile stress/strain values are average of two test to ensure accuracy. It 

can be seen that the tensile and yield strength after the finish rolling stage is higher compared to 

that after rough rolling. Several factors, such as grain size, ferrite phases present, and 

crystallographic texture, affect the mechanical properties of materials. In the current observation, 

the role of grain size and crystallographic texture will be discussed. First, as shown in Fig. 7.1, the 

average grain size after rough rolling is almost twice the average size after finish rolling. Again, 

the Hall-Petch equation can be employed to support this observation. The smaller grain size 

observed after finish rolling contributed significantly to the differences in the tensile strength of 

both steel sheets.    

In addition to the grain size, the shape, type, and structure after rough and finish rolling, as 

described previously, are different. The microstructure after the rough processing stage consisted 

of mostly large ferrites grains with the presence of few quasi ferrites. On the other hand, Fig. 7.1b 

shows that the microstructure after the finish processing stage consists mostly of small-grained 

chaotic ferrite and bainite structure. An acicular ferrite microstructure is known to have the 

potential of combining high strength and toughness. This is because the plates of acicular ferrites 

are arranged in ways that crack has to follow a more tortuous path, thereby improving strength and 

toughness [136,137]. Also, the existence of large amounts of bainite shown in the fraction of the 

LAGBs increases strength and has the potential to decrease the Charpy energy of the steel.  

Regarding texture, as mentioned earlier, the orientation maps shown in Fig 7.1 for both rolling 

stages indicate that the crystallographic orientation of grains in both specimens is mainly towards 

<001> and <111>||ND. Hence, it is unlikely the effect of texture was very pronounced regarding 

the difference in tensile and yield strength. The influence of thermomechanical control processing 

schedules on the yield and elongation at fracture has been reported in the past by Olalla et al. [14] 

and Li [138]. It was observed that the yield strength increases with a decrease in finish rolling 

temperatures when cooling rates are kept constant. On the other hand, an increase in the cooling 

rate, especially at high-temperature processing, showed significant improvement in the yield 

strength. According to the data from microstructural studies and the tensile results, it may be 

concluded that an effective way of controlling the mechanical properties is to ensure a balance 
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between the grain size (reflected by the fraction of HAGBs) and the amount of bainitic structures 

controlled through the use of appropriate accelerated cooling. Again, for pipelines intended for 

high-pressure applications, it is required that they meet the minimum requirements in terms of 

tensile and yield strength. For the case of X70 pipeline steel, the required yield and tensile strength 

are known to be 483 MPa and 565 MPa, respectively. As shown by the curves in Figure 7.10, the 

finished rolled steel has yield strength that is above the minimum criteria for X70.  

 

Fig. 7.10. Room temperature tensile-strain curves after rough and finish stage processing. 

7.4.5 Conclusions 

1. The microstructure studies based on EBSD show that the rough stage processing produced 

mostly large ferrite grains marked as mostly recovered. The finish stage processing 

produced mostly small-grained ferrites with some bainite structure marked by mostly 

deformed grains. 

2. The grain boundary statics obtained from EBSD evaluations showed that the finish stage 

processing lowered the fractions of grains having boundaries between 20⁰ and 50⁰.  

3. The macro-texture from X-ray measurements from the surface after both stage processing 

show mostly weak texture, with most of the grains oriented towards the <111>||ND and 

<001>||ND. 
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4. EBSD texture measurement confirms that the finish stage processing lowered the volume 

fraction of gamma fibre orientations. However, it showed promising results for retaining 

the desired crystallographic orientations. 

5. The tensile stress-strain curve showed that the finish stage processing produced the steel 

with the higher yield strength, thus indicating that the finish stage processing offers 

potential opportunities for controlling the mechanical properties of the steel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 
  

Chapter 8 

Summary, conclusions, and recommendations for future work 

8.1 Overview  

The results presented within this thesis have demonstrated the possibility of controlling texture 

and microstructure engineering using thermomechanical processing conditions. Various 

processing temperature were explored, and the resulting microstructure, texture, and mechanical 

properties were discussed. The results in this work will serve as a baseline for future investigations 

in pipeline manufacturing for sour service applications. A summary will be given of the important 

conclusions reached in each chapter. Following that, some of the recommendations for future 

works will be highlighted. 

8.2  Summary and conclusions 

8.2.1    High temperature thermomechanical processing  

During thermomechanical control processing of steel, the final microstructure and texture is 

dependent on the rolling parameters. As a result, TMCP has been identified as a plausible means 

of texture control in pipelines. The previous study of texture in hot rolled steels has been mainly 

focused on improving mechanical properties. As a result, minimal research has been done, 

particularly for improving steel resistance through texture to failure due to hydrogen induced 

cracking.  

Therefore, in Chapter 4, high-temperature thermomechanical processing treatments were used to 

investigate the possibility of texture designs in the thermomechanical manufacturing of pipeline 

steels. This chapter summarize the results obtained on high-temperature rolling, accelerated 

cooling, and the resulting microstructure, texture, and mechanical property.  The results show that 

the finish rolling temperature and accelerated cooling allowed the formation of more bainite which 

in turn increased the tensile strength of the steel WD. Also, it was observed that further annealing 

is required for homogenous equiaxed grain structure in steel WD and WE. In terms of texture, the 

main texture components were the same for all hot-rolled steels; however, the volume fractions of 

the fibre texture were different and intensity of texture is low. 
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8.2.2   Warm rolling 

Warm rolling was employed to evaluate texture evolution at low temperature rolling.  The resulting 

final microstructure was observed to be heavily dependent on the finish rolling temperatures. The 

lower rolling temperature produced heavily deformed and elongated grains, which is not suitable 

for steels intended for use in the hydrogen environment. However, as the rolling temperature 

increased, the resulting microstructure was well recrystallised and equiaxed. Regarding texture, 

the result of this study provided some explanation on the mechanism of the formation of gamma 

fibre texture during warm rolling of pipeline steel. It was documented that the recrystallisation of 

grains finish rolled at 700⁰C favoured the development of the γ-fibre texture ({111}||ND). The 

result of this chapter is significantly important as it can provide the direction for overcoming the 

shortcomings in using warm rolling technology, particularly the resulting deformed microstructure 

at low temperature. Also, it can help to solve the problems associated with transformation texture 

when steels are rolled at austenite temperature and cooled to the ferrite region.  

8.2.3    Inhomogeneity 

Material inhomogeneity is considered a material defect, particularly for pipeline steel intended for 

use offshore, prone to hydrogen-induced cracking from concentrated hydrogen. Inhomogeneity 

can have profound effects on material performance since it degrades its mechanical properties. 

Chapter six provides a detailed discussion of the development of inhomogeneity across material 

thickness during thermomechanical processing of the X70 pipeline steel. It was evident that there 

are differences in the final microstructure, texture, and mechanical property across the material 

thickness. The microstructure and boundary characters were observed to change across the 

material thickness. In terms of texture, the γ-fibre texture components were better formed at the 

mid thickness of the final steel. These differences were related to differences in cooling and the 

nature of the deformation strain across the material thickness.  

The insights from this work provide a fundamental understanding of the development of 

inhomogeneity during the thermomechanical processing of X70 pipeline steel. Adopting this 

understanding will open new avenues for the rational design of thermomechanical schedules for 

industrial manufacturing of pipelines to minimise inhomogeneity. Overall, the work presented in 

this chapter of the thesis suggests that microstructural and macro-textural inhomogeneity can be 
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reduced by exploring rolling parameters that prevent the centre line segregation and appropriate 

deformation strain. 

8.2.4    Multi-stage thermomechanical study 

Based on the existing advantages of using multi-stage thermomechanical processing on steels' final 

microstructure, particularly at high temperatures, chapter seven demonstrates the synergy of the 

rough and finish stage processing on the final texture. This is particularly important because the 

finish stage processing impacts the microstructure and texture of the rough rolled steel. A 

combination of rolling schedules that produces the best-desired texture during thermomechanical 

processing was explored in this chapter. It was found that the finish stage processing lowered the 

intensity and volume fraction of gamma fibre orientations. However, it showed promising results 

for retaining the desired crystallographic orientations obtained during rough stage processing. In 

terms of mechanical properties, it was confirmed that the finish stage processing increased the 

yield strength of the final steel. This indicates that during the rational design of thermomechanical 

schedules, the final stage temperature must be one that allows the refinement of grain structure 

since the finish stage processing offers the opportunity to control the mechanical properties of the 

steel. 

The observations from this chapter reveal possibilities in texture engineering and microstructure 

control during the production of pipeline steels for different applications. Overall, the work 

presented in this section of the thesis suggests that the final texture, microstructure, and mechanical 

properties of the API X70 pipeline steel can be improved by developing a combination of rolling 

schedules at the rough and finish processing stages that favour the formation of a preferred 

{111}||ND orientations. 

The overall conclusions made from these studies in line with the objectives are as follows: 

1. EBSD analysis shows that the high finish rolling temperature played a crucial role in 

developing the microstructure and influenced the mechanical properties of API X70 steel. 

It was found that after accelerated cooling, the fast cooling rate and low-temperature 

interruption allow the formation of more bainite, which increases the steel's tensile 

strength. Also, X-ray macro-texture results show that the texture is very weak and 

comprised of Cube, Goss, Brass, S, Copper, R cube and {331}<1-10>. The intensity and 
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volume fraction of the desired {111}||ND is very diffused and small compared to other 

texture components  

2. EBSD investigations revealed that warm rolling at lower temperatures leads to a deformed 

microstructure. As the warm temperatures increased, partial recrystallisation was observed 

during finish rolling at 600 ⁰C, and a well-recrystallised structure was observed in the 700 

⁰C rolled steels. The differences in the microstructure are seen to be related to the 

differences in the finish rolling temperatures. 

3. At warm rolling temperatures, X-ray macro-texture analysis showed that the desired γ-fibre 

texture depends on the finish rolling temperature. The intensity of the γ-fibre texture 

increased with an increase in finish rolling temperature. At 700 ⁰C, the majority of the 

grains are oriented towards {001}||ND and {111}||ND. EBSD map was used to verify that 

static recrystallisation resulting from warm finish rolling played a key role in the 

development of the {001}||ND and {111}||ND texture. It was found that the 

recrystallisation of grains in steels rolled at 700 ⁰C favoured the development of the γ-fibre 

texture as the majority of the recrystallised grains were oriented towards the {111}||ND. 

4. The X-ray texture analysis shows that the texture across the thickness of the steels for both 

warm and high-temperature processing is different. The volume fractions and intensities of 

γ-fibre texture were higher at the mid thickness sections. In comparison to the surface, most 

grains at the mid thickness were seen to be oriented in the {001}||ND and {111}||ND. The 

differences in texture across material thickness were related to recrystallisation and 

differences in deformation modes across thickness during rolling. Also, the room 

temperature tensile stress-strain curves across different thicknesses for specimens revealed 

that samples from the surface have the highest yield strength while the mid-thickness 

section showed the highest elongation. This difference is attributed to the differences in 

grain size, texture, and elemental segregations. 

5. EBSD texture measurement from the controlled two-stage thermomechanical processing 

confirms that the rough and finish stage processing can achieve the desired texture, 

microstructure, and mechanical properties. Texture measurement after the rough stage 

showed a high volume of gamma fibre orientations. Although the volume fraction after the 

finish stage was lowered, it indicates a promising opportunity for retaining the desired 

crystallographic orientations. On the other hand, the tensile stress-strain curve showed that 
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the finish stage processing produced the steel with higher yield strength. This was due to 

the refined microstructure resulted from the finish stage of the processing of the steel. It 

thus indicates that the finish stage processing offers additional opportunities for controlling 

the mechanical properties of the steel. 

8.3 Research contribution 

Recently, there has been severe disputes surrounding the reliable means of transporting oil and gas 

in Canada. Although pipelines are considered a safe mode of transportation, a key concern is their 

susceptibility to service in HIC and SCC. Traditional work of improving fracture resistance of 

pipeline steels focuses on enhancing the material toughness so that it is high enough to prevent 

crack initiation and propagation. However, studies done using electron backscattered diffraction 

(EBSD) show that this method is not sufficient and that texture and microstructure of the materials, 

including the character of the grain boundaries, can be used to improve the resistance to failure in 

a service environment to which pipelines are exposed [2-6]. 

In the past, the study of texture in hot rolling of steels focused on better understanding of the 

process and improving properties such as yield strength. In this research, the reason for texture 

investigation has a different meaning. Since the resistance to failure depends on texture, texture 

control through thermomechanical processing would improve the steel resistance to failure.  

The novel finding is that texture design has rarely been applied to manufacturing of pipelines. 

Possibly due to insufficient understanding of current techniques in thermomechanical 

manufacturing. Therefore, this research provides the novel concept of manufacturing pipeline 

steels and generating texture components that could be beneficial for pipelines intended for 

hydrogen environment. Some of the important contributions of this investigation include: 

1. Thermomechanical control processing has been used to produce pipeline steels with 

various microstructure, texture, and mechanical properties. It was established that the 

processing parameters control the final microstructure, texture, and mechanical properties. 

2. An understandable mechanism of the formation of gamma fibre texture during warm 

rolling of pipeline steel has been offered. It was established that the majority of 

recrystallised grains finish rolled at warm temperature were oriented towards the 

{111}||ND. 
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3. Retaining the desired crystallographic orientations in multi-stage processing is possible 

through careful and rational design of the thermomechanical schedule parameters during 

hot rolling. 

4. The current study confirms that thermomechanical control processing is an important 

process for texture and microstructure engineering in the manufacturing of pipeline steels. 

It deepens the potential that exists for texture-based classification in new generation 

pipelines to improve resistance to failure.  

8.4 Future work 

8.4.1 Material Chemistry 

Several important parameters influence the final texture in hot rolled pipeline steels. However, this 

study focused only on the thermomechanical rolling parameters and the resultant texture. For 

example, as noted in the literature, the resultant texture and microstructure are different depending 

on the alloying elements. This is because certain alloying elements such as niobium can retard 

austenite recrystallisation and, as a result, strengthen the austenite deformation texture 

components. It is suggested that further investigation on the effects of alloying elements on the 

final texture of the X70 steel be carried out. 

8.4.2 Transformation phenomena 

Despite the progress described in this thesis, there remains substantial work in investigating the 

transformation behaviour of the current steel. The exact mechanism of texture formation, 

particularly at high-temperature rolling, is still not fully understood. For example, although the 

three correspondence relations describe the possible probabilities during thermomechanical rolling 

of steels, the experimental results did not exactly follow the predicted patterns from calculations. 

As many researchers have noted, the final textures for a recrystallised or deformed austenite are 

not entirely governed by just variant selection but a combination of other things such as selective 

growth. Therefore, it will be necessary to explore a combination of experimental and predictive 

modelling to understand the exact mechanism and resulting texture better.   
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8.4.3 Statistical analysis 

As already discussed in this research work, thermomechanical control processing involves many 

parameters such as temperature, rolling reductions and cooling rate. The interplay of these 

parameters makes it hard to determine the exact contributions of the individual factors during the 

scope of this research. It will be beneficial in the future to explore a statistical analysis tool such 

as design experts or a statistical package for social science (SPSS) to explore the correlation 

between all the parameters and the final texture.   
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