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ABSTRACT

Potential factors which lead to reported variations in resistance to crack 

propagation in drop weight tear tests of API-X70 pipeline steels were evaluated 

on two, commercially produced Nb-microalloyed plate steels, 12.7 mm thick, 

with different compositions. The steels included a base steel (ONi) with nominally 

(in wt pet) 0.05C, 1.6Mn, and 0.27Cr and a similar steel also containing 0.3Ni and 

0.14Cu, referred to as the 0.3Ni steel. Tensile and Charpy V-notch impact testing 

were conducted on plate samples for the ONi and 0.3Ni steels, as well as on pipe 

samples for the ONi steel in three directions: longitudinal (L), transverse (T), and 

diagonal (D) with respect to the rolling direction. Micro structural characterization 

was conducted using light optical m icroscopy (LOM) and scanning electron 

microscopy (SEM). Electron backscatter diffraction (EBSD) analysis was 

completed to further investigate the microstructure and texture of both plate steels 

in the L, T, and D directions and their effects on the mechanical properties. The 

microstructures of both steels were m ixed and consisted of acicular ferrite, 

granular bainite, and small amounts of polygonal ferrite, with martensite-austenite 

and retained austenite islands as secondary phases in and between boundaries.

The strength was higher in the T direction for both plates and the ductile to brittle 

transition temperature (DBTT) for Charpy impact test was higher in the D 

direction for both plates, with a pronounced increase in the ONi steel. No 

directional anisotropy was found in the micro structure for both plates. The 

anisotropy in mechanical properties was m ainly attributed to the crystallographic 

texture.
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CHAPTER 1

INTRODUCTION

The increased demand for oil and gas requires transmission pipelines operating at 

higher pressures and with improved toughness over a range of operating temperatures. 

Therefore, higher strength API grades such as X70 and X80 were developed for these 

demanding applications. Many studies have been completed to evaluate microstructures 

and properties for such grades [1]. However, a further improvement in the control of 

fracture propagation is still required. Grain boundaries, dislocations, and inclusions are 

considered to be favored locations for cracks and fracture propagation [1]. Spiral welded 

pipes are formed from hot rolled plate, usually supplied as hot band coils, in a spiral pipe 

forming machine which adjusts the pipe diameter for a specific plate width, by changing 

the angle of wrap. As a consequence of the fabrication method, the angle between the 

original plate rolling direction and the resulting hoop direction in the pipe, i.e. the 

direction of maximum tensile stress, will vary and depend on pipe diameter. To ensure 

that supplied plate, which may be used to produce pipes with various diameters, has the 

necessary mechanical properties, a complete understanding of the orientation dependence 

of strength and toughness in the plate is required. Therefore, identifying the underlying 

reasons for anisotropy in mechanical properties, and in particular resistance to crack 

growth, is important. This study focuses on the relation of the microstructural anisotropy 

and texture with the orientation dependent properties of X70 pipeline steel to provide a 

better understanding of material properties required to control strength and toughness. To 

that purpose an empirical approach of quantitative experimental results obtained by
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various metallographic characterization techniques such as. Light Optical Microscopy 

(LOM), Scanning Electron Microscopy (SEM), and Electron Backscatter Diffraction 

(EBSD), and mechanical testing are conducted to relate the microstructure and texture to 

the orientation dependent properties.
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CHAPTER 2

LITERATURE REVIEW

Recently, due to the increased consumption of energy, there has been a large 

demand for pipeline steels used in crude oil and natural gas transportation operating 

under high pressure and severe environmental conditions. A main objective for the 

construction of a pipeline network is to use large diameter pipes operating under high 

pressure to increase transportation efficiency, and consequently reduce transportation 

costs [2-4]: Using higher strength steels such as API grades X70 and X80, allows a 

significant reduction in thickness and thus gives economic advantages by decreasing the 

overall weight. In order to meet the A PI grade requirements, steels with a combination of 

high strength and high toughness m ust be produced. In addition to strength and 

toughness, these steels should have excellent weldability, formability, resistance to 

hydrogen induced cracking (for sour service environments), resistance to stress corrosion 

cracking (in H2S environments), and fatigue resistance to satisfy further API 

requirements. A combination of excellent mechanical properties is achieved by providing 

steels with optimum microstructural characteristics. The microstructure is controlled by 

chemical composition and thermomechanical processing (TMP) of the steel. A low 

carbon content is essential in designing the chemistry to ensure good weldability and 

formability. Alloy additions such as molybdenum and microalloying elements including 

niobium  and titanium are added to the steel to compensate for the drop in strength due to 

the low carbon content [5-7]. These alloy additions contribute to increasing the strength 

through different strengthening mechanisms, mainly, microstructural refinement, solid
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solution strengthening and precipitation hardening [8].

High toughness is a crucial property for pipeline steels. The integrity of pipelines 

at low temperatures should be carefully considered, since typically, toughness decreases 

as the strength increases. The most commonly used methods to evaluate the fracture 

toughness of pipeline steels at low temperatures are the Charpy impact and drop-weight 

tear tests (DWTT). In low toughness steels, the absorption energy m easured from a 

Charpy impact test is used to evaluate the transition temperature and resistance to ductile 

fracture propagation; however, in high toughness steels the relation between absorption 

energy and resistance to ductile fracture is less evident. Therefore, DW TT is used in high 

toughness steels to measure the fracture ductility more precisely. Still, the Charpy im pact 

test is generally used to evaluate the transition temperature and absorption energy for 

pipeline steels, since it is easy to conduct [4, 9-10].

2.1 M icro structure

Micro structural evolution depends on the steel chemistry and processing 

parameters. Alloys such as manganese, nickel, copper, titanium, niobium, vanadium and 

molybdenum are added to the steel to attain the required microstructure. A lso, .controlled 

thermomechanical processing and continuous cooling play significant roles in developing 

final micro structure s. Different micro structure combinations have been observed in 

pipeline steels produced by thermomechanical controlled processing. The micro structure 

produced in pipeline steels includes, depending on the thermomechanical processing and 

alloys added, a combination of ferrite-pearlite, polygonal ferrite (PF), quasi-polygonal 

ferrite (QF), acicular ferrite (AF), granular bainite (GB), bainitic ferrite (BF), and 

martensite-austenite (MA) constituents [3, 6, 11-15]. Ferrite or ferrite-pearlite
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microstructures can achieve the required mechanical properties for API grades lower than 

X70. However, for higher grades such as X70 and X80, it has been well accepted in the 

pipeline manufacturing industry that an acicular ferrite dominated microstructure with 

uniform distribution of martensite-austenite islands, which was first described in the early 

1970s by Smith et a l  [16], gives the optimum mechanical properties [1 ,5 ,6 , 11, 17-19]. 

Acicular ferrite is characterized as a fine grained non-equiaxed ferrite containing a high 

dislocation density substructure and forms by mixed diffusion and shear modes at 

relatively low temperatures just above the upper bainite transformation temperature [16- 

20]. Although, quite a lot of research has been done on AF, the classification and 

identification of AF phases and morphology is still controversial [12, 13, 17]. Krauss and 

Thompson [21] reviewed ferrite microstructures developed in low and ultralow carbon 

steels. Different ferrite and/or bainite microstructures developed in low carbon steels 

were described based on transformation kinetics and morphology. In the following, the 

various microstructures observed in API linepipe steels, X70 grade in particular, are 

described based on the interpretation and methodology of Krauss and Thompson [21]:

Polygonal ferrite  (PF) shown in Figure 2.1a has equiaxed grains with smooth and 

continuous boundaries, with a low dislocation density and no well-defined substructure.

It transforms at the highest temperature and slowest cooling rates in low carbon steels.

Quasi-polygonal ferrite (QF) shown in Figure 2.1b, consists of irregular grains 

with jagged boundaries, grains with a high density of dislocations, sometimes organized 

as sub-boundaries, and other constituents such as MA components. It is interpreted that 

QF forms in very low carbon steels by a massive transformation which is carried out by 

rapid and short range diffusion across austenite-ferrite interfaces, producing a
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micro structure change with lim ited alloy redistribution.

Bainitic ferrite (BF) or acicular ferrite (AF) (Figure 2.1c) is described as fine 

elongated ferrite bundles separated by high angle boundaries. Each bundle or pack 

contains parallel acicular ferrite crystals separated by low angle boundaries containing 

elongated RA or MA islands. Evidence of prior austenite grain boundaries is preserved 

and visible in light micrographs. Its transformation temperature is lower than that for QF. 

Also, BF contains high dislocation densities and substructure.

Granular bainite (GB)  (Figure 2. Id) forms in the same transformation 

temperature range of BF but at slower cooling rates. It is composed of ferrite crystals, 

having high dislocation densities, separated by low angle boundaries. It contains RA or 

MA islands dispersed in a ferrite matrix which is characterized as equiaxed or granular in 

morphology.

Bramfitt and Speer [22] classified various forms of bainite and characterized BF 

as acicular ferrite with interlath martensite and/or austenite while GB is classified

as acicular ferrite with discrete martensite-austenite islands (B™-11). Some researchers [14, 

16-19] differentiated AF from BF. Acicular ferrite nucleates intragranularly on 

dislocations and defects produced from heavy deformation in the austenite 

nonrycrystallization region and grows in parallel or random orientations. In contrast, 

bainitic ferrite nucleates on austenite grain boundaries and grows as laths of parallel 

plates in the same direction in the austenite grain. Also, unlike bainitic ferrite (Figure 

2.2a), the prior austenite grain boundaries are eliminated in acicular ferrite 

microstructures (Figure 2.2b) [16-19]. Other researchers [12, 13, 15] assumed that QF, 

BF, and GB all are within a family of AF microstructure. Note that acicular ferrite
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structures in pipeline steels are different from needle-like acicular ferrite observed in 

weld metals where A F nucleates inside austenite grains at non-metallic inclusions [17-

20].
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Figure 2.1 Light optical micrographs showing different types ferritic microstructures: 
(a) polygonal ferrite, (b) quasi-polygonal ferrite, (c) bainitic ferrite or 
acicular ferrite, and (d) granular ferrite [21].
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Figure 2.2 L ight optical micrographs for experimental linepipe steels showing (a) 
bainitic ferrite, with the arrow pointing to the prior austenite grain 
boundary and (b) acicular ferrite, using 3% nital [17].

2.2 Strengthening Mechanisms

Grain refinem ent is considered the most favorable strengthening mechanism, as it 

not only increases the yield strength but also increases toughness through decreasing the 

impact transition temperature [23, 24]. Neighbor grains in a polycrystalline material 

usually have different crystallographic orientations and are separated by a shared grain 

boundary. These grain boundaries obstruct dislocation motion during plastic, 

deformation. Because of the misorientation between adjacent grains, dislocation motion 

is restricted. Also, due to the atomic disorder in grain boundaries, a discontinuity between 

neighboring grains will result. A microstructure with fine grains has a yield strength 

higher than that for a coarse microstructure, since the total grain boundary area for finer 

grains is larger and hence has greater resistance to dislocation motion [23, 25]. The 

relation between the yield strength and the grain size is given by the Hall-Fetch equation 

[23]:

<Jy = G i + k y d ~  [2.1]

where o y is the yield stress, c>j is the friction stress, ky is the strengthening coefficient, and



d is the grain size. The ductile to brittle transition temperature (DBTT) decreases with 

grain refinement and can be related [23] by the following equation:

p T  =  In /? — In C — In d "  [2.2]

where (3 and C are constants, T is the DBTT, and d is the grain size. Figure 2.3 shows the 

effects of grain size on the yield stress and the impact transition temperature of a low 

carbon steel. Additions of microalloying elements such as Nb, V, Ti, and Al improve 

grain refinement. These elements form carbides, nitrides, and/or carbonitrides and 

precipitate at different temperatures, i.e. they have different solubility limits in austenite. 

Besides precipitation strengthening, these precipitates can hinder austenite grain growth 

during hot rolling and restrict recrystallization of austenite in order that the austenite to 

ferrite transformation takes place in unrecrystallized austenite, resulting in the production 

of a refined structure [23, 24, 26].
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Figure 2.3 Effect of ferrite grain size on yield stress and impact transition 
temperature [23].
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Another significant strengthening mechanism is precipitation strengthening. . 

However in contrast to grain size strengthening, precipitation strengthening raises the 

strength but lowers the impact resistance [23, 24]. The strength and hardness of metal 

alloys can be improved by forming very small uniformly dispersed second phase particles 

inside the original matrix. The aim is to form fine precipitates distributed within the 

matrix that impede the dislocation m otion [23, 25]. Steels alloyed with specific amounts 

of elements such as niobium, vanadium and titanium, form carbides, nitrides and/or 

carbonitrides which in turn can precipitate in austenite and ferrite [23, 25]. Precipitation 

hardening is the second most favored strengthening mechanism in linepipe steels after 

grain refinement [26]. Strengthening is accomplished by the formation of fine precipitates 

at austenite -  ferrite interfaces during transform ation and in ferrite throughout cooling. 

Precipitates formed at high temperatures, are relatively coarse and largely spaced, 

provide limited strengthening, and are m ostly useful to restrict austenite grain growth.

The strengthening effect increases with an increase in precipitate volum e fraction and 

decrease in size. Figure 2.4 illustrates the effect of Nb content and NbC particle size on 

the strength of a HSLA steel. As the Nb content increases and the N bC precipitates size 

decreases, the yield strength increases. Although precipitation strengthening is somewhat 

detrimental to toughness, it gives a large amount of strengthening m aking it a significant 

mechanism [23, 24, 26].

Solid solution strengthening is achieved by controlled alloy additions that form 

either substitutional or interstitial solid solutions, which impose lattice strain and hinder 

dislocation movement. Generally, solid solution strengthening increases both the yield 

and tensile strength of the steel [23, 24]. Interstitial solid solutions have greater influence

10
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Figure 2.4 Effect o f niobium content and NbC particle size on strengthening in 
HSLA steels [23].

on strengthening than substitutional solid solutions; however interstitial solubility is 

limited [23, 25]. A linear relationship is found between yield strength and solute 

concentration for both interstitial and substitutional elements in iron, as shown in Figure 

2.5. Some elements, e.g. C and N, are very efficient strengthened while other, e.g. Cr, 

actually decrease strength. In linepipe steels, solid solution strengthening is not 

considered as a primary strengthening mechanism due to its small effect compared to 

grain size strengthening. However, these solutes are usually added for different reasons. 

For example. Si is added for deoxidization, Mn is added to lower the transformation 

temperature (grain refinement), and Mo is added to enhance the hardenability. The solid 

solution strengthening is an additional benefit. Both interstitial and substitutional solutes 

(except for Ni) increase the transition temperature of the impact toughness, especially 

interstitial solutes [23, 24, 26, 27].

2.3 Effect of Alloying Elements

Alloy additions are im portant in obtaining optimum microstructures and hence, 

the desired mechanical properties. However, the amount of additions should be reduced
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as much as possible for cost optimization and to achieve a low carbon equivalent (CE) for 

good weldability [5, 6].
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Figure 2.5 Solid solution strengthening effects in ferrite-pearlite HSLA steels [23].

M anganese plays an important role in increasing the strength without major loss 

in toughness. It delays the ferrite-pearlite transformation and extends the time for acicular 

ferrite formation [28]. However, the manganese content in steel raises the centerline 

segregation and promotes hydrogen induced cracking when used in a sour service 

environment [5].

Titanium is added to promote grain refinement by suppressing recrystallization of 

hot-deformed austenite and reducing pearlite formation. Titanium binds with.nitrogen 

forming titanium nitride, which is stable at high temperatures and retards grain growth 

during reheating. Titanium  additions are carefully controlled to produce fine nitride 

distributions and to prevent extensive precipitation in the liquid [24]. Titanium is also 

effective in precipitate hardening [6, 28]. In addition, titanium may significantly reduce 

strain aging by reducing the free nitrogen in the steel [24].

Vanadium added to pipeline steels forms vanadium carbonitrides. Vanadium is 

used in grain refinement and precipitate hardening. VN precipitates at low temperatures
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in the austenite range and retards the austenite grain growth. Also, VC particles are 

effective in precipitation strengthening since they have high solubility in austenite and 

precipitate in the ferrite [23, 24, 28]. Vanadium has a small effect on non recrystallization 

temperature (TNR) because its solubility in austenite is high. Sometimes vanadium 

reduces the hardenability by promoting polygonal ferrite formation [29, 30].

Niobium provides superior grain refinement, because it has a greater effect on 

hindering austenite growth during hot working. When in solution, niobium suppresses 

polygonal ferrite initiation and enhances hardenability [29]. Niobium is also used for 

precipitate hardening and to slightly reduce pearlite contents by binding with carbon [29, 

30]. In addition, niobium has a strong effect to suppress recrystallization of hot-deformed 

austenite. The great effect of niobium on retarding recrystallization is due to solute drag 

and precipitation of NbC on subboundaries [23].

M olybdenum increases the hardenability of the steel, promotes the formation of 

acicular ferrite, and delays the formation of polygonal ferrite and pearlite [29]. 

Furthermore, linepipe steels containing molybdenum usually show continuous yielding 

behavior. This results in an increased yield strength after pipe forming [31].

Although nickel is not a strong solid solution strengthener, it is an im portant alloy 

additive as it enhances toughness. In fact, small additions of nickel to linepipe steels have 

been reported to increase both strength and toughness as shown in Figure 2.6 [23, 26, 27,

32]. In Figure 2.6, the effect of Ni content on a microalloyed LPG grade steel is shown. 

Increasing the Ni content up to 1 wt pet. results in both improved strength and toughness, 

however, further increase in Ni, for this particular steel, results in the formation of bainite 

and martensite, which decrease toughness [27]. Strength is also increased through

13
OSAOO SCHOOL OF MINES 

GOLDEN, 0 0  80401



reducing the austenite-ferrite transformation temperature, resulting in the formation of 

low temperature products such as bainite [27]. There is still no clear explanation on how 

nickel improves toughness. One explanation is that nickel increases the stacking fault 

energy o fbcc  iron and increases the cross slip of screw dislocations [23, 26].
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Figure 2.6 Effect of Ni content on the transverse mechanical properties of a
microalloyed LPG grade steel: (a) impact transition temperature, and (b) 
yield (Re) and tensile (Rm) strengths [27].

2.4 Effect of Thermomechanical Processing

As indicated above, final microstructures in rolled plate steels are achieved 

through appropriate control of processing parameters such as slab reheating temperature, 

roughing temperature, finishing temperature, cooling rate and coiling temperature [28,

33]. In the reheating stage, the objective is to obtain uniformly heated slab with the

dissolution of precipitates. The undissolved precipitates, mainly titanium nitrides (TiN) 

and niobium carbonitrides (NbCN), inhibit austenite grain growth by pinning austenite 

grain boundaries. The reheating temperature should be high enough to dissolve most of 

the alloy carbides and nitrides in order to achieve m aximum benefit from precipitation
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hardening in later stages [28]. TiN precipitates, which have high solution temperature 

(above 1250 °C), help to restrain austenite grain growth during reheating by pinning 

austenite grain boundaries [28, 33]. W ith an increase in soaking temperature and/or time, 

austenite grain size increases and the amount of undissolved precipitates decrease [28]. 

For the production of linepipe steels, the reheating temperature is in the range between 

1150 °C and 1250 °C, depending on the type and amount of alloys [28]. Stallybrass et al. 

reported that increasing the reheating temperature increases the yield strength and 

decreases the toughness [34]. Kim and Bae [35] observed an increase in the DBTT with 

an increase in reheating temperature, while the upper shelf energy was not affected.

In rough rolling, slabs are subjected to reduction sequences and are converted to a 

plate or strip. During this process, the aim is to refine the recrystallized austenite grain 

size by deformation above the non recrystallization temperature, where recovery of 

austenite grains occurs. TiN particles inhibit austenite grain growth and thus, may be 

beneficial in controlling the final m icrostructure [19, 36]. Also, when the rough rolling 

temperature is lowered to a level w here fine niobium carbonitrides are formed, growth of 

recrystallized austenite grains can be further restricted leading to finer acicular ferrite in 

the final micro structure [19]. Increasing the reduction per pass and lowering the 

deformation temperature tend to decrease the recrystallized austenite grain size [37]. For 

linepipe steels, rough rolling is norm ally carried out in the temperature range between 

1200 °C and 950 °C [28].

In the finish rolling stage, at temperatures below the austenite non- recrystallizing 

temperature, plate or strip is typically reduced to its final thickness either in the single 

phase (y region) above the Arg tem perature or in the two phase (a  + y) region below the
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Ar3 temperature. This process is to flatten and accumulate rolling strain within the 

recrystallized austenite grains providing more ferrite nucléation sites for further 

transformation and grain refinem ent during accelerated cooling. Finish rolling in the 

single phase temperature region, below Tnr produces flattened or elongated (pancaked) 

austenite grains containing deformation bands [28, 38]. These deformation bands act as 

nucléation sites for ferrite at the austenite grain boundaries. Deformation below Ar3 is 

difficult to control due to the difference in deformation resistance between austenite and 

ferrite phases and causes anisotropy in strength and toughness [33]. Rolling in the a  + y 

intercritical region will increase the strength of the final plate; however, in linepipe steels, 

only little increase in strength will occur in the formed pipe, because the Bauschinger 

effect will also increase [28]. Therefore, finish rolling below the Ar3 temperature is 

usually avoided [28, 33]. By decreasing the finish rolling temperature (FRT) to above the 

Ar3, the substructure and dislocation densities increase within austenite grains and 

therefore increase AF nucléation sites, which results in the finer final microstructure and 

better strength and toughness. The starting and finishing temperatures of finish rolling are 

in the region between 1050 °C and 950 °C, and 900 °C and 800 °C, respectively [28].

In the cooling and coiling stage, the cooling rate and the cooling stop temperature 

are controlled. Accelerated cooling is essential to obtain the desired micro structures for 

high strength and high toughness pipeline steels. At high cooling rates, the fraction of 

acicular ferrite is increased in the final microstructure, since transformations of polygonal 

ferrite and pearlite requires some time. Cooling rate and coiling temperature also control 

precipitation of TiC, NbC, and V(C,N) in ferrite [11]. Cooling after finish rolling and 

coiling should be controlled carefully to obtain the optimum precipitation [19, 37]. At

16



slow cooling rates, precipitates are coarse and consequently the strength is lower. At high 

cooling rates, microalloying elements remain in solution and less precipitation occurs 

[37]. Microstructures can be refined by heavy reduction in the finish rolling followed by 

rapid cooling, since the nucléation rate will be high but the time for ferrite growth will be 

short, which will lead to a fine microstructure [39].

2.5 Fracture

Fracture is the phenom enon which causes the separation of a material into two or 

more fragments under applied stress. The process of fracture undergoes two stages, crack 

initiation and crack propagation. Furthermore, fracture can be divided into two main 

categories, ductile fracture and brittle fracture [40].

Ductile fracture is associated with large plastic deformation, before and during the 

propagation of the crack. A considerable amount of gross deformation is present at the 

fracture surface. Ductile fracture is accompanied by the formation of voids at inclusions 

or second phase particles. These voids occur by cracking of particles or by interfacial 

separation. Voids grow around particles and coalesce and then propagate along localized 

shear planes. From a microscopic point of view, the ductile fracture is also known as 

dimple fracture, created by microvoid coalescence [40-42].

Brittle fracture is associated with rapid crack propagation with no gross 

deformation and slight deformation in the vicinity of a crack. Brittle fracture occurs along 

specific crystallographic planes with the lowest packing density. In body centered cubic 

(bcc) steels, the preferred planes are the {001}. M icroscopically, brittle fracture surfaces 

are made up of flat cleavage facets with each facet corresponding to a grain. River 

patterns can be seen on the facets, showing the direction of crack propagation [40-42].

17



2.6 Tensile Properties

The tensile property requirements for X70 linepipe steels as per the API 

specification [43] are shown in Table 2.1.

Table 2.1 - Tensile Test Requirements for API-X70 Pipe

Yield Strength (MPa) Tensile Strength (MPa) Maximum

RatioM in Max Min Max

485 635 570 760 0.93

Kim et al. studied the effect of micro structure on the strength and toughness of 

linepipe steels [44]. Their study found that steels with bainitic microstructures have the 

highest strengths followed by acicular ferrite-polygonal ferrite steels. The polygonal 

ferrite-pearlite steels showed the lowest strengths and could not meet the yield strength 

and yield ratio for X70 grade steels (485 MPa and 85%). Also, the bainitic steels show 

continuous yielding, while the yielding behavior of acicular ferrite-ferrite steels changed 

from quasi-continuous to continuous as the volume fraction of acicular ferrite increased. 

Ferrite-pearlite steels exhibit discontinuous yielding behavior. Reducing the polygonal 

ferrite grain size increases the yield strength and decreases the work hardening rate, 

which increases the yield ratio. However, in an acicular ferrite dominated microstructure, 

the yield strength increases and also the work hardening rate at low strains increases due 

to the presence of a large density of mobile dislocations in acicular ferrite, therefore 

decreasing the yield ratio. Bainitic steels exhibit even higher work hardening rates than 

acicular ferrite, which leads to lower yield ratios. Han et a l  [45] reported that the 

increase in secondary hard phases such as M/A, increase the yield strength, since M /A 

constituents are transformed at low temperatures. The study postulated that increasing the
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volume fraction of M/A promotes mobile dislocations at boundaries between secondary 

phases and soft phases, leading to higher tensile strengths associated with continuous 

yielding.

2.7 Impact properties

For X 70 linepipe steels, the average absorption energy for the Charpy V-notch 

(CVN) im pact test should be more than 40 J based upon full size test specimen and a test 

temperature o f 0 °C, or a lower temperature, if requested by the customer [43]. The upper 

shelf energy (USE) is influenced by the micro structure type, volume fraction of phases, 

and grain size, while the transition temperature is mainly affected by the effective grain 

size [14, 45, 46], which acts as a barrier against the cleavage crack propagation [14]. In 

linepipe steels, the transition temperature should be low enough to avoid sudden brittle 

fracture and the absorption energy should be high enough to prevent unstable ductile 

fracture propagation [46]. Most research [10, 13, 14, 44-47] agrees that high angle grain 

boundaries (HAGB), larger than 15°, deflect cleavage cracks resisting crack growth, 

while low angle grain boundaries (LAGB), less than 15°, do not effectively hinder crack 

growth. Therefore, grains separated by HAGBs are generally used to determine effective 

grain size. Several studies [10, 14, 17, 44-46] used EBSD analysis in order to define the 

effective grain size for the different microstructures present in higher grade linepipe 

steels, specifically X70 and X80. Polygonal ferrite grains have misorientation angles of 

15° or higher and are treated as effective grain size. The effective grain size for bainite or 

bainitic ferrite is the prior austenite grain size, since the boundaries between parallel laths 

and packets are low angled. Although parallel acicular ferrite plates have LAGBs, most 

acicular ferrite plates are arranged differently and form HAGBs and the effective grain
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size for acicular ferrite is much lower than bainite [10, 14, 17]. Han et al. [45, 46] found 

that increasing the volume fraction of granular bainite over acicular ferrite lowers the 

USE and increases the transition temperature. Kim et al. [44] also found that acicular 

ferrite with small fractions of fine polygonal ferrite grains show low transition 

temperature compared to acicular ferrite steels due to the small effective grain size of 

polygonal ferrite.

Splitting in the vertical direction of fracture surfaces in impact specimens has 

been observed in ductile fracture of hot rolled steels [38, 48-50]. It has been reported [38, 

51] that the separation length and depth decrease with an increase in impact test 

temperature and that the splitting decreases the absorption energy. Several factors have 

been suggested for the cause of splitting, including the presence of non metallic 

inclusions such as MnS, the intensity of {001} textures, intergrartular failure along prior 

austenite boundaries, P segregation to ferrite grain boundaries, microstructure anisotropy, 

pearlite and bainite banded structure elongated along the rolling direction, or a 

combination of these factors [38, 48].

2.8 Texture

During steel processing the final crystallographic texture evolves by three means: 

deformation, recrystallization, and transformation. In cold rolling, where the m aterial is 

processed in the ferrite phase, the final texture is achieved by deformation and 

recrystallization. In hot rolling, transformation o f austenite to ferrite primarily controls 

the texture of hot rolled steel, which is the starting texture for cold rolling process [52].

During hot rolling, austenite may transform  to polygonal ferrite and pearlite by a 

diffusion mode, martensite by a shear mode, or acicular ferrite and bainite by m ixed
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diffusion and shear modes. For each steel, the developed micro structure depends on the 

alloying elements added, the deformation amount, and cooling rate. Also, the texture of 

the developed microstructure, i.e. ferrite, martensite, acicular ferrite, or bainite, can be 

related to the initial texture of the parent phase, austenite [52].

There are many methods to graphically represent crystallographic textures; the 

most famous and simple methods are pole figures, inverse pole figures, and orientation 

distribution functions (ODFs) [53]. Pole figures are stereographic projections that 

display particular crystallographic grain orientations typically referred to specific 

directions in the forming process. For plate or sheet steels, the rolling direction (RD), 

transverse direction (TD), and normal direction (ND) are typically plotted with the ND at 

the center and the RD at the top, as shown in Figure 2.7, where the <100> directions are 

concentrated at the RD and 45° to the ND in the plane between ND and TD. This texture 

is described by {110}<100> which means the {110} planes are parallel to the ND and the 

<100> directions are parallel to the RD. In real pole figures, the distribution of pole 

intensities is much more complex and is presented by contour lines with 1 to n multiplied 

by the random orientations within the specimen [53].

RD

TD

Figure 2.7 Idealized 100 pole figure for rolled sheet, showing {110}<001> rolling 
texture [53].
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In inverse pole figures, a particular crystallographic direction is plotted in a single 

triangle of a stereographic projection (Figure 2.8). Therefore, in order to present the 

texture of a rolled material in the three main strain axes, RD, ND, and TD, three separate 

plots are required [53]. In Figure 2.8, the numbers represent the intensities of the 

corresponding lines.

110
100

Figure 2.8 Inverse pole figure for cold drawn aluminum wire with <111> and <100> 
parallel to the drawing axis [53].

Orientation distribution functions (ODF’s) show the orientations of all discrete 

volumes in a specimen and thus provide more information than revealed in pole figures, 

which only provide statistical distribution of a single direction. The (hkl)[uvw] 

orientation is described by three Euler angles and a number of notations are used to 

define these angles. The m ost common used notation is the one developed by Bunge [53- 

55] where, the specimen orientation is defined by the ND and RD. The ND is specified 

by the O and 9 2  angles. The RD is specified by the cpi angle and lies in the plane normal 

to the ND, as illustrated in Figure 2.9. An ÔDF for cubic materials can be displayed in a 

three dimensional cube defined by the three angles (<D, cpi, and 9 2 ) as axes, ranging from 

0 to 90°. Figure 2.10 shows a three dimensional view of the Euler space. The cross
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section at cp2 = 45° is important in the interpretation of rolled bcc textures because it can 

display the key texture components found in bcc materials [55].

100

Figure 2.9 Definition of Euler angles used for rolled sheet [53].

▼

Figure 2.10 Three dimensional view of Euler space using Bunge notation [53].
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In order to understand the texture results, it is im portant to know the main ideal 

orientations observed in rolling. Figure 2.11 illustrates the 2-dimension (p2=450 cross 

section of the Euler space showing the texture fibers and relevant M iller indices in rolled 

cubic materials [56]. The RD fiber components are typically formed by hot, warm, or 

cold rolling of steels [38, 57], while the textures along TD fiber are developed during hot 

rolling and in recrystallized steels [38, 57]. The orientations along the ND  fiber are due to 

ferritic rolling of low carbon steels and annealing [58]. The main ideal orientations found 

in austenite are shown in Figure 2.12a [55]. Hot rolled austenite typically consists o f the 

following texture components: copper (Cu) {112}<111>, S {123}<634> (not shown in 

the (p2 = 45° DDF section), brass (Br) {110}<112>, and Goss {110}<001>. If 

recrystallization takes place, most of these components are replaced by the cube 

component {001 }<100>. Figure 2.12b shows the principal ideal orientations found in 

ferrite [55]. The cube component, if present in the austenite texture, transforms into the 

Goss, the rotated Goss {110}<110>, and the rotated cube {001 }<110>. On the other 

hand, the Cu transforms to what is known as the transform ed Cu {113}<110>to 

{112}<110> and the Br is replaced by the following components: the transformed Br 

{554}<255> to {332}<113>, the rotated cube, and another component located at 

{112}<131>. Texture changes occurring during transformation of recrystallized austenite 

and deformed austenite are illustrated in Figures 2.12c and 2.12d, respectively [55].

Anisotropy in strength and toughness has been observed in rolled steels, 

especially in bcc polycrystalline materials and is strongly related to texture [52]. To date, 

limited studies were dedicated to understand the relation between texture and anisotropy 

of mechanical properties of pipeline steels. A study by Inagaki et a l  [57] related texture
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Figure 2.11 cp2 = 45° ODF section showing the position of the main texture 
components along with the RD, TD, and ND fibers [56].

to mechanical properties in high strength steels and concluded that the {113}<110> 

component is undesirable in controlled rolled steels, since this texture component 

develops significant anisotropy in strength and toughness and causes brittleness to the 

steel in the 45° direction with respect to the rolling direction. On the other hand, the 

{332}<113> component produces less anisotropy in strength and toughness. Therefore, 

controlling the development of austenite textures to increase the density of the 

{110}<112> component, which leads to the formation of the desirable {332}<113>, 

{554}<225>, and {111 }<112> components in the final texture, can improve strength and 

toughness [57].

Baczynski et al. [56] studied the influence of preferred orientations on toughness 

for X80 pipeline steels with both polygonal and acicular ferrite microstructures. Charpy 

impact tests were conducted at room temperature, -60 °C, and -196 °C for specimens cut 

from the plate at 0, 22.5, 45, 67.5, and 90 degrees with respect to the rolling direction. 

The study indicated that the {112}<110> com ponent is responsible for the anisotropy of 

toughness at high temperatures, where ductile fracture is observed. On the other hand, 

{001 ]<110> and {110}<001> components cause the anisotropy of toughness associated



with brittle fracture at low temperatures, though anisotropy of toughness was not 

observed at low temperatures due to the low volume fraction of grains with these two 

texture components [56].
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CHAPTER 3 

EXPERIM ENTAL DESIGN AND PROCEDURE

3.1 Experimental Design

M icroalloyed hot rolled steels manufactured for linepipe applications often 

display mechanical property anisotropy [58, 59]. Grain size and shape, presence of 

second phases, precipitate distributions and volume fractions, dislocation density, and 

crystallographic texture are the key metallurgical factors affecting mechanical properties, 

which are influenced by chemical composition and thermomechanical processing [50, 56, 

60]. Linepipes are produced from  hot rolled plates by longitudinal welding or spiral 

welding. Spiral welded pipes are formed in a spiral pipe forming machine which adjusts 

the pipe diameter for a specific plate width by changing the angle of wrap as shown in 

Figure 3.1. The forming angle (a) is defined in Equation 3.1 [61],

sin a  = —  [3.1]
tcD

where, B is the strip width and D is the pipe diameter. Mechanical anisotropy is of 

im portance for the production of spiral welded pipes, since the hoop direction (maximum 

stress) of the pipe changes with respect to the rolling direction depending on the forming 

angle and pipe diameter.

Small additions of nickel to linepipe steels have been reported to enhance both 

strength and toughness [23, 26, 27, 32]. Essar Algoma Steel developed two chemistries 

for the production of API-X70 steel grade, one with no Ni (ONi) and the other with 0.3 wt 

pet Ni (0.3Ni) (information for the two steels is presented in the next section). Toughness 

for the two steels was evaluated by means of the drop weight tear test (DWTT) in the 45°
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with respect to the rolling direction at different test temperatures, as shown in Figure 3.2. 

The A PI specification for DWTT requires an average shear area of 85% or greater at 0°C 

br a lower temperature specified by the customer. The two steels exhibited high 

toughness, even at low temperatures (-30 °C). However at -40 °C, both steels failed to 

meet the 85% shear requirement, with lower toughness in the Ni alloyed steel. The 

intention of this work is to investigate the microstructure and texture o f these two steels 

and relate composition and microstructural differences to the strength and toughness 

anisotropy of API-X70 pipeline steel for spiral pipe applications. To that purpose an 

empirical approach of quantitative experimental results obtained by various 

metallographic characterization techniques (Light Optical M icroscopy (LOM ), Scanning 

Electron Microscopy (SEM), and Electron Backscatter Diffraction (EBSD)) is conducted 

to relate the micro structure and texture to the orientation dependent properties.

Figure 3.1 Schematic drawing showing Spiral welding forming process and relation 
between strip width B, and pipe diameter D [61].
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Figure 3.2 Drop weight tear test data for the ONi and 0.3Ni plate steels in the 45°
orientation with respect to the rolling direction, which will be investigated 
in this study.

3.2 Experimental Procedure

This section presents the details of the materials, mechanical testing methods, and 

characterization procedures employed on the investigated steels.

3.2.1 Material

Steel alloy samples from two coils were provided by Essar Algoma Steel. The 

width and thickness of the coils produced were 1550 mm and 12.88 mm, respectively. 

One coil contained no nickel (identified as “ONi”) and the other with 0.3 wt pet nickel 

(identified as “0.3Ni”). The coils were produced at the Direct Strip Production Complex 

(DSPC) in Algoma, Canada. Thin slabs with 85 mm thickness were reheated at 1150 °C, 

finish rolled around 850 °C, and coiled at a temperature between 530 °C and 570 °C. The 

two steels were processed through one roughing pass above 1100 °C with a reduction 

around 45%. In the finishing train, the ONi steel went through five passes with heavier
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reduction in the initial passes, while the 0.3Ni steel went through four passes with heavier 

reductions in the later passes. The finishing entry and exit temperatures are 1050 °C and 

880 °C, respectively. The coils were formed to 91.4 cm  (36 inch) diameter pipe and spiral 

welded pipes using submerged arc welding (SAW) at a large diameter pipe mill. Also, 

pipe samples from coils (identified as “pipe”), with compositions and processing similar 

to the ONi steel were received for analysis because pipe sections produced from the same 

steels supplied as plate were unavailable. The chemical compositions for both plates and 

pipe are shown in Table 3.1.

Table 3.1 - Chemical Compositions in wt pet for the Plates and Pipe Steels.

Steel C Mn Si Ni Cr Mo Ti

ONi 0.05 1.59 0.3 0.01 0.26 0.09 0.013

0.3Ni 0.05 1.58 0.3 0.30 0.24 0.1 0.016

Pipe (ONi) 0.05 1.60 . 0.3 0.01 0.27 0.1 0.012

Steel Nb V A1 N S P Cu

ONi 0.066 0.005 0.026 0.0081 0.003 0.01 0.01

0.3Ni 0.07 0.004 0.028 0.0049 0.002 0.009 0.14

Pipe (ONi) 0.072 0.005 0.025 0.0074 0.004 0.009 0.02

3.2.2 Tensile Testing

Tensile tests were conducted at Essar facilities, in the longitudinal (L, 0°), 

transverse (T, 90°) and diagonal (D, 45°) orientations with respect to the rolling direction 

for the ONi and 0.3Ni plate samples according to the ASTM  A370 standard [62]. Figure

3.3 shows the sample orientations with respect to the rolling direction. Also, tensile 

testing was carried out on the pipe samples in the diagonal direction of the skelp (before 

forming the pipe) and in the transverse direction to the pipe diameter, which corresponds 

to approximately 32° to the rolling direction. Additional tensile testing was carried out at
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Colorado School Mines on the three steels in the longitudinal direction, using an MTS 

Alliance R T /1100 machine equipped with an 89 KN (20,000 lb) load cell. Standard flat 

tensile samples (12.5 mm (0.5 inch) wide), as shown in Figure 3.4, were machined from 

the center of the plates with 55.88 mm (2.2 inches) thickness and tested at 2.54 mm/min 

(0.1 in/min) according to ASTM E8 standard [63]. Yield strengths were calculated using 

0.2% offset and the total strain to failure was measured in a 50.8 mm (2 inch) gauge 

length with an Instron extensometer.

Rolling 
• D irection

Figure 3.3 Schematic drawing showing the different orientations of the samples 
machined from the rolled plate for the tensile and Charpy samples.

55.88
0* WIN — 
57 2 " * 4

FOR TESTING O N #

Figure 3.4 Schematic showing sample dimensions of the tensile specimens. All 
dimensions are in mm.
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3.2.3 Impact Testing

Full size (55 mm x 10 mm x 10 mm) Charpy V-Notch (CVN) impact samples, 

with the dimensions shown in Figure 3.5, were machined in each direction (L, T, and D) 

for the two plates (ONi and 0.3Ni) and pipe (ONi), and tested at different temperatures to 

determine the ductile to brittle transition temperature curves (DBTT), according to the 

ASTM E23 standard [64]. Figure 3.3 shows the sample orientations with respect to the 

rolling direction. Impact tests were performed on a 358 J (264 ft-lb) capacity Tinius- 

Olsen machine. The upper shelf energies (USE) for the tested materials exceeded the 

capacity of the machine and additional samples were tested at the National Institute of 

Standards and Technology (NIST) on an MPM Pendulum 9000 test machine, with a 

capacity of up to 950 J (700 ft-lb), at room temperature. All testing below room  

temperature was done by submersing the samples in an isothermal bath of ethanol and 

liquid nitrogen for 10 minutes. In order to determine the rolling direction on the pipe 

sample, and thus orient the CVN samples, a small section was cut from the pipe and 

macroetched with 1:1 ratio of FbO and HC1 at 80 °C for 40 minutes after the surface was 

ground. Rolling flow lines appeared on the surface of the pipe section indicating the 

rolling direction.

R

27.1
66.00 + 0  - 2  5

Figure 3.5 Schematic showing sample dimensions of the impact specimens. All 
dimensions are in mm.
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3.2.4 M etallography

M etallographic samples in the L, T & D directions as shown in Fig. 3.6 were 

m ounted in Bakelite, ground with 240, 320, 400, and 600 grit SiC grinding paper, 

polished in three steps with 6 pm, 3 pm, and 1pm diamond suspension, and etched with 

2% nital solution. W ater was avoided in all grinding and polishing steps because pitting 

was observed in samples polished with water-based suspensions. Therefore, alcohol- 

based solutions were used. Also, selected samples were etched with LePera’s etchant [65] 

(1:1 ratio of 1% aqueous sodium metabisulfite and 4% picric acid in ethanol). 

M icrostructural characterization was conducted through LOM and SEM. Metallographic 

samples were examined with an Olympus PMG3 light optical microscope, environmental 

scanning electron microscope (ESEM ), and a high resolution JOEL 7000F field emission 

scanning electron microscope (FESEM ). The fracture surfaces of Charpy impact samples 

were evaluated with ESEM.

ND

TD

Figure 3.6 Schematic drawing showing the different orientations of the 
metallographic samples with respect to the rolled plate.

3.2.5 EBSD

Electron backscatter diffraction patterns were obtained in a JEOL 7000F FESEM 

equipped with a charge couple device (CCD) camera. The microscope was operated at an
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accelerating voltage of 20 kV. Polished samples were mounted in the SEM  on a specially 

designed stage that holds the sample at a 70° angle relative to the incident electron beam, 

enabling Bragg diffraction conditions to be met without having to rock the electron 

source. When an electron beam strikes a surface inclined in this matter, the electrons 

penetrate the sample surface and are diffracted to produce distinct patterns based on the 

local lattice orientation. These patterns appear as multiple intersecting lines, termed 

Kikuchi bands. The arrangement of the bands can be used to index the pattern and obtain 

an unambiguous lattice orientation if the patterns arise from a single crystal, or within 

one grain of a polycrystal [67]. The CCD camera is used to collect the im age of the 

Kikuchi patterns for indexing by the TSL OIM Data Collection Software.

The OIM Data Collection Software also computes two param eters of significance 

for the diffraction data: the confidence index (Cl) and the image quality (IQ). The C l is a 

measure of the degree to which the software selected the correct orientation for each data 

set. C l values are based on the voting scheme used in ranking proposed solutions and is 

determined by the following equation [66]:

CI = [3.2]
V id ea l

where, Vi is the number of votes for the first solution and Va is the num ber of votes for 

the second solution. Finally, Videai is the total number of votes for all proposed solutions. 

Essentially, CI is a measure of the difference between the number of votes for the best 

solution and for the second best solution. If the difference is large, the software has 

indicated that the best solution is highly likely and the assigned CI is therefore high. If 

the difference is small, there is uncertainty in the software solution and the CI will be
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low. The CI can range from zero to one and CI values greater than 0.1 correspond to a 

95% probability that a Kikuchi pattern has been correctly indexed [66, 67].

The IQ is a measure of the sharpness of a given electron backscatter diffraction 

pattern. While the IQ can be adversely affected by conditions at the sample surface it is 

also a measure of the perfection of the crystal lattice, and this is of primary concern here. 

Distortions in the crystal lattice caused by imperfections such as dislocations, or the 

overlapping and spreading of patterns from nearby grain boundaries, produce more 

diffuse patterns and more poorly defined Kikuchi bands. This means that image quality 

can be used to give a qualitative description of regions of high strain energy and high 

dislocation density. Regions of low IQ are also found adjacent to grain boundaries [66, 

67].

Sample preparation for EBSD went through the same steps mentioned in 

Section 3.2.4 with an additional polishing step on a vibratory polisher using 0.05 pm 

colloidal silica. EBSD scans have been conducted for the ONi and 0.3Ni steels in the L, T, 

and D directions. An area of 35 pm by 35 pm was selected for each scan and at least 

three scans were taken for each orientation near the center of the plate. Scans were 

performed at a working distance of 20 mm with a step size of 50 nm. Initially, the scans 

were set to index ferrite, austenite, and iron carbide. The CI values for all the iron 

carbides detected were less than 0.1, which is considered uncertain. Therefore, iron 

carbide was excluded from the scans. Since the carbon content was 0.05 wt pet, the 

difference in lattice parameters between ferrite and martensite is too small and the EBSD 

indexing cannot distinguish between them, so martensite was omitted from the scans. IQ 

maps, grain boundary misorientation angles, austenite volume fractions, average grain
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sizes, and ODF’s (selected to evaluate crystallographic texture) were obtained using TSL 

OIM Data Analysis Software. Figure 3.7 show an example for IQ, color-coded, and phase 

maps. The complete series of EBSD maps can be seen in Appendices A, B, and C.

(a) (b) (c)
Figure 3.7 An example of EBSD maps for the ONi plate in the longitudinal direction:

3.2.6 Grain Size Measurements

Average grain size measurements were conducted using two techniques. The first 

method was by using the Abrams three circle procedure (linear intercept method) on light 

optical micrographs [68]. A minimum of 500 counts per specimen was collected such that 

acceptable precision could be obtained. This method uses a test pattern consisting of three 

concentric and equally spaced circles with a total circumference of 500 mm. The pattern 

was applied to five or more randomly selected fields on light optical micrographs and 

counts were taken manually for each field. Magnification of the light optical micrographs 

was chosen such that each field would yield 40-100 counts. For each field, the number of 

intercepts per unit length of test line, NL (no./mm), was calculated using Equation 3.3,

(a) IQ map, (b) color- coded map, and (c) phase map.

[3.3]
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where Ni are the num ber of intercepts or intersections counted on the field, L is the total 

test line (500 mm), and M is the m agnification of the image used for counting. Once N L 

was determined, the mean lineal intercept, lm, was calculated for each field using the 

following equation:

[3.4]

The second method was the line intercept method using EBSD scans. In this 

method, the average effective grain size was obtained by means of the line intercept. The 

effective grain size was considered as the length of the line parallel to the normal plane 

for each orientation (the horizontal axis in the schematic shown in Figure 3.6) intercepted 

by a grain boundary angle higher than 15°. The average grain size was calculated by TSL 

OIM Data Analysis Software, based on three scan areas of 35 pm by 35 pm for each 

orientation with 300 lines per scan area.

The standard deviation, s, was calculated for both methods using the following 

equation:

s =
s o ™ 172

N 71 — 1

where, X\ is the mean lineal intercept for each field in first method and the average grain 

size for each scan area in the second m ethod, X m is mean value of Xi, and n is the number 

of measured fields and scanned areas for the first and second methods, respectively.
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CHAPTER 4

RESULTS

This chapter presents the experimental results obtained from characterization and 

mechanical testing. Metallographic and microstructural characterization are first 

presented, followed by tensile and impact test results including fractography of impact 

test broken samples. Texture results obtained through EBSD are also presented.

4.1 Microstructure

Microstructural characterization was conducted using LOM , SEM, and EBSD. 

Metallographic samples were prepared according to the procedure outlined in section 

3.2.4. Both plate and pipe microstructures are presented below.

4.1.1 Plate Micro structure

Figures 4.1 and 4.2 show light optical micrographs and SEM images of the ONi 

and 0.3Ni plate steels in the transverse direction as indicated in Figure 3.5. Both steels are 

composed of a ferrite matrix with dispersed second phases. The ferrite grains have 

irregular shapes with different sizes and there is no evidence of any traces of the prior 

austenite grain boundaries. The matrix can be characterized as acicular ferrite (and/or 

bainite, depending on the classification) with, possibly, some fractions of polygonal 

ferrite. Acicular ferrite is characterized as fine laths of ferrite crystals containing high 

dislocation densities and randomly oriented in different sizes [16-19], Also, the ferrite 

laths are sometimes separated by low angle grain boundaries which are not revealed by 

etching [17-19]. From the optical micrographs with Nital etching, the second phase 

constituents can be identified as martensite-austenite (MA) islands, retained austenite
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(RA), or cementite. In order to distinguish the second phase constituents in the specimens 

LePera’s etchant was used [65]. The second phase particles appear white, which confirms 

the presence of marten site in these secondary constituents, as shown in Figure 4.3a and b. 

These MA islands, indicated by arrows in Figure 4.3c, are widely dispersed and have an 

average size around 1 to 2 pirn. Light optical micrographs for the two plates in the T, L, 

and D directions are presented in Figure 4.4. No difference is observed with directionality 

in both plates. It is difficult, if not impossible, to differentiate between acicular ferrite and 

polygonal ferrite by means of optical and SEM micrographs only. Also, no evident 

changes were observed in the microstructure from the added Ni in the 0.3Ni plate. 

Therefore, further investigation and analysis using EBSD was com pleted in order to 

identify and characterize the micro structure.

4.1.2 Pipe Microstructure

Figure 4.5 shows light optical micrographs of the pipe steel in the T, L, and D 

directions as indicated in Figure 3.6. The micro structure can be described as acicular 

ferrite with secondary phases of M A and/or RA and does not show any visible difference 

from the microstructures of the plate steels presented above.

4.1.3 EBSD

EBSD analysis was completed for both plate steels in the L, T, and D directions 

as indicated in Figure 3.6. Selected image quality (IQ) maps with overlaid color-coded 

boundary segments are shown in Figure 4.6 for both plates. Com plete IQ maps for both 

steels in all directions can be seen in Appendix A. The red boundaries are between 2-5° 

and the green boundaries are between 5-15°, these boundaries are low angle boundaries 

(LAB). The blue boundaries are high angle boundaries (HAB) larger than 15°. From
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:

(b)

Figure 4.1 Light optical micrographs of the two plates in the transverse direction of 
the rolling plane with the rolling direction horizontal in the image and the 
rolling plane normal vertical in the image using 2% Nital etch: (a) ONi, 
and (b) 0.3Ni.
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(b)

Figure 4.2 SEM images of the two plates in the transverse direction of the rolling 
plane with the rolling direction horizontal to the image and the rolling 
plane normal vertical in the image using 2% Nital etch: (a) ONi, and (b) 
0.3Ni.
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(c)
Figure 4.3 Microstructure of the two steels showing the MA islands: Light optical

micrographs in the L direction using LePera’s etchant for the (a) ONi steel 
and (b) 0.3Ni steel . (c) SEM image for the 0.3Ni steel in the T direction 
using 2% Nital etch.
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Figure 4.4 Light optical micrographs showing micro structure of the two steels using 
2% Nital etch: in the transverse direction for the (a) ONi, and (b) O.SNi 
steels, in the longitudinal direction for the (c) ONi, and (d) O.SNi steels, 
and in the diagonal direction for the (e) ONi, and (f) O.SNi steels.



(c)
Figure 4.5 Light optical m icrographs showing microstructure of the pipe (ONi) steel 

using 2% Nital etch: in the (a) transverse direction, (b) the longitudinal 
direction, and (c) in the diagonal direction.

Figure 4.6, the microstructures are mixed showing grains with irregular shapes and sizes

with secondary phases in and between boundaries. Three types of ferrite grains are

observed. The first type are relatively small grains ranging from 1 pm to approximately

10 pm and are interpreted as acicular ferrite (AF) as indicated by labeled arrow in

Figure 4.6a. These grains are elongated or non-equiaxed and are separated by HABs.

Little or no substructure is developed within the grains as evidenced by the relative

smooth appearance within the grains. MA or RA islands can be found at irregular shaped

grain boundaries. The second type of grains are also small, in the same size range of AF.
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These grains are rarely observed and have no substructure within the grains. These grains 

are mostly polygonal ferrite (PF), an example is highlighted in Figure 4.6b. PF grains can 

be distinguished from AF in the image quality maps, as they exhibit high IQ values due 

to the absence of dislocations and substructure, and correspondingly appear as very light 

grey [69]. Also, PF grains are m ore equiaxed. The third type of structure refers to the 

larger grains, in the range between 8 pm and 25 pm. These grains contain well developed 

substructure and have sub-units or grains separated by LAB s. These grains also contain 

M /A or RA islands inside or between boundaries. These larger grains will be referred to 

as granular bainite (GB) and an example is highlighted in Figure 4.6a.

Figure 4.7 shows two color-coded misorientation maps taken for the 0.3Ni steel in 

the L direction and these micrographs highlight the variation in micro structure with 

position, information not evident in other images. The scans in Figures 4.7a and 4.7b are 

conducted near the center of the plate in two different locations, in close proximity to 

each other. Each colored grain shows a misorientation of 15° or higher with its neighbor. 

The black and gray lines are HABs and LABs, respectively. The average lengths of 

HABs for a 35 pm  by 35 pm sampling area, based on three scans per sample direction, 

are plotted against the sample direction for both plates in Figure 4.8. For both plates, the 

HABs lengths do not show noticeable differences with directionality. At each orientation, 

the 0.3 Ni steel exhibits slightly higher average boundary lengths than for the ONi steel.

Figure 4.9 shows an IQ map overlaid with a phase map for the ONi steel in the D 

direction. Similar images were observed for both steels in all view orientations. The red 

phase is ferrite and the green phase is austenite. As mentioned earlier, EBSD cannot 

resolve martensite from ferrite for steels with low carbon content, so martensite would be
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indexed as ferrite, if present. In Figure 4.9, there are secondary constituents which are 

completely green, these are believed to be RA. There are also some constituents or very

small grains which are only partially green, these are mostly MA islands. The austenite 

volume fractions for each steel measured in each view direction from micrographs similar 

to that shown in Figure 4.9 are summarized in Table 4.1. For both steels austenite volume 

fractions are low, less than 1% for both steels.

%
GB

•r
10 pm

(c)

.V.

t

(d)
Figure 4.6 IQ maps for ONi steel in (a) the diagonal direction and (b) the longitudinal 

direction, and for the 0.3Ni steel in (c) the transverse direction and (d) the 
diagonal direction.
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(a) (b)
Figure 4.7 Color-coded misorientation maps for the 0.3Ni steel in the longitudinal 

direction for two different locations near the center of the plate. Each 
colored grain shows a misorientation of 15° or higher with its neighbor. 
The black and gray lines are HABs and LABs, respectively.

Figure 4.8

O 0.3Ni

45
Direction (°)

Average HABs length from a scan area of 35x35 pm for the ONi and 0.3Ni 
steels in the longitudinal, transverse, and diagonal directions.
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Figure 4.9 IQ map overlaid with a phase map for the ONi steel in the diagonal
direction showing the amount and morphology of austenite, red is ferrite 
and green is austenite.

Table 4.1 - Volume Fraction of Austenite Determined from EBSD Scans 
for the Two Plate Steels in the L, T, and D Directions.

Steel Orientation Austenite Volume 
Fraction (%)

ONi
L 0.4
T 0.5
D 0.4

O.SNi
L 0.8
T 0.3
D 0.3

4.1.4 Grain Size Measurements

Average grain size measurements were conducted using two techniques. The first 

method was by using Abrams three circle procedure outlined in section 3.2.6 applied to 

light optica] micrographs. The second was the line intercept method using EBSD scans.
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In this method, the average effective grain size was obtained by means of the line 

intercept. The effective grain size was considered as the length of the line parallel to the 

normal plane for each orientation (the horizontal axis in the EBSD images shown in 

Figure 4.6) intercepted by a grain boundary angle higher than 15°. The average grain size 

was calculated by TSL OIM Data Analysis Software, based on three scan areas of 35 pm 

by 35 pm for each orientation with 300 lines per scan area. Table 4.2 displays the average 

grain size results for both plates in the T, L, and D directions. The average grain size was 

around 3 pm for both plates, based on the first method. From EBSD data, the average 

grain size was around 3.2 pm and 2.3 pm for the ONi and 0.3Ni plates, respectively. No 

significant variation of the grain size with respect to the sample orientation was found.

Table 4.2 - Average Grain Size Determined using LOM and EBSD for the 
Two Plate Steels in the L, T, and D Directions.

Steel Orientation

LOIVI EBSD

Average Grain 
Size (pm)

Standard
Deviation

(pm)

Average Grain 
Size (pm)

Standard
Deviation

(pm)

ONi
L 3.3 0.43 3.3 0.50
T 2.6 0.74 3.2 1.26
D 3.1 0.26 3.2 0.54

0.3Ni
L 2.9 0.53 2.3 0.64
T 3.0 0.70 2.1 0.49
D 2.9 0.16 2.6 0.51

4.2 Mechanical Properties:

The results from tensile testing and Charpy v-notch impact testing for both plates 

and pipe steels are presented here. Tensile test specimens were tested at room 

temperature in the L, T, and D directions for the two plates and in the pipe transverse 

direction (approximately 32° to the rolling direction). Impact test specimen were tested in
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the L, T, and D directions for the two plates and pipe steels at different test temperatures 

to determine the ductile to brittle transition temperature curves. Samples locations and 

geometries, and testing procedures were presented in Chapter 3.

4.2.1 Tensile Testing

Tensile test results for the two plates in the L, T, and D directions, which were

carried out at Essar Algoma Steel are summarized in Table 4.3, also indicated are the

minimum properties specified for API-X70 pipe. Yield strengths were calculated using

0.2% offset. For both steels, the yield and tensile strengths in the T direction are higher

than in the L and D directions. Also, the O.SNi steel shows higher yield and tensile values

than the ONi steel. The tensile properties meet the API requirem ents for X70 except for

the ONi steel in the L direction (the yield strength was less than 485 MPa). However, the

strength requirement for spiral welded pipes is usually in the hoop direction, which is

close to the diagonal direction.

Table 4.3 - Tensile Test Results for the Two Steels in the L, T, and D Directions

Steel Direction YS (0.2%
offset) (MPa)

UTS
(MPa)

Y/S
Ratio

%Elongation 
(in 2 inches)

ONi
L 465 595 0.78 32
T 518 633 0.82 31
D 504 598 0.84 34

0.3Ni
L 530 633 0.84 31
T 572 661 0.87 30
D 522 631 0.83 34

API-X70
Specification 485 570 0.93

Tensile tests for the pipe steel were also conducted at Essar Algoma steel on the 

plate before forming the pipe in the D direction and on the pipe in the hoop direction, 

which corresponds to 32° to the rolling direction. Two methods were used to prepare the
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pipe samples as illustrated in Figure 4.10. Samples were either partially flattened to 

produce flat grip ends but maintain the curved sample unmodified (labeled “curved”) or 

flattened completely. The resulting tensile properties for the undeformed plate and pipe 

samples prepared by the two methods are summarized in Table 4.4. The tensile properties 

measured on the pipe sample are independent of sample preparation method, and the pipe 

yield strength (around 545 MPa) is slightly higher than that observed for the plate 

(527 MPa).

Press Press ̂

Figure 4.10

Curved

Flattened

The two methods approached in preparing tensile test specimen from pipe 
body.

Table 4.4 - Tensile Test Results for the Pipe Samples.

Location/ Direction YS (0.2% offset) (MPa) UTS
(MPa) Y/S Ratio

Plate (D) 527 612 0.86
Pipe/ Curved (T)* 547 601 0.90

Pipe/ Flat (T)* 545 613 0.89
*Tested in the hoop direction, around 32° to the rolling direction.

Additional tensile testing was carried out at CSM on the both plates and pipe 

samples in the longitudinal direction in order to examine the strain hardening behavior as 

exhibited by stress-strain curve shapes. Engineering stress-strain curves for the two base 

plates (ONi and O.SNi) and pipe section tested at CSM in the L direction are shown in
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Figure 4.11. The three steels exhibit continuous yielding, which is observed in acicular 

ferrite and bainitic steels as opposed to steels with polygonal ferrite microstructure [26, 

44]. The continuous behavior in linepipe steels results from the existence of a large 

density of mobile dislocations in acicular ferrite [44] and the formation of MA [45]. Also, 

continuous yielding is also associated with higher work hardening rates and therefore 

lower yield to tensile ratios [44]. In addition as shown in Figure 4.11, the 0.3Ni steel has 

higher yield and tensile strength as well as lower total elongation than the ONi steel.

There is also very little difference between the plate and pipe tensile properties for the 

ONi chemistry. The ONi steel has a yield stress of 483 MPa and a tensile strength of 585 

MPa, the 0.3Ni steel has a yield stress of 510 MPa and a tensile strength of 621 M Pa, and 

the pipe steel has a yield stress of 469 MPa and a tensile strength of 599 MPa.

800

-  100

5* 600 -

*2,400 O)

— 40

LU

 ONi
-  -  O.SNi
—  Pipe (ONI)

0.2 0.250 0.150.05 0.1
Engineering Strain

Figure 4.11 Engineering stress-strain curves for the ONi, 0.3Ni, and pipe (ONi) steels in 
the longitudinal direction tested at CSM.
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4.2.2 Impact Testing

Charpy V-notch impact testing was conducted to develop DBTT curves for both 

steels in the longitudinal, transverse, and diagonal directions. The results are shown in 

Figure 4.12 for energy absorbed versus temperature data and in Figure 4.13 for percent 

shear versus temperature (as determined following the A STM  E-23 “Guide for 

Estimating Fracture Appearance”). The absorbed energy values in the circles at the upper 

shelf regions in Figure 4.12 were obtained at the m axim um  limit of the impact testing 

machine at CSM. Additional samples were tested on a higher capacity machine at room  

temperature to determine the USE values as stated in Chapter 3. Limited samples were 

available for testing on the higher capacity machine. Each steel and sample orientation 

exhibits a well-defined transition from ductile to brittle behavior, with the transition m ore 

sharply defined by the percent shear curves in Figure 4.13. Transition temperatures w ere 

determined from both the energy absorbed and percent shear data and the results for the 

150 J transition temperatures from Figure 4.12 and 50% shear transition temperatures 

from Figure 4.13 are summarized in Table 4.5. For each steel and sample orientation, 

transition temperatures based on energy and % shear m ethods are essentially the same.

For both steels, the DBTT is higher in the D direction and the L and T curves are close to 

each other. However, based on a comparison of measured transition temperatures, the 

anisotropy appears larger in the ONi steel. The USE for the ONi and 0.3Ni steels are close 

to each other and there is no significant anisotropy in the USE between the different 

directions. The absorbed energy in the T direction is slightly higher than in the L and D 

directions for both plate steels. Also, it can be seen in Figures 4.12 and 4.13 that the 

absorbed energy continues to increase with increase in temperature, above temperatures
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where samples exhibit 100% ductility.

Figure 4.14 shows the results for the pipe steel for energy absorbed versus 

temperature data and percent shear versus temperature. Transition temperatures for the 

pipe are summarized in Table 4.5 along with results for the plate steels. Similar to the ONi 

and O.SNi plate steels, the DBTT for the ONi pipe steel is higher in the D direction; 

however, the transition temperature in the T direction is slightly higher than in the L 

direction. The USE for the pipe is somewhat lower in comparison with the plate steels 

and the absorbed energy in the D direction is lower than the L and T directions.

Table 4.5 - Summary of Transition Temperatures Determined as 150 J Transition 
Temperatures and the 50% Shear Transition Temperature for the ONi, O.SNi, and Pipe

(ONi) Steels in the L, T, and D Directions.

Steel Orientation 150 J (°C) 50 % Shear 
(°C)

ONi
L -89 . -93
T -89 -90
D -40 -45

O.SNi
L -90 -92
T -88 * -90
D -65 -65

Pipe (ONi)
L -80 -85
T -75 -80
D -55 -60

4.3 Aging Study

As shown in Table 3.1, the total nitrogen content of the ONi steel is higher than 

that for the O.SNi steel by 32 ppm. Therefore, there is a chance that the amount of free 

nitrogen present in the ONi steel is higher and could affect mechanical properties through 

enhanced strain aging. In order to compare the amount of free nitrogen for the two plates, 

an artificial aging experiment was performed. Flat tensile test samples machined in the L
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Figure 4.12 Charpy V-Notch curves in the transverse direction for (a) ONi steel and (b) O.SNi 
steel, in the longitudinal direction for (c) ONi steel and (d) O.SNi steel, and in the 
diagonal direction (e) ONi steel and (f) O.SNi steel.
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Figure 4.13 Charpy V-Notch curves developed from percent shear in the transverse direction 
for (a) ONi steel and (b) 0.3Ni steel, in the longitudinal direction for (c) ONi steel 
and (d) 0.3Ni steel, and in the diagonal direction (e) ONi steel and (f) 0.3Ni steel.
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Figure 4.14 Charpy V-Notch curves developed for the pipe samples in the transverse 

direction as (a) absorbed energy and (b) percent shear, in the longitudinal 
direction as (c) absorbed energy and (d) percent shear, and in the diagonal 
direction as (e) absorbed energy and (f) percent shear.
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direction were pre-strained to an engineering strain o f five percent using standard tensile 

testing procedures. Then, the tensile samples were aged for one hour at three 

temperatures, 100 °C, 150 °C, and 200 °C. After aging, the samples were water cooled to 

room temperature and retested to failure. Figure 4.15 shows an engineering stress-strain 

curve for a ONi steel sample pre-strained to five percent, aged for one hour at 200 °C, and 

then deformed to failure. The data shown in Figure 4.15 are representations of all the 

aging curves of this study. To evaluate the effect of aging in each steel, the aging index 

(AI) was determined as the following:

/t/ = q ’°««~<W x l 0 0
^  unage

where. Gage is the lower yield point after aging and o Unage is the flow stress at five percent 

strain prior to unloading. In Figure 4.16, the aging index is plotted against the aging 

temperature at a constant aging time of one hour for the ONi and O.SNi steels. In the 

temperature range investigated, the aging index increases with test temperature, 

consistent with previous studies on strain aging in low carbon steels [70]. The AI for both 

steels are close to each other at all temperatures, which indicates that the free nitrogen 

content is similar for both steels despite the difference in the total nitrogen content.

4.4 Texture

The crystallographic texture was measured by TSL OIM Data Analysis Software 

from EBSD collected data, as outlined in Section 3.2.5. ODF sections at cp2 = 45° were 

developed for the ONi and O.SNi plates and are shown in Figure 4.17. The texture is 

similar to that reported previously for hot rolled steels [50, 55-57, 60], which extends 

from the transformed Cu in the space around the {113 }<110> and {112}<110> to the
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Figure 4.15 Engineering stress-strain curve for a ONi steel sample pre-strained to five 
percent, aged for one hour at 200 °C, and then deformed to failure. The 
data represent the process that all samples went through to calculate the 
AI.
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Figure 4.16 Aging curves partially developed for the ONi and 0.3Ni steels, aged for 
one hour at various temperatures.

transformed Br in the vicinity of the {554}<225> and{332}<113>. The intermediate 

components are products of the transformed Goss and transformed S [55]. Some 

intensities are also found around the rotated cube [001]<110>. The developed texture
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resembles the transformation texture of deformed austenite, described by Jonas [55] (see 

Figure 2.12). No intensities near the cube {001 }<010> and rotated Goss {110}<110> 

components were present, which are reported to be transformation products of 

recrystallized austenite [55]. The maximum intensities for the ONi and 0.3Ni steels are 7 

and 8 times random, respectively.

The intensities measured along the RD fiber (which contains components having 

their <110> directions parallel to the RD direction) and the TD fiber (which contains 

components having their <110> directions parallel to the TD direction) for both steels are 

plotted in Figure 4.18. The intensities of the [001 }<110> and {113}<110> components 

in the RD fibers are higher in the ONi steel, while the intensity in the space between the 

{111 }<112> and [332}<113> components in the TD fibers are higher in the 0.3Ni steel.

4.5 Fractography

Samples showing brittle and ductile fractures were selected from the lower shelf 

and upper shelf of the transition curves from broken impact samples. A comparison of the 

fracture surfaces of both steels show that the fracture morphologies are similar at all test 

temperatures. Figures 4.19 and 4.20 show selected macrographs of Charpy impact test 

fracture surfaces. Fracture surfaces shown in Figure 4.19 represent the upper shelf 

energy, where the fracture is of a ductile nature, while the fracture surfaces presented in 

Figure 4.20 exhibit brittle fracture are taken from the lower shelf energy of the transition 

curves. At the upper shelf energy, the fracture surfaces exhibit extensive deformation and 

lateral expansion in the compression zone on the opposite side of the notch, lateral 

contraction below the notch, and the presence of shear lips on the sides of the specimen, 

as presented in Figure 4.19a. At the higher temperature side of the upper shelf energy
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Figure 4.18
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(above 0 °C), most specimens were not completely broken and a large amount of plastic 

deformation was observed, as shown in Figure 4.19b. Longitudinal splits or 

delaminations are present in some samples as can be seen in Figure 4.19c. These splits 

were on the order of 1 -4  mm in length in the center of the samples. Specimens which 

exhibited splitting on the fracture surfaces showed lower absorbed energy in the upper 

shelf energy region of the transition curves. Complete absorbed energy data and fracture 

surface macrographs can be found in Appendixes D and E, respectively. From 

macrographs of impact specimen from the lower shelf energy shown in Figure 4.20, it 

can be seen that the brittle fracture surfaces exhibited some irregularities without the 

presence of observable plasticity. This indicates that the fracture propagation experiences 

some bent paths and absorbs some energy even at very low temperatures.

Figure 4.21 displays SEM  images taken from the center o f fracture surfaces, 

approximately 4 mm below the notch root, for selected samples from the lower shelf 

energy for the ONi and 0.3Ni steels. In all cases the brittle fracture is characterized by 

transgranular cleavage with different sizes of cleavage facets. The small facets 

correspond to the acicular ferrite and polygonal ferrite grains (if present) separated by 

high angle grain boundaries. The larger cleavage facets over 20 pm, possibly correspond 

to the granular bainite grains, as indicated by the arrow in Figure 4.21c.

SEM fractographs for the ductile fracture response from the upper shelf energy 

are shown in Figure 4.22. Ductile fracture is characterized as microvoid coalescence or 

dimple rupture. Large and small elongated dimples are form ed on the fracture surfaces 

with one end open in some cases as shown in Figure 4.22b. The sizes of dimples are 

linked to the number and distribution of microvoids that are nucleated [71]. If the



nucléation sites are widely spaced, the microvoids grow to a large size before they 

coalesce, resulting in larger dimples. On the other hand, small dimples are formed if 

many nucléation sites are activated and neighboring microvoids coalesce before they can 

grow into larger sizes. Also, as shown in Figure 4.22b, elongated dimples with significant 

stretching were observed near splits. Figure 4.23 shows SEM fractograph for a mixed 

mode fracture taken from the center of the fracture surface, approximately 2 mm below 

the notch root. Ductile tearing and transgranular cleavage are present in adjacent faces of 

grains.

(c)
Figure 4.19 Macrographs of the fracture surfaces from the upper shelf region for the 

0.3Ni plate in the (a) longitudinal direction tested at -60 °C and (b) 
diagonal direction tested at 0 °C, and (c) for the ONi plate in the 
longitudinal direction tested at -80 °C.
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(a )  . (b )

Figure 4.20 M acrographs of the fracture surfaces from the lower shelf region for the 
(a) ONi plate in the longitudinal direction tested at -115 °C and (b) 0.3Ni 
plate in the diagonal direction tested at -196 °C.

(c)
Figure 4.21 SEM images from the center of the fracture surface, approximately 4 mm 

below the notch root, of brittle fracture of Charpy V-notch fracture 
surfaces for (a) ONi steel tested at -115 °C in the transverse direction, (b) 
0.3Ni steel tested at -196 °C in the longitudinal direction, and (c) 0.3Ni 
steel tested at -196 °C in the diagonal direction.
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(a) (b)
Figure 4.22 SEM images of ductile fracture of Charpy V-notch fracture surfaces for 

0.3Ni steel in the longitudinal direction (a) taken near the center of the 
fracture surface, approximately 4 mm below the notch root tested at 
-60 °C and (b) in the longitudinal direction from the center of the fracture 
surface adjacent to a longitudinal split, approximately 4 mm below the 
notch root tested at -75 °C.

Figure 4.23 SEM images from the center of the fracture surface, approximately 2 mm 
below the notch root of mixed mode fracture of Charpy V-notch fracture 
surfaces for ONi steel in the diagonal direction tested at -42 °C.
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CHAPTER 5

DISCUSSION

This chapter reviews key results presented in Chapter 4 and provides additional 

interpretation of these results. The objective of this project is to investigate the 

microstructure and texture of API-X70 pipeline steels with different chemistries and 

relate the observations to the anisotropy in strength and toughness steels for spiral pipe 

applications. Two steels were investigated in this project as presented in Table 3.1. The 

ONi plate had no Ni and Cu while the 0.3N1 plate contained 0.3 wt pet Ni and 0.14 wt pet 

Cu. The two plates had the same processing parameters, except that the 0.3Ni plate went 

through four passes in the finishing instead of five passes (as for the ONi plate), with 

heavier reduction in the later passes. Thus, this steel had higher reduction ratios per pass 

and higher percent reduction at lower temperatures. Also, pipe samples from coils with 

compositions and processing similar to the ONi steel were analyzed.

5.1 Review of Mechanical Properties

Both steels exhibited properties consistent with API-X70 specifications. As 

shown in Table 4.3 the strength of the 0.3Ni plate was slightly higher than the ONi plate. 

In order to quantify the average strength of the two plates a aVg is defined, which is the 

average of the yield strengths measured along the different directions:

V a v g  =  ;  J0 /2 y (6 )  d9 =  ^ (<T0 +  2<t45 +  cr9o) [5.1]

where, 6 is the angle to the rolling direction. The average yield strength for the ONi plate 

is 498 MPa and for the 0.3N1 plate is 537 MPa. An average difference of 39 M Pa is 

observed. The higher strength in the 0.3Ni steel is interpreted to reflect the effects of
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solid solution strengthening and microstructural refinement. The solid solution 

strengthening for 0.3 wt pet Ni is calculated to be about 10 M Pa [72]. However, the 

strength of acicular ferrite or bainitic steels increases with decreasing the transformation 

temperature and Ni assists in lowering the transformation temperature [27]. Steven and 

Haynes [72], found that the transformation temperature is linearly related to the chemical 

composition and developed an equation to estimate the yield strength of bainitic steels 

from chemical composition (in wt pet.):

oy = 170 + 1300[ C] + 160[ Mn] + 160[Cr] + 130[Mo] + 88[ Ni] + 63[W] + 45 [Cu] +

270 [V ] [5.2]

where, a y is the yield strength. Based on Equation 5.2, the expected increase in strength 

due to 0.3 wt pet Ni and 0.14 wt pet Cu is around 30 MPa. Since lowering the 

transformation temperature enhances grain refinement [38, 72], the somewhat smaller 

average grain size for the 0.3Ni steel, from EBSD measurements shown in Table 4.2, 

results from the Ni and Cu additions and contributes to the difference between the 

observed (39 MPa) and calculated (30 MPa) strength difference. Increasing the amount of 

total reduction in the austenite nonrecrystallization region increases deformation bands 

and twins in austenite grains, which act as nucléation sites for ferrite [33, 38]. As a result, 

the transformed ferrite grains will be finer due to increasing of the nucléation sites. 

Although the total reduction is the same for both plates, the 0.3N1 plate went through 

higher reduction per pass in the finishing, and it is likely that the higher reduction per 

pass might contribute to the finer microstructure of the 0.3Ni steel as more deformation 

bands would form.

Impact test results for the ONi and 0.3Ni plates are presented in Figures 4.12 and
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4.13, and Table 4.5. Independent of transition temperature definition (i.e. temperature at 

150 J or temperature at 50 % shear) the ductile to brittle transition temperatures 

(DBTT’s) are close to each other for both plate steels in the L and T directions, however, 

the 0.3Ni plate exhibits a lower DBTT in the D direction, about 20 °C. The anisotropy in 

toughness is considered further below. Gladman et al. [72], developed an equation to 

estimate the DBTT for bainitic steels:

DBTT(°C) = -1 9  + 0.26 (op + 0b + c d) -  11.5d",/2 [5.3]

where, op is the precipitation strengthening term, oy is the strengthening by low angle 

boundaries, ad is the dislocation strengthening term, and d is the mean linear intercept of 

high angle boundaries. For the analysis here, the solid solution strengthening effect was 

omitted from the equation. The average grain sizes calculated from EBSD micrographs 

summarized in Table 4.2, were around 3.2 pm and 2.3 pm for the ONi and 0.3Ni plates, 

respectively. A ssum ing the effects from a p, c>b, and c>d are the same for both plates, 

decreasing the average grain size from 3.2 pm to 2.3 pm will decrease the DBTT around 

35 °C. A decrease o f this magnitude was not observed for the 0.3Ni plate in the L and T 

directions. This difference in average grain size between the two steels is probably due to 

location sensitivity in the scanned areas. Nevertheless, data from HABs lengths in 

Figure 4.8, and average grain size calculated from light optical micrographs (ignoring the 

average grain size for the ONi plate in the T direction) and EBSD micrographs 

summarized in Table 4.2, indicate that the average grain size is smaller in the 0.3Ni plate. 

A possible explanation is that the effect of Ni in lowering the transformation temperature 

and therefore refining the grain size was countered by the strength increase due to solid 

solution strengthening.
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Splitting in the ductile fracture surfaces of the high end of transition tem perature 

has been observed in some impact test specimen with a decrease in the absorbed energy 

associated with splitting. Several factors have been reported for the cause of splitting [38] 

and are mentioned in Section 2.7. Splitting is likely caused by the banded structure of 

granular bainite grains as they are harder than polygonal ferrite and acicular ferrite, and 

therefore, are more susceptible to cracking.

5.2 Microstructure

As shown by the EBSD micrographs in Figures 4.6 and 4.7, the micro structures of 

the experimental steels, as characterized by high angle boundaries, were mixed. It is 

interpreted that the scatter in impact data seen in Figures 4.12 and 4.14, may result in part 

from the nonuniform microstructure, as mixed grain structure have been shown to result 

in deterioration in toughness [33, 38]. There are several causes for mixed microstructure 

that have been reported in the literature [33, 38, 73]. Small reductions per pass in rough 

rolling (above T n r )  produce coarse nonuniform recrystallized austenite [38, 74]. Finish 

rolling in the partially recrystallized region, just below T n r , leads to mixed final grains, 

especially when the amount of finishing reduction is low [33]. If there is a time delay 

between roughing and finishing at a specific range of temperature, where partial 

recrystallization occurs, mixed austenite grains will form which are difficult to elim inate 

by subsequent rolling, resulting in mixed final microstructures [38]. Based on the 

processing information for both plates, the rough rolling reductions were sufficiently 

high, assuming that the first finishing pass was above Tnr, and no delay was encountered 

between roughing and finishing as the rolling process is continuous. The cause of the 

mixed microstructure is possibly because finish rolling might have started at a
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temperature where partial recrystallization of austenite occurs and since the total 

reduction in the finishing is relatively small for thin slab casting compared to 

conventional rolling, which may not be sufficient to achieve a uniform final 

microstructure. However, accurate data are not available for the transformation 

temperatures and further experimentation should be performed to verify the cause of 

mixed microstructure .

5.3 Anisotropy in Strength and Toughness

A comparison in the planar anisotropy in yield strength for the two steels is shown 

in Figure 5.1 by plotting oe/oavg, where gq is the yield strength measured at a specific 

orientation, 0, (i.e. 0°, 45°, or 90°) to the rolling direction and o avg values were discussed 

in Section 5.1. Figure 5.1 shows that the orientation dependence is similar for the two 

alloys with the yield strengths higher than average in the T (i.e. 90°) direction, an 

observation which has been reported previously [38, 56, 58, 60]. For the ONi plate the 

m inimum value of yield strength is in the L direction, while the yield strength is lowest in 

the D direction for the 0.3Ni plate.

The DBTT (for 50% shear) and the absorbed energy at room temperature, which 

gives an indication of the upper shelf energy (USE), are presented in Figure 5.2 for both 

plate steels in the L, T, and D directions. The DBTT in the L and T directions for both 

steels is around -90 °C. However, the DBTT is higher in the D direction, -40 °C and 

-65 °C for the ONi and 0.3Ni plates, respectively, whereas no significant anisotropy was 

found in samples tested at room temperature. The absorbed energy at room temperature 

was between 435 J and 465 J for both steels. The micro structural and texture effects on 

yield strength toughness are discussed in this section. However, in Figure 3.2, it is shown
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that the DWTT data for both plates in the D direction are in the same range, with slightly 

better toughness for the ONi steel in samples tested at -40 °C, though, this observed 

difference in toughness between the two plates is probably due to sampling, as the scatter 

is high in the shear area results at -40 °C and only two samples were tested per steel. 

Nevertheless, the DWTT data did not correlate with the impact test results in the D 

direction.
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Figure 5.1 Normalized yield strength for the ONi and O.SNi plates in the L (0°), T 
(90°), and D (45°) directions, in the form  of oe/oavg.

5.3.1 Microstructural Effects on Strength and Toughness

Figure 5.3 displays the average grain size and austenite volum e fraction in each 

direction measured by TSL OIM Data Analysis Software. The quantification is based on 

average data from three EBSD scans per sample orientation with a scan area of 35 pm by 

35 pm and a step size of 50 nm. The investigated plane is parallel to the fracture plane of 

different Charpy impact samples. No variation was found in the effective grain size or in
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the austenite volume fraction with respect to directionality. Therefore, a direct relation 

between the anisotropy in strength and toughness, and micro structure could not be found. 

In addition, there was no evidence of the presence of sulfide inclusions for both plates as 

the sulfur content was low, below 50 ppm. This can be supported by the fact there was no 

anisotropy between the L and T directions in the absorbed energy in Charpy impact 

specimen tested at temperatures above the transition temperature as shown in Figure 5.2.

500
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-20O  0.3Ni
450

-40

400
*o

-60

350
-80DBTT

ONi
O.SNi

-100300
0 45

Test Direction (°)
90

Figure 5.2 Ductile to brittle transition temperatures (DBTT) and absorbed energies at 
room tem peratre for the ONi and O.SNi plates in the L (0°), T (90°), and D 
(45°) directions for Charpy impact tests.

5.3.2 Texture Effects on Strength and Toughness

The crystallographic texture for both plate steels was presented in Section 4.4. 

The higher intensities are located in the neighborhood of the {113 }<110> and 

{112}<110> components in the RD fiber (at cpi = 0° in Figure 4.17), the {554}<225> 

and{332}<! 13> components in the TD fiber (at (pi = 90° in Figure 4.17), and the rotated 

cube {001 }<110>.

75



♦  O N i ( G S )
■  O.SNi (GS)
O ONi (a u sten ite  VF)
□  0.3Ni (au sten ite  VF)

4  ~

LL

2 >u>

0 45
Direction (°)

90

Figure 5.3 Average grain size and austenite volume fraction determined by EBSD for 
the ONi and O.SNi plates in the L (0°), T (90°), and D (45°) directions.

Several models have been developed to predict the anisotropy in yield strength 

based on texture [56, 58, 60]. It is reported [57, 58, 75, 76] that the RD fiber components 

are the main cause of anisotropy in yield strength, especially the {112}<110> component. 

Although the anisotropy in strength is mainly attributed to the RD fiber components, 

other texture components also contribute to the anisotropy in strength [56, 57]. This 

possibly explains why the yield strength anisotropy behavior in Figure 5.1 could not be 

explained based on the intensities of the RD fibers alone as shown in Figure 4.18, where 

the intensities along the RD fiber are higher for the ONi plate, but both plates exhibit 

sim ilar anisotropic behavior in yield strength.

It is generally accepted that brittle fracture in bee materials occurs on {001} 

planes [41]. Therefore, the area fraction of crystals with {001} planes parallel to the 

cleavage fracture plane for each direction was calculated from EBSD micrographs using 

TSL OIM Data Analysis software, to relate it to the anisotropy of toughness at relatively
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low temperatures in the transition region and are shown in Figure 5.4 along with the 

DBTT for both plates. For both plates, the fraction of crystals having their {001} plane 

parallel to the fracture plane is higher in the D direction, with a higher fraction in the ONi 

plate. The volum e fraction of {001} planes correlates well with the DBTT and can 

explain the drop in toughness in the D direction.

M ourino et al. [58] found a relation between the increase in volume fraction of 

the {001} planes in the 45° direction and the increase in the {001 }<110> com ponent 

intensity in a study on several linepipe steels. However, Inagaki et al. [57] found that the 

{113}<110> texture component develops significant anisotropy in strength and toughness 

and causes brittleness to the steel in the 45° direction with respect to the rolling direction. 

On the other hand, the {332}<113> component produces less anisotropy in the strength 

and toughness. From the data in Figure 4.18, it can be seen that the intensities of the 

{001}<110> and {332}<113> components are stronger in the 0.3Ni plate, whereas the 

{113}<110> component is stronger in the ONi steel, which show good agreement with 

both M ourino’s and Inagaki’s findings. However, from the obtained texture data, it 

cannot be concluded which components have larger effect on the toughness anisotropy. 

Also, it should be noted that the texture measurements for this study were obtained on a 

small area and might not reflect accurate texture of the entire material.

Several rolling operations have been suggested to strengthen the {332}<113> 

component, which will lead to less anisotropy in mechanical properties. These include 

lowering the reheating temperature [77], lowering the finish rolling temperature [77], 

increasing the finish rolling reductions [78], increasing the cooling rates [79], and adding 

alloying elem ents such as Ni and Mn [57, 78]. It is worth mentioning that the 0.3Ni plate
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was produced with a lower finish rolling start tem perature and higher reduction percent at 

lower temperatures, which are reported to increase the TD fiber components, specifically 

the {332}<113>.

5.4 Pipe Properties

The ONi pipe steel exhibited an increase in strength after pipe forming (from 

527 MPa to 545 MPa) as shown in Table 4.4. Such increase in strength has been reported 

for linepipe steels having acicular ferrite microstructure [29, 80, 81]. The explanation of 

the increase in strength is because of the high work hardening rate of acicular ferrite 

steels at small amounts of strain due to the continuous yielding behavior, which counters 

the strength drop due to the Bauschinger effect [80, 81]. The DBTT for the ONi pipe 

showed similar trends to the ONi and 0.3Ni plate steels, where the DBTT is higher in the 

D direction (-60 °C) and the L (-85 °C) and T (-80 °C) curves are close to each other as 

shown in Table 4.5. However, the transition temperatures are higher in the L and T 

directions than the ONi and 0.3Ni plate steels and the anisotropy appears less in the ONi 

pipe steel, especially when compared to the ONi plate. Nevertheless, due to the lack of 

base plate material from the same coil as the pipe and the limited processing data, a direct 

comparison between the impact properties of the ONi plate and ONi pipe would not be 

consistent, as the tensile data obtained for the ONi pipe steel (before pipe forming) show 

higher values than the ONi plate steel.
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CHAPTER 6

CONCLUSIONS

The purpose of this work was to investigate the effect of microstructure and 

crystallographic texture of two API X70 linepipe steels and their relation with the planar 

anisotropy of mechanical properties. The important conclusions from this project are 

outlined below.

The microstructures of both steels were mixed and consisted of acicular ferrite, 

granular bainite, and small amounts of polygonal ferrite, with martensite-austenite and 

retained austenite islands as secondary phases in and between boundaries. The cause of 

the mixed microstructure is possibly because finish rolling might have started at a 

temperature where partial recrystallization of austenite occurs and since the total 

reduction in the finishing is relatively small, which may not be sufficient to achieve a 

uniform final micro structure. The average grain size and volume fraction of austenite 

displayed no considerable variations as a function of sample orientation, and hence, the 

microstructure is not responsible for the anisotropy in mechanical properties.

The crystallographic textures for both plates exhibited the typical bcc 

transformation textures originating from deformed austenite, where the higher intensities 

are located in the neighborhood of the {113}<110> and {112}<110> components, the 

{554}<225> and{332}<! 13> components, and the rotated cube {001 }<110>. The 

intensities of the {001 }<110> and {332}<113> components are stronger in the 0.3Ni 

plate, whereas the {113}<110> component is stronger in the ONi steel.

Both plate steels show planar anisotropy in strength with an increase in strength in 

the T direction. The 0.3Ni steel had higher strength than the ONi. It was reported in the
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literature that the RD fiber components are the main cause of yield strength anisotropy, 

however, although the intensities along the RD fiber are higher in the ONi steel, both 

plates exhibited similar amount of anisotropy. This could be explained by the fact that 

other components contributes to the anisotropy in strength.

For both steels, the DBTT was higher in the D direction and the L and T curves 

are close to each other. However, based on a comparison of measured transition 

temperatures, the anisotropy appears larger in the ONi steel, whereas no significant 

anisotropy was found in samples tested at room temperature. The volume fraction of 

crystals having their {001} plane parallel to the fracture plane is higher in the D 

direction, with a higher volume fraction in the ONi plate. The volume fraction of {001} 

planes correlates well with the DBTT and can explain the drop in toughness in the D 

direction. Therefore, the crystallographic texture is interpreted to be responsible for the 

anisotropy in the DBTT.

Although toughness was better in the O.SNi than in the ONi plate in the D 

direction in terms of DBTT, the DWTT data did not display the same results. A direct 

correlation between DWTT data and impact test results was not found.

The ONi pipe steel exhibited an increase in strength after pipe forming. The 

explanation of the increase in strength is because of the high work hardening rate of 

acicular ferrite steels at small amounts of strain due to the continuous yielding behavior, 

which counters the strength drop due to the Bauschinger effect. The DBTT is higher in 

the L and T directions and low er in the D direction for the ONi pipe steel compared to the 

ONi plate. However, due to the lack of base plate material from the same coil as the pipe 

and the limited processing data, a direct comparison between the impact properties of the
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ONi plate and ONi pipe would not be consistent, as the tensile data obtained for the ONi 

pipe steel (before pipe forming) show higher values than the ONi plate steel.
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CHAPTER 7

FUTURE W ORK

Recent research [11-15, 17, 44, 46] on API X70 and X80 grades, agree that the 

presence of granular bainite (in some literature referred to as bainitic ferrite or bainite), 

which was observed in the studied steels, having a larger effective grain size than 

polygonal ferrite and acicular ferrite, is detrimental to toughness and leads to the 

formation of mixed microstructures. It would be interesting to investigate rolling 

processing parameters and/or specific alloys on the formation of the different constituents 

in such complex microstructures.

The final microstructure depends on the austenite state prior to transformation. It 

would be worthwhile to study the microstructural and texture evolution of austenite with 

different deformation ratios at different temperatures for the investigated steels. This can 

help in identifying the critical temperatures and reduction ratios for processing.

Although the 0.3Ni steel had a smaller average grain size than the ONi steel in this 

study, the ductile to brittle transition temperatures (DBTT) were essentially the same. 

Developing a technique or procedure to quantitatively calculate the volume fraction of 

the different constituents in such com plex microstructures could be beneficial in 

improving the accuracy of grain size measurements, as it is difficult to differentiate 

between the various types of ferrite based on the conventional procedures. This can be 

performed through EBSD, however, in order to conduct an EBSD scan on a sufficient 

area, a larger step size should be used (for reasonable scan time). In this case, the EBSD 

data might not be accurate in terms of distinguishing between low and high angle
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boundaries. One way to quantify com plex microstructures is by using the IQ multi-peak 

model described by DeArdo et al. [69].

Also, the O.SNi plate exhibited a lower DBTT than the ONi steel in the D 

direction. However, the DW TT data in the D direction indicate that the toughness at low 

temperatures is relatively similar for both plates. Since DWTT evaluate the full plate 

thickness, it is not clear how much the texture varied through the thickness of the plate. 

Therefore, a study that systematically compares rolling schedules, percent reductions, 

...etc, to texture and toughness may be useful to determine a correlation between DWTT 

data and other assessments of plate properties.

It would be helpful to obtain a variety of steels with different chemistries and/or 

processing to better understand the effects of texture on the anisotropy of mechanical 

properties. Identifying the texture com ponents that influence the anisotropic behavior of 

steels and how  to control them, will allow production of steels with less anisotropy in 

mechanical properties.

The texture measurements for this study were obtained on a small area and might 

not reflect accurate texture of the entire material. The use of X-ray diffractrometer 

(XRD), which measures the texture on a macroscopic level, would be more beneficial in 

obtaining accurate and representative data for the entire sample.
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APPENDIX A

IMAGE QUALITY (IQ) MAPS

10 um

Figure A.l

(a) (b)
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(c)
IQ maps of the ONi plate steel in the longitudinal direction for three 
different locations near the center of the plate in (a), (b), and (c).
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Figure A.2
(c)

IQ maps of the ONi plate steel in the transverse direction for three different 
locations near the center of the plate in (a), (b), and (c).
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Figure A.3
(c)

IQ maps of the ONi plate steel in the diagonal direction for three different 
locations near the center of the plate in (a), (b), and (c).
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(c)
Figure A.4 IQ maps of the 0.3Ni plate steel in the longitudinal direction for three 

different locations near the center of the plate in (a), (b), and (c).
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(a) (b)

Figure A.5
(c)

IQ maps of the 0.3Ni plate steel in the transverse direction for three 
different locations near the center of the plate in (a), (b), and (c).
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Figure A.6 IQ maps of the 0.3Ni plate steel in the diagonal direction for three 
different locations near the center of the plate in (a), (b), and (c).



APPENDIX B 

COLOR CODED MISORIENTATION MAPS

(c)
Figure B.l Color-coded misorientation maps of the ONi plate steel in the longitudinal 

direction for three different locations near the center of the plate in (a), (b), 
and (c).
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(a) (b)

(c)
Figure B.2 Color-coded misorientation maps of the ONi plate steel in the transverse

direction for three different locations near the center of the plate in (a), (b), 
and (c).
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(c)
Figure B.3 Color-coded misorientation maps of the ONi plate steel in the diagonal

direction for three different locations near the center of the plate in (a), (b), 
and (c).
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(a) (b)

(c)
Figure B.4 Color-coded misorientation maps of the 0.3Ni plate steel in the

longitudinal direction for three different locations near the center of the 
plate in (a), (b), and (c).
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(c)
Figure B.5 Color-coded misorientation maps of the 0.3Ni plate steel in the transverse 

direction for three different locations near the center of the plate in (a), (b), 
and (c).
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(c)
Figure B.6 Color-coded misorientation maps of the 0.3Ni plate steel in the diagonal

direction for three different locations near the center of the plate in (a), (b), 
and (c).
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APPENDIX C

PHASE MAPS
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(c)

Figure C.I Phase maps of the ONi plate steel in the longitudinal direction for three 
different locations near the center of the plate in (a), (b), and (c), red is 
ferrite and green is austenite.
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Figure C.2 Phase maps of the ONi plate steel in the transverse direction for three 
different locations near the center of the plate in (a), (b), and (c), red is 
ferrite and green is austenite.



Figure C.3 Phase maps of the ONi plate steel in the diagonal direction for three 
different locations near the center of the plate in (a), (b), and (c), red is 
ferrite and green is austenite.



Figure C.4
(c)

Phase maps of the 0.3Ni plate steel in the longitudinal direction for three 
different locations near the center of the plate in (a), (b), and (c), red is 
ferrite and green is austenite.
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Figure C.5

(c)
Phase maps of the 0.3Ni plate steel in the transverse direction for three 
different locations near the center of the plate in (a), (b), and (c), red is 
ferrite and green is austenite.
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Figure C.6
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(c)
Phase maps of the 0.3Ni plate steel in the diagonal direction for three 
different locations near the center of the plate in (a), (b), and (c), red is 
ferrite and green is austenite.
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APPENDIX D 

IMPACT TEST RESULTS

Table D .l - Charpy Impact Test Results for the ONi and 0.3N1 Plate Steels in the L, T,
and D Directions.

Steel Direction
Test

Temperature
(°C)

Absorbed 
Energy (J)

%
Shear Comments

-196 16.3 0
-115 8.1 5
-105 23.0 10
-96 16.3 10
-92 203.4 100 Split

L -85 177.6 100 Split
-80 280.7 100 Split
-61 357.3 100 M achine limit
-39 355.2 100 M achine limit
-1 355.2 100 M achine limit
20 442.3 100

-196 6.8 0
-115 19.0 5
-110 13.6 5
-105 263.0 60
-96 32.5 15

ONi T -93 51.5 10
-80 287.4 100
-61 291.5 100 .
-40 356.6 100 M achine limit
-1 356.6 100 M achine limit
20 462.2 100

-196 4.1 0
-115 5.4 0
-105 16.3 5
-80 27.1 10
-62 33.9 20

D -51 67.8 30
-45 56.9 20
-42 113.9 40
-38 356.6 100 M achine limit
-1 357.3 100 M achine limit
20 438.7 100
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Table D .l (cont.) - Charpy Impact Test Results for the ONi and 0.3N i Plate Steels in the
L, T, and D Directions.

Steel Direction
Test

Temperature
(°C)

Absorbed 
Energy (J)

%
Shear Comments

-196 6.8 0
-115 17.6 5
-100 47.5 10
-96 174.9 50
-90 153.2 40

L -85 21.7 20
-75 264.4 100 Split
-60 345.7 100
-40 356.6 100 M achine limit
0 356.6 100 M achine limit

20 449.6 100
-196 6.8 0
-115 16.3 5
-108 40.7 5
-100 206.1 50
-95 28.5 15

0.3Ni T -90 229.1 50
-75 258.9 100
-59 325.4 100
-40 313.2 100
-1 356.6 100 M achine limit
20 466.3 100

-196 4.1 0
-115 12.2 0
-100 37.9 10
-75 85.4 20
-70 19.0 15

D -69 149.1 50
-60 147.8 30
-51 333.5 100
-40 329.5 100
-1 357.3 100 M achine limit
20 434.9 100
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Table D.2 - Charpy Impact Test Results for the Pipe (ONi) Steels in the L, T, and D
Directions.

Steel Direction
Test

Temperature
(°C)

Absorbed 
Energy (J)

%
Shear Comments

-192 5.4 0
-110 10.8 0
-100 108.5 60
-96 124.7 70
-90 181.7 100 Split
-84 268.4 100
-82 21.7 10
-75 332.2 100
-71 230.5 100 Split

L -66 284,7 80
-62 317.3 100 Split
-55 326.7 100
-52 305.1 100 Split
-42 348.4 100
-31 357.9 100 Machine limit
-21 338.9 100
-21 356.6 100 Machine limit
0 357.9 100 Machine limit

Pipe 25 438.2 100
-192 5.4 0
-110 10.8 0
-100 25.8 10
-96 73.2 20
-90 119.3 40
-84 24.4 10
-82 43.4 10
-75 151.8 30
-71 290.1 80 Split

T -66 141.0 50
-62 260.3 90 Split
-55 67.8 30
-52 279.3 90
-42 322.7 100
-31 357.9 100 Machine limit
-21 318.6 100
-21 325.4 100
0 357.9 100 Machine limit

25 445.1 100
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Table D .2 (cont.) - Charpy Impact Test Results for the Pipe (ONi) Steels in the L, T, and
D Directions.

Steel Direction
Test

Temperature
(°C)

Absorbed 
Energy (J)

%
Shear Comments

-192 5.4 0
-110 9.5 0
-100 16.3 5
-96 10.8 5
-90 10.8 5
-84 24.4 5
-82 151.8 40
-75 46.1 10
-71 124.7 30

Pipe D -66 20.3 10
-62 81.3 20
-55 59.6 10
-52 150.5 50
-42 314.5 100
-31 357.2 100 Machine limit
-31 317.3 100
-21 . . 357.3 100 Machine limit
0 357.9 100 Machine limit

25 411.3 100
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APPENDIX E 

CHARPY MACROGRAPHS

(a) (b)

0

.

(c) (d ) .

(e) (f)
Figure E. 1 M acrographs of the fracture surfaces for the ONi plate in the longitudinal 

direction tested at (a) room temperature, (b) -1 °C, (c) -39 °C, (d) -61 °C, 
(e) -80 °C, and (f) -85 °C.
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(e)

Figure E.2 Macrographs of the fracture surfaces for the ONi plate in the longitudinal 
direction tested at (a) -92 °C, (b) -96 °C, (c) -105 °C, (d) -115 °C, and (e) 
-1 9 6 °C.
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(e) (f)

Figure E.3 Macrographs of the fracture surfaces for the ONi plate in the transverse
direction tested at (a) room temperature, (b) -1 °C, (c) -40 °C, (d) -61 °C,
(e) -80 °C, and (f) -93 °C.
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(a) (b)
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(e)

Figure C.4 M acrographs of the fracture surfaces for the ONi plate in the transverse
direction tested at (a) -96 °C, (b) -105 °C, (c)-110 °C, (d) -115 °C, and (e)
-196 °C.
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Figure C.5 M acrographs o f the fracture surfaces for the ONi plate in the Diagonal
direction tested at (a) room temperature, (b) -1 °C, (c) -38 °C, (d) -42 °C, 
(e) -45 °C, and (f) -51 °C.



(C)

Figure C.6

(d)

::

(e)

Macrographs of the fracture surfaces for the ONi plate in the diagonal
direction tested at (a) -62 °C, (b) -80 °C, (c) -105 °C, (d) -115 °C, and (e)
-196 °C.
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(e) (0

Figure C.7 Macrographs of the fracture surfaces for the 0.3Ni plate in the longitudinal 
direction tested at (a) room temperature, (b) 0 °C, (c) -40 °C, (d) -60 °C, 
(e) -75 °C, and (f) -85 °C.
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(C ) ( d )

(e)
Figure 0.8 M acrographs of the fracture surfaces for the 0.3Ni plate in the longitudinal 

direction tested at (a) -90 °C, (b) -96 °C, (c) -100 °C, (d) -115 °C, and (e) 
-196 °C.
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Figure C.9 Macrographs of the fracture surfaces for the 0.3Ni plate in the transverse 
direction tested at (a) room temperature, (b) -1 °C, (c) -40 °C, (d) -59 °C, 
(e) -75 °C, and (f) -90 °C.
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(e)

Figure C. 10 Macrographs of the fracture surfaces for the 0.3N1 plate in the transverse
direction tested at (a) -95 °C, (b) -100 °C, (c) -108 °C, (d) -115 °C, and (e)
-196 °C.
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(c) (d)

(e) (f)

Figure C.l 1 Macrographs of the fracture surfaces for the 0.3Ni plate in the diagonal 
direction tested at (a) room temperature, (b) -1 °C, (c) -40 °C, (d) -51 °C, 
(e) -60 °C, and (f) -69 °C.
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Figure C .l2 Macrographs of the fracture surfaces for the 0.3Ni plate in the diagonal
direction tested at (a) -70 °C, (b) -75 °C, (c) -100 °C, (d) -115 °C, and (e)
-196 °C.


