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Synopsis: 

Cleavage fracture is a significant concern for structural materials, as it can lead 

to sudden and unexpected failures that can have serious consequences, such as 

the failure of bridges, buildings, or other critical infrastructure. As a fracture 

mode, cleavage occurs in materials that exhibit brittleness and low toughness 

under various conditions. The investigation of cleavage fracture micro-

mechanisms in conventional steel types has been a subject of research for 

several decades. Long ago, scientists began locating and predicting the precise 

cleavage initiation site. In the past, significant emphasis was placed on cleavage 

nucleation induced by carbides or inclusions and cleavage propagation caused 

by the fracture of cleavage facets. 

This study specifically focusing on the initiation phase. The result of this 

investigation provides some potential advances for the understanding of the 

cleavage fracture mechanism by not only identifying cleavage initiation sites 

with precision but also analysing their role in the fracture process, particularly 

highlighting the influence of inclusions containing calcium, aluminium, and 

titanium.  

This thesis delves into the cleavage fracture mechanisms in SA738Gr.B steel, a 

type of high-strength low-alloy (HSLA) steel that is commonly used in the 

construction of reactor containment vessels. The investigation employed in this 

study involved two heat treatment processes for SA738Gr.B steel. This included 

heating the steel to 900°C for two hours, followed by rapid water quenching, 

and then tempering it at 630°C for three hours (HT1). - Additionally, following 

HT1, a simulated post-weld heat treatment (PWHT) was conducted, 

incorporating an additional tempering stage at 620°C for 15 hours, designated 

as HT2. This HT2 process was introduced and compared with the original HT1 

to evaluate the possibility of exempting the need for PWHT. Optical microscopy 

and scanning electron microscopy (SEM) were employed to conduct an in-

depth examination of the steel's microstructure. These techniques facilitated a 

detailed analysis of the size distribution and chemical composition of inclusions 

on both polished and the fracture surfaces. 
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The microstructural characterization of the steel revealed a predominantly 

granular bainitic structure with carbides precipitated along the grain 

boundaries. To understand the material's behaviour under stress, Charpy 

impact tests were conducted across a range of temperatures to determine the 

ductile to brittle transition temperatures. The transition temperatures, -91 °C 

for HT1 and -87 °C for HT1, were instrumental in setting the parameters for the 

subsequent fracture toughness and microscopic cleavage fracture stress tests 

on pre-cracked and notched specimens. 

Tensile tests were then carried out and the material mechanical properties such 

as yield stress, ultimate tensile strength, and work hardening exponent were 

measured and calculated at various temperatures. The fracture toughness was 

measured following ASTM 1820-17 standards and involved using 1T compact 

tension specimens under the temperature -120 °C, -100 °C and -80 °C. With the 

obtained test result combined with fracture distance measured from the 

specimen surface, local cleavage fracture stresses were obtained using 

McMeeking’s FEM analysis results. Additionally, microscopic cleavage fracture 

stress tests were conducted using a four-point bending method. These tests, 

performed at temperatures ranging from -196 °C to -160 °C, allowed for a 

detailed evaluation of the local stress distribution and the cleavage fracture 

stress, using the Griffith-Owen finite element analysis result. 

A significant challenge highlighted in this thesis is the identification of cleavage 

initiation sites in 55 mm thick compact tension specimens. This required a 

nuanced understanding of both 'global' and 'local' initiation sites. A 

comprehensive analysis of 26 sharp-cracked specimens provided detailed 

insights into the size, location, and chemical composition of the cleavage 

initiators. One of the critical outcomes of this research is the establishment of a 

correlation between macroscopic parameters, notably the J-integral, and 

microscopic local parameters such as fracture distance 𝑋0. This correlation is 

crucial in understanding how microscopic changes in the steel's structure can 

influence its overall mechanical behaviour and fracture resistance. 

The comprehensive results obtained from the two distinct test-piece geometries 

blunt-notched and sharp-cracked specimens provide robust validation for the 
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hypothesis that cleavage fracture is governed by a tensile stress-controlled 

failure criterion and that the cleavage fracture stress is independent of 

temperature. These principles, critical for interpreting the cleavage behaviour 

in ferritic steels, have been widely recognized for decades. This study, however, 

potentially advances the field by offering explicit experimental evidence to 

substantiate these foundational principles. Furthermore, this research 

enhances the comprehension of the micro-mechanisms driving cleavage 

fracture in bainitic steels, especially emphasizing the role of specific inclusions 

in initiating these fractures. 

In conclusion, this thesis contributes significantly to the field of microscopic 

analysis of the cleavage mechanism in steel, especially in the context of limited 

data availability and the challenges associated with traditional testing 

methodologies for characterizing cleavage initiation. The detailed analysis of 

fracture surfaces, the identification of cleavage initiation sites, and the 

establishment of relationships between various mechanical parameters not 

only provide valuable insights for future research but also have practical 

implications for the design and application of ferritic steels across various 

industrial sectors. 
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Chapter One – Introduction 

The investigated material is used in a specially designed nuclear power plant, 

CAP1000, original designed by Westinghouse AP1000 [1], a notable feature of 

this type of power plant is its large containment shielding, which significantly 

enhances safety during operation [2]. The reactor implements passive safety 

systems to provide core cooling during accidents, which are essential for cooling 

in small break sizes [3].  

In order to fulfil the requirement of the application, one specially designed 

grade of steel, SA738 Gr.B steel is used. It is a type of high-strength low-alloy 

(HSLA) steel that is commonly used in the construction of reactor containment 

vessels. This steel grade is specified by the ASME (American Society of 

Mechanical Engineers) standards and is designed to withstand extreme 

temperatures and pressures. In this study, the SA738Gr.B steel is provided by 

China Baowu Steel Group Corporation Limited.  

The SA738Gr.B steel is a low carbon steel with alloying elements such as silicon, 

manganese, and molybdenum. In ASME standards, SA738B have alloying 

elements such as manganese, nickel, and small amount of copper, chromium 

and niobium to enhance its strength and toughness. The microstructure and 

chemistry are designed for high yield strength, improved toughness and good 

weldability[4]. SA738Gr.B steel has excellent low temperature tensile 

properties, Charpy-V notch impact performance, and fracture toughness, 

making it suitable for use in nuclear containment vessels [5]. It also exhibits 

good tensile properties and mechanical performance at elevated temperatures, 

affirming its suitability for nuclear power station purposes [6]. 

This study involves a simulated post weld heat treatment (PWHT), aimed at - 

investigating the possibility of exempting the post-weld heat treatment process 

if the material mechanical behaviour after the simulated post-weld heat 

treatment is not largely changed. Thus, the comparison results could provide 

important guidance for the sponsoring steel company 
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The objective of this research is to precisely describe the cleavage initiation 

process mechanically, through the mechanical testing, with the testing result 

parameters 𝐽, 𝐶𝑇𝑂𝐷, 𝐾𝑄  and 𝐾𝐽𝐶  to describe the material condition at the 

onset of cleavage process, and relate these parameters with the measured 

microstructural features such as inclusions found at the initiation site, facet 

diameter for the first cleavage facet. With the help of the existing finite element 

analysis results from Griffith-Owen and McMeeking, the stress-strain profile 

ahead of the notch-tip or crack-tip was found and hence the local cleavage 

fracture stress was estimated. It was found in this material, the cleavage 

initiation is still controlled by local tensile stress, where the cleavage initiation 

site is beyond and close to the peak tensile stress location predicted by the finite 

element analysis. 

 

This thesis contains nine chapters. 

Chapter two reviews the possible features that can appear in bainitic steel. 

Carbides, inclusions and martensite-austenite constituents are considered as 

they are often present in steel matrix as particles which can act as an essential 

feature in the cleavage process and influence material toughness significantly. 

Then, the high-angle grain boundaries, alloying elements, and tempering effect 

are reviewed. 

 

Chapter Three reviews work conducted by previous researchers on cleavage 

fracture mechanisms in bainitic steels. Macro fracture mechanics include the 

development of stress intensity factor K, COD, and J-integral. Their limitations 

are discussed. Micro-mechanisms of brittle fracture from Stroh's theory, 

Cottrell's theory and Smith's theory are introduced, then the RKR model and 

statistical approach, among which the Beremin model and its modifications are 

illustrated. Lastly, cleavage mechanisms in bainitic steel are discussed where 

inclusions, martensite-austenite constituents and bainitic facets in the cleavage 

process are reviewed from existing literature.  
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Chapter Four describes the material and the experimental methods used in this 

project. Tensile test, Charpy impact test, microscopic fracture stress test and 

fracture toughness test procedures are described in detail. 

 

Chapter Five gives the general description of the material characterization 

results and Charpy tests results and discussions. The chemical composition and 

size distribution of inclusions are studied. 

 

Chapter Six documents tensile tests results which are used together with the 

sharp-cracked specimen and blunt-notched specimen toughness test results to 

investigate the cleavage fracture micro-mechanisms.  

In terms of HT1 and HT2 heat treatment conditions, very similar results are 

obtained for all tests and no differences are observed in microstructures. Hence, 

in discussion of HT1 and HT2 in blunt-notched specimens and sharp-cracked 

specimens, they are treated as one population, retaining HT1 and HT2 for 

identification of specimens only. 

 

Chapter Seven summarizes the main conclusions and suggests ideas for further 

work. 
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Chapter Two – A Review of Prior Research on Low 

Carbon Bainitic Steel Microstructure 

 

2.1 Evolution of Microstructural Features in Bainitic Steel 

and Its Effect on Cleavage Fracture 

 

2.1.1 Bainite 

 

The formation of the plate-like microstructure known as bainite in steels occurs 

at temperatures ranging from 125 to 550 °C. When austenite is cooled below a 

temperature at which it can no longer be thermodynamically stable to form 

ferrite or cementite, this is one of the products that has the potential to form. 

In the initial description of the microstructure, Davenport and Bain [7] 

mentioned that it had a look that was comparable to that of tempered 

martensite. However, when viewed using a light microscope, the 

microstructure of bainite looks darker than that of un-tempered martensite. 

This is due to the fact that bainite has a greater number of substructures. In 

terms of its thermodynamic properties, bainite is not a phase but rather an 

acicular microstructure that can develop in some steels. Cementite and 

dislocation-rich ferrite are the two most prevalent components of bainite, which 

has a fine non-lamellar structure. Because of this, the process is far more 

difficult than it would otherwise be. The development of bainite can be slowed 

down by the majority of alloying elements. Other than these, carbon is the most 

efficient substance in preventing the development of bainite. 

 

Typically, the cementite in bainite is not arranged in parallel arrays or plates. 

Nonetheless, it exists as a collection of irregularly arranged precipitates within 

small dislocation-rich ferrite grains. 

Temperature effects: 
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In the event that the temperature is sufficiently elevated, it has been observed 

that carbon shall expeditiously diffuse away from the newly formed ferrite and 

subsequently congregate to form carbides within the carbon-enriched residual 

austenite that is situated between the ferritic plates. This will result in the 

absence of carbides on the ferritic plates. Carbon will diffuse more slowly at 

lower temperatures, and it is possible that it will precipitate before it can escape 

the bainitic ferrite. 

Time effects: 

During the sufficient time required for bainitic transformation, the carbon 

atoms in bainitic ferrite are partitioned into the surrounding austenite. 

Consequently, this type of bainitic ferrite has a minimal carbon content. High 

carbon content is present in retained austenite. As the transformation time of 

bainite increases, tensile strength decreases, but elongation and impact 

toughness increase. This is due to the reduction of martensite and the 

enhancement of retained austenite's stability. When the austenite is sufficiently 

stable after being undercooled, the bainite transformation will cease. 

Upper Bainite: 

In upper bainite, ferrite is distributed as fine plates, with a thickness of around 

0.2 µ𝑚 and a length of about 10 µ𝑚. [8] Clusters of these plates are regarded 

as sheaves. 

The hard carbide clusters precipitated in the bainitic ferrite package boundaries 

(upper bainite) can act as stress raisers and lower crack propagation energy. 

Lower Bainite:  

Lower bainite is very similar to upper bainite in microstructure and 

crystallographic sense. The most significant difference comes from the 

distribution of carbides. In lower bainite, carbides precipitate inside ferrite. 

Also, carbides in lower bainite are extremely fine, with a thickness of a few 

nanometres and a length of around 500 𝑛𝑚. [8] 

Granular Bainite: 
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In granular bainite, the sheaves are relatively coarse, and the block appearance 

of blocks of bainite and austenite microstructure gives it a granular morphology. 

Besides upper and lower bainite, granular bainite is often used in industrial-

made steels by continuous cooling. [9] Continuous cooling provides the 

condition for extensive transformation; for granular bainite formation, the 

carbon concentration needs to be low enough to limit austenite or carbide 

existing between sub-unites of bainite.  

The martensite-austenite constituents are a distinguishing feature of granular 

bainite. Carbon is partitioned from bainitic ferrite and stabilizes the remaining 

austenite. Thus, the final microstructure consists of both retained austenite and 

a small amount of high-carbon martensite.[9] 

 

2.1.2 Martensite 

 

Lath martensite has a low-carbon content and plate martensite has a high-

carbon content. Lath martensite exhibits superior toughness and ductility, 

albeit with lower strength, while plate martensite displays higher strength in 

comparison to lath martensite, albeit with a tendency towards brittleness. 

In the context of a specific alloy composition, it has been observed that an 

increase in the carbon concentration of the austenitic phase leads to a reduction 

in both the martensite start temperature 𝑀𝑠  and the martensite finish 

temperature 𝑀𝑓 . This phenomenon is associated with an incomplete 

transformation of austenite to martensite.  The quantity of retained austenite 

present is dependent on the amount of carbon solubilized in the parent 

austenite phase and the degree of suppression of the 𝑀𝑠 and 𝑀𝑓 temperatures. 

The incorporation of lower bainite into the mixed lower bainite-martensite 

microstructures has resulted in a notable enhancement of Charpy V-notch 

impact energy, the reduction in area, and the elongation. The observed 

phenomenon can be ascribed to the significantly enhanced ductility and impact 

toughness of the lower bainitic microstructure in contrast to martensitic 

microstructures. [10] 
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2.1.3 Retained Austenite 

 

Retained austenite is usually found in martensite microstructures where 𝑀𝑓 

(martensite finish temperature) is lower than room temperature. This is often 

the case when the martensite transformation is incomplete. There are generally 

two morphologies of retained austenite: filmy (needle-like) austenite, usually 

located between martensite laths, and blocky (island-like) austenite which is 

surrounded by ferrite. 

The retained austenite acts as a plasticity enhancer in quenching and partition 

steels. It appears that the RA grains located at lath boundaries manifest a 

greater propensity to enhance the toughness of the microstructure. This is 

attributed to the superior mechanical stability of the film-like RA grains, which 

exhibit a relatively higher number density owing to their finer size. [11] The 

retained austenite microstructure, being richer in carbon, has more 

dislocations than the original austenite. 

Historically, retained austenite was undesirable for a number of reasons; first, 

being soft in nature, it was a concern to be widely avoided in tool steels. Second, 

retained austenite has the ability to transform into martensite or bainite; the 

displacive transformation will lead to an increase in volume. This austenite 

transformation is generally unwanted as the volume change is likely to produce 

internal stress around it, which may lead to cracks. 

However, with the advancement of the steel-making process and the 

development of new steel grades, researchers found the possibilities of utilising 

this phase. Firstly, being ductile in nature, it is possible to improve toughness if 

a small amount (such as 10% in the microstructure) of this austenite phase is 

well distributed Secondly, with a sufficient quantity in the microstructure, the 

retained austenite can balance the transformation contraction during heating 

and the expansion during cooling. 

The attainment of full (100%) austenite retention at ambient temperature in 

plain carbon steels through the implementation of rapid cooling measures is an 
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unattainable objective. The presence of austenite at ambient temperature is a 

phenomenon that can be achieved through the incorporation of certain alloying 

elements, such as nickel or manganese. This is evident in austenitic stainless 

steels and Hadfield manganese steels. 

Although complete retention of austenite is difficult, all austenite former 

elements can help retain austenite where carbon, manganese and nickel are 

used in structure steels such as high nickel-based pressure vessel steels. In 

addition, silicon is widely used in austenite-containing steels due to its excellent 

ability to restrict carbide precipitation during isothermal holding, which can be 

used to achieve stabilisation of austenite by carbon partition. Aluminium in 

austenite-containing steel has a very similar effect to silicon; even better, 

aluminium showed good abilities in preventing Si/Mn oxide formation and 

forming an inhibition layer on the steel surface. 

 

Applications based on the nature of austenite: 

 

1. Transformation-induced plasticity (TRIP) steels 

TRIP stands for transformation-induced plasticity; when external stress or 

strain is applied to the microstructure, retained austenite transforms into 

martensite, associated with a volume expansion and leads to additional 

plasticity. Being usually as Dual-Phase steels (austenite/martensite), TRIP steel 

has different varieties depending on the content of the austenite phase, from 

only minor austenite present (TRIP assisted steel) to fully austenitic. The 

microstructural features of TRIP steels are characterised by a considerable 

amount of retained austenite, owing to their high silicon and carbon contents. 

The microstructural constituents of the material typically comprise a primary 

matrix of ferrite, within which the retained austenite is commonly embedded 

with a minimum of 5% amount; other hard phases can also present in the 

microstructure with varying amounts.  

 

2. Quench & Partitioning (QP) steels: 

18 



 

 

QP steel is designed for higher tensile strength and elongation based on similar 

chemical compositions as TRIP steel. The main idea is to hold the steel above 

the 𝑀𝑠 temperature, using carbon partitioning to stabilise the austenite phase. 

The fabrication process includes a quenching and a partitioning stage, where in 

the quenching stage, fully austenitised steels are quenched to a temperature 

between the 𝑀𝑠  and 𝑀𝑓  temperatures for a desired martensite volume 

fraction, then the partition process is carried at a slightly higher temperature 

than 𝑀𝑠 for carbon depletion from martensite into austenite (for austenite to 

have a lower 𝑀𝑠 temperature) to achieve thermally stable austenite after final 

quenching to room temperature. Finally leading to a microstructure of 

tempered martensite and retained austenite for desired mechanical properties. 

 

3. Twinning-induced plasticity (TWIP) steels 

With TWIP steel's high manganese content (17-24%), bainitic and martensitic 

phase transformations are postponed during cooling, leaving TWIP steel fully 

austenitic at room temperature. TWIP Stands for twinning-induced plasticity; 

twinning as the principal mechanism for deformation refines the 

microstructure and leads to a high strain hardening rate (n). With the potential 

of the twinning process, the n value can be as high as 0.4 at an engineering 

strain of 30% and remains constant until it reaches 50% total elongation. 

Furthermore, tensile strength can be higher than 1000 MPa.  

 

2.1.4 Martensite-Austenite Constituents 

 

The toughness of the steel is sometimes influenced by many 'local brittle zones', 

such as a mixture of un-tempered martensite and retained austenite, also 

known as 'martensite-austenite constituents'. [12] 

M-A constituents are widely found in welded joints, where the welding heat 

process facilities the formation of M-A constituents. The presence of the M-A 
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phase in many situations is regarded as the critical factor that has a detrimental 

effect on steel toughness. [12][13] 

The formation process of M-A constituents in granular bainite has been 

explained in detail [14]; as a sub-unit grain forms, it rejects its excess carbon 

into the residual austenite. The carbon content in the retained austenite 

gradually builds-up until a critical point where the austenite-bainite 

transformation is thermodynamically unfavourable. Once the high carbon 

content of austenite is cooled down to a temperature below 𝑀𝑠  (martensite 

transformation start temperature), it will transform into martensite; if there is 

still untransformed austenite, it will form into martensite-austenite 

constituents. The amount of martensite formation is controlled by the critical 

carbon content of the residual austenite when the bainite transformation stops. 

It has been reported that the amount of M-A constituents is the dominant factor 

that affects material toughness [13], [15]–[18],  with other researchers 

suggesting that volume fraction also takes good responsibility for the 

detrimental effects to the toughness. [19]–[21] 

The low toughness of ICCG HAZ is reported to be caused by coarse necklacing 

of M-A constituents ( ≥ 2 μm) along prior austenite grain ( ~ 70μm) 

boundaries.[17]. The same author suggested that there is a critical size of M-A 

constituents, 1.3-2 μm, above which the impact toughness could deteriorate. It 

was also reported that a size below 1 μm M-A constituents could deflect the 

crack propagation, which improved toughness.[18] 

Following extensive research on M-A constituents, not only does the size of M-

A influence toughness, but the shape of M-A also takes good responsibility for 

lowering the toughness. It was reported [19] that the elongated shape of M-A 

constituents leads to the lowest toughness among other 'round dot shapes' and 

massive M-A constituents. 

In addition to this, the reduction of toughness in steels is reported not only to 

be controlled by M-A size, distribution and morphology. It also has relations to 

the surrounding matrix. [20] The initiation of cracks has been observed to occur 

predominantly at the interface separating the coarse M-A constituents and the 

matrix. [21][22] 
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Recently, Yeong-Do et al. [23] have done extensive work on M-A, and they 

classified martensite-austenite constituents into three typical types based on 

their internal arrangement of substructures. (Shown in Figure 2-1) namely, 

Type 1 is blocky retained austenite surrounded by martensite. Type 2 is lath-

like martensite and retained austenite forming for a layered substructure and 

slender morphology. Type 3 is a random arrangement of martensite and 

retained austenite. 

 

2.1.5 Cementite and Carbide 

 

With a carbon concentration of 6.67 wt%, 𝐹𝑒3𝐶  has high hardness but low 

ductility and toughness, making it a brittle phase. It appears white under an 

optical microscope, difficult to be etched by nitric acid etching solutions. As an 

interstitial compound, it is divided into primary cementite, solidifying directly 

from the liquid phase; secondary cementite, precipitating from austenite; and 

tertiary cementite, precipitating from ferrite when carbon is saturated. 

Secondary cementite is often found within a grain or at grain boundaries; it can 

appear in flaky, lamellar, net-like, and needle-like structures. After heat 

treatment, such as tempering and annealing, the cementite might change into 

a more spheroid or granular shape. 

 

2.1.6 Acicular Ferrite 

 

The term 'acicular' denotes a geometrical configuration that is reminiscent of a 

needle, yet it is widely acknowledged that acicular ferrite exhibits a three-

dimensional structure that is characterised by slender plates. [24] 

Acicular ferrite is often found in low-alloy steel after cooling from the austenite 

phase. Because of its good toughness, acicular ferrite is essential in commercial 

usage. However, research into the microstructure mechanisms suggests that 

acicular ferrite is only intragranular nucleated bainite. [25] 
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The steel microstructure that develops into bainite, or acicular ferrite, is 

strongly dependent on prior austenite grain size and inclusion density. With a 

larger austenite grain size and higher inclusion density, acicular ferrite is more 

likely to be nucleated than bainite ferrite, as the bainite sheaves or 

Widmanstatten ferrite development is stopped by hard impingement between 

plates nucleated independently at adjacent sites.[24] 

With high strength and toughness, acicular ferrite is desirable in low-

temperature applications. The acicular ferrite is about 0.1-0.2 um thick and 

around 1-2 um long because of its interlocking arrangement of plates oriented 

in diverse directions within the prior austenite grain. (High angle grain 

boundary misorientation). These two behaviours give a difficult path for crack 

propagation, as a crack is deflected more times than in other microstructures. 

In cleavage fracture, the crack deflection in acicular ferrite is superior to bainite 

and martensite. In bainite and martensite microstructures, adjacent plates are 

parallel and in similar crystallographic orientations, and the cleavage crack can 

propagate through the packet undeflected [25] 

 

 

 

2.1.7 High Angle Grain Boundary (HAGB) 

 

High-angle grain boundary considers the misorientation angles between 

neighbouring grains. The criterion for HAGB is divided; most researchers take 

a misorientation angle above 15°, and a few others prefer 45°. In this thesis, it 

is considered that misorientation has to be above 15° for a HAGB. When the 

angle is less than 15°, the boundary is considered as a LAGB (low angle grain 

boundary) 

In the context of microstructural analysis, it has been observed that a given 

prior austenite grain exhibits a discernible partitioning into multiple packets, 

each of which is characterised by a uniform habit plane. Further examination 

reveals that these packets are themselves subdivided into distinct blocks, each 
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of which comprises a collection of laths that share a common crystallographic 

orientation. When packet, block and lath boundaries are considered, the lath 

boundaries are LAGBs, while the packet and block boundaries are HAGBs. [26] 

Effective grain size is a crucial term in fracture mechanics; it was believed to be 

packet size in martensitic and bainitic steels. [27] Since the development of 

EBSD, the effective grain size is considered as both packet and block boundaries. 

Both packet and block boundaries are considered as HAGBs. The nomenclature 

"effective grain size" designates the mean size of grains that are encompassed 

by high-angle grain boundaries (HAGBs) [28]. It is generally considered that 

increasing the HAGBs and then reducing the effective grain size of steel 

microstructures can increase their toughness. Cleavage fracture in low carbon 

steel usually takes place along {100} planes. [29] More recently, Morris et al. 

suggested that the angle between {100} crystallographic planes is more relevant 

than overall misorientation angle (OMA) during cleavage fracture for 

determining the effective grain size. [30] 

However, toughness is influenced by many factors, not only from grain 

boundaries but also the 'soft phase' like retained austenite or 'hard phase' such 

as carbides. There is still much research focusing on how HAGBs influence 

toughness. Several experimental results have demonstrated that the presence 

of high-angle grain boundaries (HAGBs) can effectively impede the occurrence 

of cleavage fracture, either by halting the propagation of cleavage cracks or by 

altering their directions. One of the principal directions of the HAGB study is to 

what extent it influences toughness, finding it as a decisive factor or as 

additional resistance to the crack.   

The grain boundary energy 𝐸 is directly affected by misorientation angle, Read 

and Shockley described it in the 1950s: [31] 

 

 𝐸 = 𝐸0𝛳 (𝐴 − 𝑙𝑛𝛳) Equation (2-1) 

 

Where 𝐸0  and 𝐴  are constants. When the grain boundary misorientation 

angle 𝛳 is larger than 15°, 𝐸 tends to be a certain value due to the variation of 
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electrostatic energy induced by the screening effect. The grain boundaries 

markedly deflect the brittle cracks with misorientation angles greater than 15°. 

This equation from Read and Shockley showed the fundamental mechanism of 

how high-angle grain boundaries can hinder microcrack propagation and the 

possibility of helping microcrack deflection. 

The cleavage fracture strength 𝜎 is expressed by a modified Griffith equation: 

[32] 

 

 𝜎 = (1.4𝐸𝑊)1/2 ∙ 𝑑−1/2 Equation (2-2) 

 

Where 𝐸 is elastic modulus, 𝑑 represents effective grain size, 𝑎𝑛𝑑 𝑊 is the 

energy required for plastic tearing at effective grain boundaries. From this 

equation, it is clear that, by refining the effective grain size, fracture stress can 

be increased. This finding can be related to providing some fundamental 

importance of the steel matrix in the fracture process. 

 

2.1.8 Inclusions 

 

As large oxides, sulphides, and other inclusions are generally unwelcome in 

steel microstructure, elements such as oxygen, sulphur, phosphorus, and 

hydrogen are the main focus to be reduced. Traditionally, the oxygen and 

sulphur content has been used to determine the level of steel cleanliness. 

However, this conventional inclusion cleanliness rating method can only give a 

general indication, sometimes it cannot give reliable scientific proof, and the 

results from the rating can be misleading in steel fracture properties [33], as 

some inclusions have little effect on the fracture process. However, due to the 

conventional rating, these "neutral" inclusions are regarded as harmful. In 

summary, the conventional rating is based on inclusion composition, shape, 
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and sizes instead of their effects on the cleavage fracture process and fracture 

properties.  

The effect of inclusions on the fracture properties is based on the combined 

effect of its shape, size, elastic and thermal properties, and bonding to the 

matrix. The combined effects lead to different stress concentrations and stress 

distributions in the matrix around inclusions. A general case is that oxides 

promote cleavage fracture as they raise tessellated stresses, while sulphides 

such as MnS are generally considered not to affect cleavage. 

From the findings of Kiessling in 1989, calcium aluminates are most 

detrimental. However, the detrimental effect is decreased in duplex inclusions, 

such as oxides surrounded by sulphide shells. [34] Brooksbank and Andrews 

explain the reason in the 1970s. [35]–[38] 

The occurrence of a radial stress concentration is frequently observed as a result 

of the disparities in mechanical properties between an inclusion and the steel 

matrix. Two aspects mainly cause the radial stress: Tessellated stress raised 

from cooling as inclusions and the matrix have thermal contraction differences; 

the second is the elastic modulus difference between inclusions and matrix. 

The model proposed by Andrews [36] considers the inclusions as ideal spheres. 

The radial stress experienced by the surface that separates the inclusion from 

the steel matrix can be determined by applying Equations (2-3) and (2-4). 

 

 σ𝑅 =
(𝛼𝑀−𝛼)∆𝑇

0.5(1+𝑣𝑀)+(1−2𝑣𝑀)𝑑3

𝐸𝑀(1−𝑑3)
+

(1−2𝑣)

𝐸

 Equation (2-3) 

 

 𝑑 = 𝑅/𝑅𝑀 Equation (2-4) 

 

Where the radial stress, denoted as σ𝑅, occurs in the interface of the inclusion-

matrix. The coefficients of linear expansion of the steel matrix and the inclusion 

are represented by 𝛼𝑀 and 𝛼, respectively. 
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Specifically, the parameter of interest is the temperature differential, denoted 

as ∆𝑇 , which is defined as the disparity between the holding temperature 

preceding the vacuum quenching process and the ambient room temperature. 

Additionally, the Poisson's ratios of both the steel matrix (𝑣𝑀) and the inclusion 

(𝑣) are considered. 

The Young's modulus of the steel matrix and inclusion are denoted as 𝐸𝑀  and 

𝐸, respectively. The radius of the inclusion and the steel matrix around a single 

inclusion are represented by 𝑅 and 𝑅𝑀, respectively. 

From Equations (2-3) and (2-4), the study conducted by Brooksbank and 

Andrews has demonstrated that the tessellated stress existing between the 

inclusion and matrix is contingent solely upon the inclusion type and its volume 

fraction, and is not subject to variation based on the inclusion size. (Size only 

influences the stress range) The linear expansion coefficient, elastic modulus, 

and Poisson's ratio of inclusion are subject to modification by the inclusion type. 

-The detailed properties of the most commonly seen inclusions was 

summarised in Table 2.1 

Mean linear expansion coefficient- Stress Raising Ability: 

In the event that the linear expansion coefficient of the matrix surpasses that of 

the inclusion, it can be posited that, during the cooling process, the matrix shall 

undergo a greater degree of shrinkage in comparison to the inclusion. The 

results indicate that the inclusion's presence leads to a squeezing effect by the 

matrix, which in turn induces tensile stresses between the inclusion-matrix 

interface. In instances where the linear expansion coefficient of the matrix is 

comparatively smaller than that of the inclusion, it can be observed that the 

inclusion undergoes a greater degree of shrinkage in comparison to the 

surrounding matrix. The phenomenon of inclusion-matrix interfacial 

debonding readily occurres, and it is conceivable that the absence of tessellated 

stress may be observed. It can be easily seen from the table that oxides, calcium 

aluminates, and nitrides have great potential for raising tessellated stresses. 

While sulphides, on the contrary, are strong void formers in the microstructure. 

Elastic properties: 
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When the Young's modulus of the matrix is smaller than that of inclusion, a 

stress difference will generate a radial stress concentration around the inclusion. 

Such can be seen for inclusions such as, calcium aluminates, 𝐴𝑙2𝑂3 and 𝑇𝑖𝐶. 

When the Young's modulus of the matrix is larger than that of inclusion, the 

inclusion is relatively harmless, such as sulphides. 

It is worth noticing that when in the context of ductile fracture, a lower linear 

expansion coefficient is generally more welcome as it has better bonding with 

the matrix, making voids is more difficult to nucleate.  

 

2.1.9 Element Effects 

 

Aluminium and Titanium are both added for deoxidising purposes; however, 

these elements will produce corresponding inclusions in the microstructures. 

The solid particles of 𝐴𝑙2𝑂3 tend to form aggregates of irregular shape, which 

are commonly referred to as "alumina clusters", this phenomenon is primarily 

attributed to the process of coalescence and collision. Titanium nitride with 

sharp edges can act as local stress concentration points. These inclusions in the 

final product can strongly affect the steel's low-temperature mechanical 

properties.  

Calcium is added into steel mainly to reduce the detrimental effect of 𝐴𝑙2𝑂3 

inclusions and improve the castability of molten steel.[39] It is reported that by 

adding calcium, the 𝐴𝑙2𝑂3 inclusions will go through a transformation process, 

resulting in the formation of liquid calcium aluminates inclusions. These 

inclusions are expected to have a spherical morphology and exhibit low melting 

points. The current review has revealed that these liquid inclusions exhibit a 

high degree of susceptibility to removal from the melt. The residual inclusions 

such as 𝐶𝑎𝑂−𝐴𝑙2𝑂3  or 𝐶𝑎𝑂 − 𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2  inclusions in steel are less 

harmful than untreated 𝐴𝑙2𝑂3  inclusion to the low-temperature mechanical 

properties.[40] 
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2.2 Parameters Affecting the Microstructures of Bainitic 

Steel 

 

2.2.1 Effects of Alloying Elements on Microstructure 

 

Carbon:  

 

The influence of carbon on bainitic steels is of paramount importance, as it 

significantly modulates the temperature range within which the upper bainite 

and lower bainite transformations take place. In the capacity of an austenite 

stabilising element, carbon exhibits a greater degree of solubility in austenite as 

compared to ferrite. Moreover, it exhibits a formidable ability to stabilize 

austenite, resulting in a widespread deceleration of reaction kinetics. 

However, in general, in industry, carbon needs to be restricted below 0.4wt% 

to ensure reliable mechanical properties. 

 

Manganese:  

 

Usually, Manganese content is between 0.4-2.0 wt.%. Larger content of 1.5-2.0 

wt% slows down the pearlite reaction significantly and promotes the formation 

of acicular ferrite or the bainitic transformation. High Mn addition >2.5wt.% is 

avoided as it results in a brittle banded structure due to Mn segregation. 

 

Nickel:  
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Nickel is usually added to increase hardenability and improve toughness for 

low-temperature applications. Nickel being an austenite stabiliser, the presence 

of Ni has been observed to exert a retarding effect on the kinetics of the 

transformation process of ferrite and pearlite. The introduction of nickel has 

the potential to induce a rightward shift in the Continuous Cooling 

Transformation (CCT) curve, thereby conferring a favourable disposition 

towards the formation of bainitic and martensitic microstructures. Ni exhibits 

a proclivity towards the promotion of lower bainitic microstructure, while 

concurrently impeding the formation of upper bainite. With increasing nickel 

content, the CCT curve can shift to the right, passing ferritic and pearlitic phase 

regions and even bainitic phase regions to form martensite; thus, the final 

microstructure is often seen in lower bainite and tempered martensite. 

 

Silicon:  

 

As a ferrite stabiliser that refines the ferrite grain size. Silicon is insoluble in 

cementite, and silicon is very effective in restricting cementite formation. 

 

Aluminium:  

 

Similar to silicon, Al is insoluble in cementite, but unlike silicon, it precludes 

the formation of Si/Mn oxides. Also, it can help the austenite to bainite 

transformation and is typically introduced in very small quantities as a 

deoxidizer. 

 

Calcium:  

 

As deoxidiser and desulphuriser, Ca decreases the number of inclusions. Also, 

it modifies inclusion morphology, such as modifying elongated oxides and 
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sulphides into a globular shape, which can eliminate the steel's anisotropic 

properties. 

e.g., Aluminium oxides, which generally are hard and angular, being very 

harmful to steel machinability, appears in clusters and are reduced in number 

or replaced by complex 𝐶𝑎𝑂 − 𝐴𝑙2𝑂3 or 𝐶𝑎𝑂 − 𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2 inclusions. 

 

Molybdenum:  

 

Molybdenum is recognized for its effectiveness in altering the transformation 

kinetics and phase distributions in steel. It is highly effective at inhibiting the 

transformation into pearlite and bainite. In addition, the addition of 𝑀𝑜 

significantly reduced the dislocation annihilation rate and slowed the 

coarsening rate of nanometer-sized (𝑁𝑏, 𝑀𝑜)𝐶  carbides during extended 

tempering at elevated temperatures, thereby enhancing the resistance to 

subsequent softening after peak hardening. 

 

Titanium and Niobium:  

 

Niobium and Titanium are frequently used as microalloying elements to form 

nanoscale precipitates and prevent austenite grains from becoming coarser. 

The addition of Niobium and Titanium increased the strength of steel by 

refining the grains and reinforcing the precipitation. In order to avert the 

segregation of constituent elements and the concomitant development of 

macroscopic inclusions, such as nitrides and carbides, it is imperative to 

exercise stringent control over the steelmaking and continuous casting 

procedures. 

 

Titanium: 
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Among all kinds of inclusions acting as nucleation sites for acicular ferrite, 

titanium compounds were more likely to be found. [41] 

The presence of titanium nitride (TiN) inclusions within the microstructure of 

steel has been identified as a probable precursor to the onset of cleavage 

fracture. This is attributed to the inherent mechanical properties of TiN, which 

are characterised by high levels of hardness, brittleness, and strong interfacial 

bonding with the surrounding steel matrix. In the context of heterogeneous 

materials, it has been observed that the elastic deformation of a hard inclusion 

embedded within a plastically deforming matrix can lead to stress 

concentration due to the presence of a strong interfacial bond. This 

phenomenon may ultimately result in the occurrence of fracture within the 

inclusion. 

 

Sulphur and Phosphorus:  

 

Sulphur and phosphorus are usually considered impurities in steel rather than 

alloying elements. The formed products are often considered to be inclusions. 

 

2.2.2 Tempering Effect 

 

Tempering Effect: 

The process of tempering is a widely employed technique in the realm of 

metallurgy for the purpose of enhancing the ductility and resistance to fracture 

of steel alloys. This modification in quenched high and medium-carbon steels 

is a common practise in the application of ultrahigh-strength martensitic steels. 

Different combinations of tempering temperatures and time can be used 

depending on the required properties. 

Generally speaking, tempering can lower the bainitic steel strength, increasing 

fracture toughness. However, how much strength is reduced and how much 
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toughness is raised is a more complicated issue. The tempering process allows 

for optimising the material strength/toughness ratio. Carbon movements in the 

tempering process led to different distributions and morphologies of carbides 

that alter the steel's behaviour. It has been suggested that tempering 

temperature has a more profound effect than tempering time. [42] 

 

Temperature Effect:  

From experimental results, the heat treatment has to be above a temperature of 

around 500°C for substitutional atoms diffusing in a reasonable period, which 

is critical for alloy carbide formation. On the other hand, cementite and other 

transition iron carbides can form at a low temperature of 200°C.  

 

Tempering of Martensite: 

 

The process of tempering martensite is chiefly distinguished by the partitioning 

of supersaturated carbon to defects or clusters within the martensite lath, 

thereby leading to the formation of cementite precipitates. The martensite lath 

featuring low-angle boundaries undergoes a process of combination and 

recrystallization, leading to the formation of polygonal ferrite grains.  

 

Tempering of Bainite:  

The difference in the tempering process between bainite and martensite comes 

from their different solubility of carbon. As less carbon can exist in bainite than 

in martensite, the tempering will have much less effect in bainite; also, the 

mechanical behaviour changes are much less. A significant tempering effect on 

strength changes is observed as bainite plates coarsen or recrystallize into 

equiaxed ferrite grains. Conversely, tempering has a minor effect on strength 

when cementite particles coarsen and dislocation substructures undergo 

recovery. [8] 
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Generally, the decomposition during the tempering process is primarily 

characterised by the formation of cementite, recovery and recrystallization of a 

highly dislocated ferrite matrix, and the potential precipitation of micro-

alloying carbides. For the mechanical aspect: this decomposition and 

recrystallisation of the bainite ferrite matrix will decrease tensile strength. 

However, it has been observed that the aforementioned issue may be mitigated 

through the precipitation of micro-alloying carbides at a tempering 

temperature exceeding 500 °C. 

 

Tempering of Martensite-Austenite Constituents: 

 

The Martensite-Austenite constituents changed with varying martensite and 

retained austenite combinations. Therefore, the tempering of M-A constituents 

is the tempering of both martensite and retained austenite. [43] Decomposition 

of retained-austenite occurs at temperatures above 400 °C.[44] The retained 

austenite in M-A constituents is always carbon-rich as a of result of partition. 

The carbon diffusion out from austenite is the primary process. At elevated 

tempering temperatures reaching 620 °C, the phenomenon of carbide 

precipitation and spheroidization within M-A constituents, as well as recovery 

and recrystallization within the bainitic ferrite matrix, have been observed.[44] 
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Chapter Three – A Review of Previous Work on 

Cleavage Fracture Mechanisms of Bainitic Steels 

3.1 Macro Fracture Mechanics and Its Limitations 

During the time before Fracture Mechanics was developed, the theoretical 

strength of a crystal was estimated using this equation: 

 

 𝜎 = (
𝐸∙𝛾

𝑏
)

1/2

   Equation (3-1)           

                                                                                  

Where 𝐸  is Young’s modulus, 𝛾  is the surface energy and 𝑏 is the atomic 

spacing. 

However, the measured value is much smaller than the theory predicted, 

making researchers realise that there are different kinds of flaws in crystal 

structures. Therefore, based on micro-cracks existence and propagation, macro 

fracture mechanics starts to be developed. 

3.1.1 Griffith Theory 

The first work was done by Griffith [45], who was inspired by the glass making 

industry and proposed that, in crack propagation, the stored energy is varied 

based on micro-crack size. The energy transferred between elastic strain energy 

and surface energy: 

For plane-stress conditions: 

 

 𝜎𝑓 = (
2𝐸∙𝛾𝑠

𝜋𝑎
)

1/2

 Equation (3-2) 

 

34 



 

 

 

For plane-strain conditions: 

 

 𝜎𝑓 = (
2𝐸∙𝛾𝑠

𝜋𝑎(1−𝑣2)
)

1/2

 Equation (3-3) 

 

Where 𝛾𝑠 is elastic surface energy, 𝑎 is half of the micro-crack size, 𝑣 is the 

Poisson’s ratio. 

3.1.2 Linear Elastic Stress Intensity Factor K 

During the 1940s-1950s, Orowan [46] and Irwin [47] developed Griffith's 

theory; they believed there is plastic deformation before a crack front in metallic 

materials. Therefore, crack propagation needs to overcome work done by 

plastic deformation. If 𝛾𝑝 is plastic work in unit area, then in plane-strain: 

 

 𝜎𝑓 = (
2𝐸∙𝛾𝑒𝑓𝑓

𝜋𝑎(1−𝑣2)
)

1/2

= (
2𝐸∙(𝛾𝑠+𝛾𝑝)

𝜋𝑎(1−𝑣2)
)

1/2

 Equation (3-4) 

 

Where 𝛾𝑒𝑓𝑓  is effective surface energy and 𝛾𝑝 is the plastic surface energy. 

 

Based on Westergaard’s theory [48], Irwin introduced the stress intensity factor 

𝐾 , which further developed into the foundation of Linear elastic fracture 

mechanics (𝐿𝐸𝐹𝑀): 

 

 𝐾 = 𝜎√𝜋𝑎 Equation (3-5) 
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Where 𝐾 is the linear elastic stress intensity factor, 𝜎 is applied stress, 𝑎 is 

half of the micro-crack size (strictly for a buried crack under biaxial tensile 

loading in an infinite test-piece) 

This stress intensity factor 𝐾  is further introduced in the ASTM testing 

standard; for the specimen testing to be valid in 𝐿𝐸𝐹𝑀, the specimen size needs 

to be satisfied: 

 

 𝐵, 𝑎, (𝑊 − 𝑎) > 2.5(
𝐾𝐼𝐶

σ
)2 Equation (3-6) 

 

Where 𝐵  is the specimen thickness, 𝑊, 𝑎  is the specimen width and crack 

length respectively. 

 

However, in a real testing environment, if the temperature achieved is not low 

enough, or the material microstructure is ductile then plastic deformation 

ahead of the crack front cannot be avoided, and linear elastic mechanics must 

be modified to explain the plastic region. Irwin gives the concept of equivalent 

crack size; this can work under a relatively small size of the plastic region.  

Small scale yielding: 

𝐿𝐸𝐹𝑀 is considered when the plastic deformation is not present at the crack 

front. 

However, this is very difficult to achieve in real life, small or large; there will 

always be some level of plastic deformation ahead of crack. To enable 𝐿𝐸𝐹𝑀 to 

be working again, Irwin proposed his correction factor: 
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 𝑎𝑒𝑓𝑓 = 𝑎 + 𝛥𝑎𝑛 Equation (3-7) 

 

  

Where 𝑎𝑒𝑓𝑓  is effective crack length, 𝑎 is the physical crack length, and 𝛥𝑎𝑛 

is the increment in the notational crack length. 

The correction factor was introduced by placing the plastic zone within a region 

following 𝐿𝐸𝐹𝑀; the nature is by extending the 𝐿𝐸𝐹𝑀 scope of application to 

solve more real problems. That can only be used when the plastic deformation 

is small.  

The size of the plastic zone from Irwin's correction gives: 

In plane stress condition: 

 

 𝑟𝑦 =
1

2𝜋
(

𝐾𝐼

𝜎𝑦𝑠
)2 Equation (3-8) 

 

In plane strain condition: 

 𝑟𝑦 =
1

4√2𝜋
(

𝐾𝐼

𝜎𝑦𝑠
)2 Equation (3-9) 

 

Where 𝑟𝑦 is the plastic zone size. 

In many structures, the toughness of the material was too great to initiate 

fracture and 𝐿𝐸𝐹𝑀 was not applicable anymore; When yielding occurs under 

a larger scale, usually when 𝑟𝑦 / 𝑎 < 1/10 condition is not met and the plastic 

zone size 𝑟𝑦 is not far less than the crack length 𝑎, Irwin corrections cannot be 
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used anymore, this will lead to the introduction of Elastic-Plastic Fracture 

Mechanics (EPFM).  

 

3.1.3 COD Theory 

In an actual testing environment, the strain at the crack tip is difficult to 

measure precisely. Wells found that plastic deformation will lead to crack 

blunting in an initially sharp crack. He first suggests using that blunted crack 

opening displacement (COD) to represent the strain indirectly. Furthermore, 

this can show the material's ability to resist fracture (toughness).  

 

Under this circumstance, Dugdale's strip yield model [49] was introduced with 

Wells' [50] COD model (crack opening displacement). Then in crack-front 

under ideal plastic yielding, COD can be written as: 

 

 𝛿𝑡 =
8𝜎𝑦𝑠𝑎

𝜋𝐸
𝐿𝑛 𝑠𝑒𝑐

𝜋𝜎

2𝜎𝑦𝑠
 Equation (3-10) 

 

Where 𝜎𝑦𝑠 is the yield stress, 𝑎 is half the crack length, 𝐸 is young's modulus, 

and 𝜎 is the applied stress.  

Different from Irwin, Dugdale considered a strip-shaped plastic zone, which 

gives the plastic zone size as: 

 

 𝑟𝑦 ≈
𝜋

8
(

𝐾𝐼

𝜎𝑦𝑠
)2 Equation (3-11) 
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Furthermore, it can be used when there is a large size of the plastic region, and 

the linear-elastic fracture mechanics cannot work anymore.  

The plastic deformation can either be seen as crack extension (Irwin) or crack 

blunting (Dugdale). These two models can be equivalent when plastic 

deformation is small.  

 

The original COD definition of crack opening displacement varies as the crack 

tip is approached. Crack tip opening displacement (CTOD) is developed to give 

an experimentally measurable definition by 90 ֯ intersection with the crack tip 

flank. The illustration is shown schematically in Figure 3-1. 

 

To extend the crack and thereby increase the Crack Tip Opening Displacement 

(CTOD) value, the execution of plastic work is necessary, and the amount of 

plastic work is representative of the material's fracture toughness. CTOD can 

then be used to represent the material's fracture toughness. The above led to 

the idea that fracture occurs when the opening reaches a critical value. CTOD 

can therefore be related to the stress intensity factor, 𝐾𝐼 , under LEFM 

conditions: 

 

 𝐶𝑇𝑂𝐷 =
𝐾𝐼

2

𝑛𝐶𝜎𝑦𝑠
 Equation (3-12) 

                                                                                                                

where 𝐸 = Young’s Modulus,  

𝑛 = 1.0 for the plane stress and 𝑛 = 2.0 for plane strain,  

𝜎𝑦𝑠 = yield stress. 
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CTOD approach is not limited only to 𝐿𝐸𝐹𝑀 conditions. It is still valid when 

more significant plastic deformation occurs at the crack tip. However, if total 

yielding occurs, it will not be applicable. 

 

3.1.4 J-Integral 

In 1968, Rice [51] proposed an energetic contour path integral 𝐽, proving that 

J-integral was path-independent with respect to the contour around a crack. 𝐽-

integral can characterise the intensity of crack-tip stress and strain fields. Then 

it became the fundamental of elastic-plastic fracture mechanics. 

 

 𝑊 (𝜖) = ∫ 𝜎𝑖𝑗𝑑𝜖𝑖𝑗
𝜖

0
 Equation (3-13) 

   

  

The function 𝑊 (𝜖)  is utilised to denote the energy density of an elastic 

material. It is shown in Figure 3-2 from a homogeneous material as the 

considered body, subjected to a deformation field of two dimensions, wherein 

a crack devoid of any traction was present. It has been observed that the value 

of the line integral remains invariant for all paths 𝛤 that encircle the tip. The 

present figure involves a traversal of the path in a counterclockwise direction, 

whereby the traction vector denoted by the symbol Ͳ on the boundary 𝛤 is 

defined in accordance with the outward normal. 

 

 𝐽 = ∫ [𝑊(𝜖) 𝑑𝑦 − 𝑇 ∙
∂𝑢

∂x
𝑑𝑠]

𝛤
 Equation (3-14) 
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Where, 𝑊 = ∫ 𝜎𝑖𝑗𝑑𝜖𝑖𝑗 = strain energy density (𝜎𝑖𝑗 and 𝜖𝑖𝑗  as stress and strain 

tensors). 

𝑇 = 𝜎𝑖𝑗𝑛𝑗 = components of the traction vector acting on the contour. 

𝑢𝑖 = displacement vector, 𝑠 is the arc length, 

𝑑𝑠 = increase in length along the contour 𝛤. 

 

If the material's response is elastic-plastic, the 𝐽-integral is equivalent to the 

reduction in potential energy resulting from an incremental increase in the 

crack length. It is, therefore, equivalent to the release rate of energy G. 

As a crack grows in a material, the J-integral can give a measure of the elastic-

plastic work done, and this is shown as a line integral in the Figure 3-2. 

Under 𝐿𝐸𝐹𝑀  conditions, release rate of energy 𝐽  and 𝐺  has a direct 

correlation with the stress intensity factor 𝐾 under Mode 𝐼 loading through: 

 

 𝐽 = 𝐺 =
𝐾2

𝐸
 Equation (3-15) 

 

For plane stress conditions and, 

 

 𝐽 = 𝐺 =
𝐾2

𝐸
(1 − 𝑣2) Equation (3-16) 

 

For plane strain conditions. 
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As stated in Equation (3-15) and Equation (3-16), in a linear elastic material, 

under monotonic loading conditions, J-integral can characterise the strain 

energy release rate for a crack-tip.  

With the study and development of 𝐽-integral, the critical value of fracture 

energy 𝐽𝐼𝐶  can be used to characterise material fracture toughness.  

 

To get a valid 𝐽 value, the specimen needs to satisfy:  

 

  𝑎, 𝑡, 𝐿 > 25(
𝐽𝐼𝐶

σ
) Equation (3-17) 

Where 𝑎 is the crack length, 𝑡 is the thickness of the specimen, 𝐿 is the width 

of the specimen minus the crack length. 

The seminal work of Hutchinson, Rice and Rosengren [52] demonstrated that 

the 𝐽-Integral possesses the ability to delineate the singular stress and strain 

fields in the vicinity of a crack tip in a power law hardening elastic-plastic 

material, provided that the plastic zone dimensions are considerably smaller 

than the crack length. 

The material constitutive law employed by Hutchinson was of the form 

proposed by W. Ramberg and W. Osgood: [53] 

 

 
𝜖

𝜖𝑦
=

𝜎

𝜎𝑦
+ 𝛼(

𝜎

𝜎𝑦
)𝑛 Equation (3-18) 
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Where the variable 𝜎 denotes the stress experienced by a material in a state of 

uniaxial tension, the symbol σy denotes the yield stress, the symbol ϵ denotes 

the strain and 𝜖𝑦  = σy /E  is the corresponding yield strain, the parameter 

denoted by E  represents the Young's modulus of the material under 

consideration. 𝑛 is the work hardening coefficient. 

The present model is characterised by parameter α, which is a dimensionless 

constant that is representative of the material under consideration. 

 

However, there are assumptions and limitations of the HRR model: First, it 

only considers the case of monotonically increased load (proportional loading), 

the stress components generally remain in the same ratios when load increases 

and unloading is not allowed. 

The second limitation is that the crack-tip blunting effect is not considered; thus, 

large strains at the crack tip are not considered. 

 

Shih [54] used the HRR field to express a relationship between the CTOD and 

the 𝐽-integral: 

 

 𝐽 = 𝑚𝜎𝑦𝐶𝑇𝑂𝐷 Equation (3-19) 

 

Where 𝑚 = plastic constraint factor, 

𝜎𝑦 = yield stress. 

The plastic constraint factor, 𝑚, is an empirical parameter. 
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Regarding Linear Elastic Fracture Mechanics (LEFM), it is optimal for the 

plastic zone to be governed by the surrounding 𝐽  dominant zone, thereby 

enabling the characterization of crack tip loading conditions through 𝐽. 

Eventually, in order to operationalize the theoretical framework, it is 

imperative to ascertain that both the test specimen and component meet the 

requisite criteria for 𝐽 dominance, as previously expounded upon. 

 

3.1.5 Macro Fracture Mechanics Limitations 

Although there are significant developments in macro fracture mechanics, 

there are still great limitations.  

3.1.5.1. Toughness values, such as 𝐾𝐼𝐶,  𝐽𝐼𝐶, and COD, do not have unique value, 

there are large variability of measuring values. Thus, when designing materials 

for critical projects and applications, a safety margin is still necessary. 

3.1.5.2. Macro-fracture mechanics was built on continuum mechanics. The 

heterogeneous behaviour of materials, the differences in material 

microstructure, and the randomness of cleavage fracture nucleation were not 

considered. 

 

3.2 Micro-Mechanisms of Brittle Fracture 

3.2.1 Cleavage Fracture 

As the {100} plane of iron is the primary cleavage plane, the general criterion 

for cleavage in mild steel is the stress criterion which suggests that cleavage 

took place when local tensile stress reached a specific threshold value. 

Low [55], [56] conducted a comprehensive investigation on the influence of 

ferrite grain size on the compressive yield stress and cleavage fracture stress in 
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mild steels. The findings of the investigation have unveiled that the fracture 

stress in unnotched specimens was either equivalent to or exceeded the yield 

stress. The widely held consensus in this field of research is that the occurrence 

of cleavage necessitates the presence of localised plastic deformation. 

Griffith gives the general cause of cleavage fracture, which is pre-existing 

microcracks in the material. 

3.2.2. Stroh’s Theory 

Zener [57] and Stroh [58] inferred that plastic stain initiated the cleavage 

fracture instead of pre-existing microcracks. Based on this, a dislocation lead 

micro-crack nucleation model has been proposed: 

He postulates that microcrack nucleation is the critical event; thus, cleavage is 

nucleation controlled when dislocation pile-up leads to increased stress level: 

 

 τ𝑒𝑓𝑓 = τ𝑦-τ𝑖 ≥ [
12µ𝛾𝑝

𝜋(1−𝑣2)𝑑
]

1/2

 Equation (3-20) 

 

Where the symbol τ𝑦 denotes the shear yield stress, variable τ𝑖  denotes the 

lattice friction shear stress, symbol µ denotes the shear modulus, 𝑣 denotes 

Poisson's Ratio, the effective surface energy of ferrite is denoted by the symbol 

𝛾𝑝 and the slip band half-length is represented by 𝑑. 

At the same time, local cleavage fracture stress σ𝐹 is: 

 

 σ𝐹 = σ0 + k𝐹𝑑−1/2 Equation (3-21) 
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Where σ𝐹 is the local cleavage fracture stress, 𝑑 is the grain diameter, k𝐹  is 

a constant. 

The schematic illustration of Stroh proposed model is shown in Figure 3-3. 

 

3.2.3 Cottrell’s Theory 

On the contrary, Cottrell [59] postulates cleavage is not all nucleation 

controlled. He suggested a model that two dislocations intersecting each other 

at {101} slip planes leading to a sessile dislocation formation in which Burgers 

vector is normal to the cleavage plane: 

 

 
𝑎

2
[1̅1̅1](101) +

𝑎

2
[111](1̅01) → 𝑎[001](001)Equation (3-22) 

 

As the interaction of dislocations is intrinsically linked to a reduction in energy, 

then the crack nucleation is easy to achieve, the critical event is controlled by 

the crack propagation, so the fracture stress is then related to the grain size: 

 

 σ𝐹 ≥ 
2µ𝛾𝑝

k𝑦
𝑑−1/2 Equation (3-23) 

The parameter denoted as k𝑦  corresponds to the constant of shear Hall-Petch 

yielding. The symbol µ denotes the shear modulus, the effective surface energy 

is denoted by the symbol 𝛾𝑝 , and the grain diameter is represented by the 

symbol 𝑑. 

Stroh and Cottrell's theory provided the basics of the cleavage fracture model 

in steels. The argument is still proceeding for whether a specific type of material 

fracture is nucleation or propagation controlled. 
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Because Cottrell's model only considered grain size, it ignored the brittle 

particles which generally existed in steel. The influence of the second phase and 

carbides is still missing in cleavage models. 

The schematic illustration of Cottrell proposed model is shown in Figure 3-4. 

 

3.2.4 Smith’s Theory 

 

McMahon and Cohen [60] investigated the carbide influence on cleavage 

fracture by showing grain boundary carbide cracking firstly and propagated 

into ferrite matrix; because the effective surface energy of ferrite is larger than 

the second phase, the microcrack cannot propagate further, which gives 

evidence that fracture is propagation controlled. They showed that the presence 

of coarse carbides in the microstructure of the material under investigation 

facilitated the occurrence of cleavage fracture, whereas the presence of fine 

carbides enabled the material to exhibit ductile behaviour. 

Based on the above, Smith [61] proposed that the critical event of cleavage is 

second phase particle cracks propagating into contiguous grains under applied 

tensile stress and induced dislocation pile-ups. The schematic illustration of 

Smith proposed model is shown in Figure 3-5. 

As he found that cleavage fracture was always related with cracked carbides. He 

concluded that carbide cracking is the critical event and the intermediate 

process between dislocation pile-up and cleavage crack propagation. His 

findings on cleavage fracture were always related to cracked carbides. 

 

 (
𝐶0

𝑑
) 𝜎𝑓

2 + 𝜏𝑒
2 [1 +

4

𝜋
(

𝐶0

𝑑
)

1/2 𝜏𝑖

𝜏𝑒
]

2

≥
4𝐸𝛾𝑝

𝜋(1−𝑣2)𝑑
 Equation (3-24) 
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The equation elucidates the relationship between the grain size denoted by 𝑑, 

the grain boundary carbide thickness represented by 𝐶0, and the effective shear 

stress denoted by 𝜏𝑒 . The variable 𝜏𝑖  denotes the friction shear stress. the 

effective surface energy of ferrite, denoted by the symbol 𝛾𝑝. Poisson's ratio is 

represented by the symbol 𝑣 , and Young's modulus is represented by the 

symbol 𝐸. 

 The second term in the left-hand side equation yields a negligible contribution 

to the overall, if it is neglected, then the Smith model can be re-written as: 

 

 σ𝐹 = (
4𝐸𝛾𝑝

𝜋(1−𝑣2)𝑑
)1/2 Equation (3-25) 

From studying spheroidised plain carbon steel, Curry and Knott [62] regard the 

spheroidal carbide particles as micro-crack nuclei for the cleavage fracture 

process. As the carbide shape is penny-shaped, it was considered as a Griffith-

type micro-crack, and under plane strain conditions, local cleavage fracture 

stress can be written as:  

 

 σ𝐹 = (
𝜋𝐸𝛾𝑝

2(1−𝑣2)𝑟
)1/2 Equation (3-26) 

 

Where 𝑟 is the radius of the carbide spheroid, and 𝐿 = 2𝑟 gives the carbide 

length. 

Equation (3-26) can also be seen as a cleavage criterion especially considering 

the largest carbide particles under sufficient local stress. Furthermore, this 

equation is extensively used when considering a penny-shaped microcrack in 

the microstructure. 
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Temperature dependence: 

Knott and Griffiths [63], [64] have studied the temperature dependence of 

cleavage fracture. Knott [63] proposed that in cases of slip-induced cleavage, 

evidence indicates that the fracture stress in mild steels demonstrates negligible 

dependence on both strain rates and temperatures. He applied slip-line field 

theory to notched bend specimens to evaluate the fracture stress when general 

yielding takes place. However, the early studies were limited to a narrow 

temperature range that could be applied. 

In 1971, Griffiths and Owen [64] applied elastic-plastic finite element analysis 

to simulate the maximum principal stress along the notch in the blunt-notch 

specimen for a pure bending test. With the loading to the maximum yielding 

load and assuming that fracture will take place at maximum local principal 

stress, as shown in Figure 3-6, the finite element analysis gives a profile of stress 

distribution. The maximum principal stress is regarded as microscopic cleavage 

fracture stress with its location in the plastic zone. Griffiths and Owen [64] have 

measured the fracture stress values over -196 °C to 50 °C for a roughly constant 

value of around 1000 𝑀𝑁/𝑚2. Based on the results, it was generally assumed 

that cleavage fracture stress in medium to high carbon steels is temperature 

independent. 

 

 

3.2.5 Ritchie, Knott and Rice (RKR model) 

Ritchie, Knott and Rice [65] proposed the RKR model, which suggested that 

there is a characteristic distance ahead of the pre-crack tip for pre-cracked 

specimens where the cleavage happens only when normal stress is larger than 

the cleavage fracture stress. They chose two ferritic grain diameters as 

characteristic distance; However other researchers have demonstrated the 
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inapplicability of the proposed model for predicting the cleavage fracture in low 

alloy steels, higher carbon steels and mild steel across a variety of grain sizes. 

Bowen [66] proposed the concept of a 'process zone' of 0.95 𝜎𝐹; he used the 

FEM analysis results to define the process zone, which is an area exhibiting 

tensile stress larger or equal to 0.95 𝜎𝐹 . Only in this zone can tensile stress 

propagate microcracks. He suggests that the limitation of the RKR model is that 

it doesn't consider how the process zone size changes with temperature. 

The authors Chen et al. [67] have put forth a proposed mechanism for cleavage 

fracture process. This process has been identified to be slip-induced and is 

comprised of three consecutive and uninterrupted stages: 

1. Criterion for microcrack nucleation, strain must exceed the critical strain 

𝜖𝑝 ≥  𝜖𝑝𝑐    

2. Criterion for microcrack blunting, stress triaxiality must exceed the critical 

triaxiality. 

𝜎𝑚/𝜎𝑐  ≥  𝑇𝑐  

3. Criterion for microcrack propagation, local tensile stress must exceed critical 

cleavage fracture stress 

𝜎𝑦𝑦  ≥ 𝜎𝐹 

In addition, a 'minimum distance' and 'active zone' concept are also used in 

Chen's model; they suggested a fracture active zone ahead of the crack/notch 

tip, which is generated by the triaxial stress state, only weak particles in the 

active zone can nucleate microcracks and lead to total fracture. 

Teleman et al. [68] used slip line theory to investigate the effect of notch radius 

on cleavage fracture stress. It was found that when the notch radius is above 

0.25 mm, the cleavage fracture stress decreases with increasing notch radius. 
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Many researchers[69]–[71] have measured cleavage fracture stress in blunt-

notched and sharp-cracked specimens. After years of research, it was generally 

accepted that in blunt-notched specimens, the critical event is a grain-sized 

microcrack propagating into neighbouring grains. The cleavage fracture stress 

𝜎𝐹 and toughness measured mainly depend on the 5% largest ferrite grain size 

[66]. While in sharp-cracked specimens, the critical event is microcrack 

propagation from the brittle second-phase particle into the matrix. The 

cleavage fracture stress and toughness are determined by the largest brittle 

second-phase particles such as carbides, nitrides, oxides or M-A constituents. 

 

Application of RKR: using HRR theory: 

Curry [72] suggested that the RKR fracture criterion can be written as: 

 

 𝜎𝑦𝑦(𝑋) > σ𝐹 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑋 𝑠𝑎𝑡𝑖𝑠𝑓𝑦𝑖𝑛𝑔 0 < 𝑋 < 𝑋0Equation (3-27) 

 

Where 𝜎𝑦𝑦(𝑋) is the maximum tensile stress at a point 𝑋, 

σ𝐹 is the microscopic fracture stress 

 𝑋0 is the characteristic distance. 

Combining Ramberg-Osgood stress-strain law in plane strain, small-scale 

yielding conditions can be written as: [51] 

 

 
𝜎𝑦𝑦(𝑋)

𝜎𝑦
= 𝛽 (𝑋 (

𝜎𝑦

𝐾𝐼𝐶
)

2

)
−1/(𝑁+1)

 Equation (3-28) 
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Where 𝛽 is the amplitude of HRR crack-tip stress singularity, 

𝜎𝑦 is the yield stress  

𝑁 is the reciprocal of the strain hardening exponent. 

Furthermore, it can then be written as: 

 

 𝐾𝐼𝐶 = 𝛽−(𝑁+1)/2𝑋0
1/2 𝜎𝐹

(𝑁+1)/2

𝜎𝑦
(𝑁+1)/2 Equation (3-29) 

 

Where 𝑁 is the strain hardening exponent's reciprocal and N equals 1/𝑛. 

𝛽 is the amplitude of HRR crack-tip stress singularity. 

Substitute 𝑁 = 1/𝑛, and we can get:  

 

 𝐾𝐼𝐶 = 𝛽−(𝑛+1)/2𝑛𝑋0
1/2 𝜎𝐹

(1+𝑛)/2𝑛

𝜎𝑦
(1−𝑛)/2𝑛 Equation (3-30) 

 

3.2.6 Statistical Approach 

Based on the fact that the variability of toughness and local cleavage fracture 

stress results, as well as the nature of measured fracture initiation sites, were 

always some distance from notch-tips and crack-tips. 

Many researchers[64][69][70] have made attempts to explain this 

phenomenon. As mentioned above, the RKR model has proposed a 

"characteristic distance" into the micro-mechanisms. Suggesting the cleavage 

must overcome a minimum distance before propagating for final failure. 
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Bowen[73] suggested that the process zone within 0.95 maximum principal 

stress is most likely to be the initiation site where cleavage begins. And the 

process zone changes with temperature, which modifies the RKR approach. 

 

3.2.7 Beremin Model and Its Modifications 

While it has been established that cleavage fracture stress plays a pivotal role in 

the fracture process, comprehending the variability in cleavage fracture stress 

remains complex. This variability has necessitated the development of 

statistical models. 

The models proposed by Curry [72] and Beremin [75] in the context of ferritic 

steels suggest that cleavage microcracks originate due to plastic strain. The 

Beremin model, in particular, is built upon an assumption: it posits that while 

cleavage is governed by stress, it is invariably preceded by plastic deformation. 

Furthermore, the model implies that failure events conform to the weakest-link 

principle. 

The original Beremin model addresses the statistical challenges of test data by 

introducing the Weibull stress [76] 𝜎𝑤 as a probabilistic fracture parameter. 

This model conceptualizes Weibull stress under an applied load as the driving 

force for cracking, proposing that crack propagation occurs when the Weibull 

stress attains a critical threshold. 

It is hypothesized that initial microcracks emerge due to the uneven 

distribution of plastic deformation within the grains. The determination of 

Weibull stress is thus crucial for understanding this process: 

 

 𝜎𝑤 = √∑ (σ1
𝑗
)𝑚

𝑉𝑗

𝑉0
𝑗

𝑚
 Equation (3-31) 
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Where 𝑉𝑗  is the volume of the 𝑗𝑡ℎ  th element experiencing the maximum 

stress σ1
𝑗
. 

In the context of notched specimens, the probability of failure shall be 

determined: 

 

 𝑃𝑅 = 1 − exp − (
𝜎𝑤

𝜎𝑢
)𝑚 Equation (3-32) 

 

Where 𝑃𝑅 is the cumulative probability of failure. 

 𝑚 is the Weibull constant. 

 𝜎𝑤 is calculated from Equation (3-31), where the size effect is considered. 

In the three steel conditions studied by Beremin, 𝑚 was calculated for a value 

of 𝑚 = 22, while 𝜎𝑢 was found to be related to grain size. The parameters m 

and 𝜎𝑢  were considered independent of temperature, over the temperature 

range at least between 77 K and 170 K. 

The probability of failure Equation (3-32) can also be written as following 

Equation (3-33) when in a uniformly loaded volume 𝑉, assuming there are 

statistically independent elements 𝑉 / 𝑉𝑢:  

 

 𝑃𝑅 = 1 − exp [−
𝑉

𝑉𝑢
 𝑃(𝜎)] Equation (3-33) 

 

The distribution may be produced if it is assumed that the material has a 

population of micro-defects (particles or microcracks of grain size), and that 
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this population is distributed in accordance with a straightforward power or 

exponential laws, denoted by p(a). According to the theory of the weakest link, 

the probability of failure 𝑃(𝜎)  of a typical volume element, 𝑉𝑢 , may be 

expressed as the following formula: 

 

 𝑃 (𝜎) =  ∫ 𝑝 (𝑎) 𝑑𝑎
∞

𝑎𝑐(𝜎)
 Equation (3-34) 

 

Where the critical micro-defect size 𝑎𝑐 is simply given by Equation (3-35), i.e.: 

 

 𝑎𝑐 =
2𝐸𝛾𝑠

𝛼𝜎2  Equation (3-35) 

 

Given the population distribution function 𝑝(𝑎), it is thus feasible to compute 

the probability of failure 𝑃(𝜎). 

However, it is often the case when the microcrack distribution is difficult to 

know; under these circumstances, approximations are used. The distribution 

𝑝(𝑎) is assumed to follow a power law. 

 

 𝑝(𝑎) =  𝛾 ∙ 𝑎𝑘  Equation (3-36) 

 

Where '𝑘' represents the power law exponent, which is a constant. 

In general, the function 𝑝(𝑎)  is unknown. However, the empirical 

determination of the distribution function 𝑝(𝑎) is feasible in cases where the 
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critical stage of cleavage fracture is governed by the advancement of 

microcracks that originate from particles. 

There are several modified models developed from the original Beremin model; 

among them two models and one concept are worth investigating in this thesis: 

3.2.7.1. Threshold Stress:  

Some researchers [77], [78] introduced a threshold stress 𝜎w min 

 

 𝑃𝑅 = 1 − exp[−(
𝜎w−𝜎w min

𝜎u−𝜎w min
)𝑚] Equation (3-37) 

 

The present method concerns the determination of the critical threshold of 𝜎w, 

denoted as 𝜎w min , beyond which cleavage fracture may occur. In order to 

achieve a threshold toughness value 𝐾𝐼 𝑚𝑖𝑛 that facilitates cleavage fracture, it 

is imperative that the process zone size exceed a critical size 𝑋𝑐. 

In the original Beremin model, threshold Weibull stress is only implicated; the 

threshold stress concept emphasises the importance of a critical value of 

Weibull stress and the critical size of a plastic zone 𝑋𝑐. It suggested that the 

cleavage cannot take place if the threshold stress is not met. 

 

 𝐾𝐼 𝑚𝑖𝑛 ≈ 𝜎𝑌𝑆  √3𝜋𝑋𝑐 Equation (3-38) 

 

3.2.7.2. Multiple-Barrier Model:  

The original Beremin model is oversimplified as cleavage was considered either 

nucleation or growth controlled during that stage. After many years of 

modification, the Beremin model's cleavage process was recognised to have two 
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or three major steps. Microcrack initiation and propagation are two main steps, 

with the possible deviation of particle-matrix propagation or matrix-matrix 

propagation as three major consideration steps. Under the base of the weakest-

link concept, the cleavage fracture probability of the specimen is a combined 

conditional two to three events probabilities taking place at the same location 

successively. [79], [80] 

 

 𝑃𝑅 = 𝑃𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 + 𝑃𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛  Equation (3-39) 

 

Where 𝑃nucleation  and 𝑃propagation  are the probability of microcrack nucleation 

and propagation, respectively. 

In order to calculate respective probability, critical values of both particle and 

grain size were considered as 𝐶∗  and 𝐷∗  [80], where M-A constituents are 

considered brittle particles in bainitic steel. 

 

 𝐶∗ = (
𝛿∙𝐾𝐼

𝑐/𝑓

𝜎1
)2 𝑎𝑛𝑑 𝐷∗ = (

𝛿∙𝐾𝐼
𝑓/𝑓

𝜎1
)2 Equation (3-40) 

 

Where 𝐾𝐼
𝑐/𝑓

is local toughness of fracture of M-A constituents at the interface 

with the matrix. 

Furthermore, 𝐾𝐼
𝑓/𝑓

 is the local toughness of fracture of neighbouring grains. 

In the multiple-barrier model, the weakest link theory provides a solid 

foundation, and it is imperative to ascertain the distribution of the particle size 

and the grain (packet) size. 
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3.2.7.3. Strain Effect:  

This concept assumes only newly nucleated microcracks can be effective 

cleavage initiation points. The theoretical construction of the strain effect posits 

that the number of nucleated microcracks will grow concomitantly with 

augmenting plastic strain and diminishing temperature. 

This concept adopted some ideas from previous researchers [81] and then 

introduced a strain correction into the original Beremin model as: 

 

 𝑃𝑅 = 1 − exp [−
∫ 𝜎1

𝑚 exp (−𝑚𝜖1/𝛼)∙𝑑𝑉
𝑃𝑍

𝜎𝑢
𝑚𝑉𝑢

 ] Equation (3-41) 

 

Where the plastic strain, denoted as ϵ1, occurs in the direction of the highest 

principal stress within a given element of volume, represented as 𝑑𝑉. 

𝛼 is a constant and is postulated to be in close proximity to the value of 2. 

 

3.2.7.4. Master Curve Concept:  

One advance of the weakest-link and Beremin model is the Master Curve 

concept introduced by Wallin [82], [83].  

He proposed that the fracture toughness scatter can be expressed by Equation 

(3-42) 

 

 𝑃𝑅 = 1 − exp {−
𝐵

𝐵0
[
𝐾𝐼𝑐 − 𝐾𝐼 𝑚𝑖𝑛

𝐾0 − 𝐾𝐼 𝑚𝑖𝑛
]𝑏} 

Equation 

(3-42) 

 

Where 𝐵0 is an arbitrary (normalised) thickness.  
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𝐾𝐼𝑚𝑖𝑛  represents a critical threshold value, below which the occurrence of 

fracture is deemed unfeasible. (𝐾𝐼𝑚𝑖𝑛 ≅ 20 𝑀𝑃𝑎 𝑚1/2) 

𝐾0 represents the critical value of toughness that corresponds to a probability 

of failure of 63.2%, and 𝐾0 − 𝐾𝐼 𝑚𝑖𝑛  is the scale parameter. 

𝑏 is the Weibull slope and is approximately 4. 

The Master Curve framework posits that the configuration of the median 𝐾𝐽𝐶  

toughness, 𝐾𝐽𝐶(medium) for 1T specimens, is postulated to be explicated by a 

universal rule: 

 

 𝐾𝐽𝑐(𝑚𝑒𝑑) = 30 + 70 exp [0.019(𝑇 − 𝑇0)] Equation (3-43) 

 

The parameter denoted by 𝑇0 represents the temperature at which the average 

fracture toughness of a specimen with a thickness of 25 mm attains a magnitude 

of 100 𝑀𝑃𝑎 𝑚1/2. 

The fulfilment of rigorous plane-strain small-scale yielding (SSY) prerequisites 

is an essential requirement throughout the entirety of the crack front at fracture. 

3.3 Cleavage Fracture in Bainitic Steels 

The debate on cleavage fracture mechanisms in lath-type microstructures such 

as bainitic and martensitic steels has been going on for a long time. Unlike other 

types of microstructures, the high matrix strength is impossible to ignore, and 

the focus of these debates can generally be divided into brittle particle control 

and matrix control. 

Brittle particles such as carbides or inclusions have been found as the cause of 

the cleavage fracture process, and there are theories of cleavage that were based 

on the existence of these cracked 'brittle phases' as Griffith microcracks. There 

59 



 

 

is much evidence that suggests that the critical factor to be considered is these 

brittle particles. Such as Curry and Knott have proposed that the cracked 

spheroidal carbides can act as Griffith-type microcracks; being penny-shaped, 

the propagation of such microcracks causes cleavage. [62] 

Among those, it is well known that Bowen and Knott. [84] suggested that the 

largest observed carbides determined cleavage fracture stress in an A533B PV 

steel with a martensitic microstructure. Later, Bowen et al. [85] showed 

evidence that in an A533B bainitic and martensitic steel, the cleavage fracture 

is controlled by carbide size distribution through precise microscopic 

observations. 

Wallin et al. [86] also postulated that the cleavage fracture in bainitic steels is 

controlled by carbide and not by bainite packet. Chen et al. [87] studied the 

effect of M-A constituents in the ferritic matrix. They suggested that M-A 

constituents, being a 'local brittle phase', raise the stress concentrations and 

triaxiality locally, which is the critical factor. 

With the existing research on brittle particles, the importance of bainite, 

martensite packets have also been discovered. Kamada et al. [88] investigated 

the cleavage fracture stress in a bainitic microstructure, which is a complex 

phenomenon influenced by multiple factors. Specifically, the cleavage fracture 

stress is determined by the internal resistance of the crystal, a Griffith Stress, 

and a strain hardening and probability term. The interplay between these 

factors is critical in understanding the underlying mechanisms governing the 

fracture behaviour of bainitic microstructures.  

It was postulated that the magnitude of Griffith stress was influenced by the 

size of the bainitic packet. The cleavage mechanism of a low-carbon 2Mn-3Cr 

bainitic steel has been investigated by Brozzo et al. [89] The investigation has 

yielded a significant finding that the local cleavage fracture stress exhibits a 
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direct proportionality with the reciprocal square root of the bainitic packet size. 

The study employs the Griffith equation to evaluate the local cleavage fracture 

stress. The measured values of cleavage fracture stress and packet size are 

utilised to obtain an effective surface energy value of the bainite packet, which 

is estimated to be approximately 120 𝐽/𝑚2. 
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Chapter Four – Material Characterization and 

Mechanical Experimental Methods  

4.1 Materials 

The material used in this study was a SA738Gr.B steel provided by China Baowu 

Steel Group Corp. Ltd. It was produced by rolling a continuous casting slab in 

the form of a 55 mm thick plate. The specimen sampling scheme for Charpy 

Impact Toughness (CVN), Fracture Stress, Fracture Toughness and Tensile 

samples is illustrated in Figure 4-1 to Figure 4-4. 

The material studied was focused on two heat-treated conditions, HT1 and HT2. 

Chemical Compositions of material used in this study with a comparison of 

ASME standard is presented in Table 4-1. A salient distinction between the steel 

manufactured for this study and that specified by the ASME standard resides 

in the carbon content; specifically, the carbon concentration in the 

manufactured steel has been reduced by approximately 50% relative to the 

ASME standard. 

4.1.1 Heat Treatment History 

The two heat treatment conditions are designated Heat Treatment 1 (HT1) and 

Heat Treatment 2 (HT2). HT1 condition material was austenised at 900 °C for 

2 hours, then water quenched, and then tempered at 630 °C for 3 hours. HT2 

condition material underwent the same treatment as HT1, followed by a 

tempering treatment of 620 °C for 15 hours. A schematic diagram is shown in 

Figure 4-5. 

Both heating and cooling rates were maintained below 56 °C/h above 425 °C. 

HT1: 900 °C/2h WQ+630 °C/3h 

HT2: 900 °C/2h WQ+630 °C/3h + 620 °C/15h  
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In the current investigation, Heat Treatment 2 (HT2) was employed as a 

simulated post-weld heat treatment (PWHT) with the primary objective of 

investigating the possibility of exempting the post-weld heat treatment process 

if the material’s mechanical behaviour remains largely unchanged after 

simulation. 

4.2 Metallographic Examination 

In order to apply metallographic examination, a transverse slice of the tested 

Charpy sample from the specimen ends were taken. They were mounted in 

bakelite, ground by SiC metallographic abrasive paper, from 400, 800, 1200, to 

2500 grit sizes. Polishing was done on the freshly ground surface to a final 0.25 

µm alumina paste. The polished surface was cleaned with ethanol before 

etching in 2% Nital solution. 

4.2.1 Optical Microscopy 

The optical microscope used was a VHX-7000 Digital Keyence Microscope. The 

optical microscope was used in microstructure analysis to examine the polished 

and etched steel metallography samples. 

4.2.2 Secondary Electron Microscopy  

A Philips XL30 Environmental SEM with A qualitative Energy Dispersive X-ray 

Spectroscopy (EDX) and a Hitachi S-4000 Field Emission Gun scanning 

electron microscope were used in microstructure analysis of polished and 

etched steel metallography samples and fractography examinations after 

mechanical tests. 

4.2.3 Grain Size Measurement 

The grain size measurement was carried out by the line intercept method, from 

polished metallography samples etched in 2% nital of HT1 and HT2. 10 images 

of each sample were taken from SEM randomly for grain size measurement.   

63 



 

 

4.2.4 Inclusion Size Distribution Measurement 

The inclusion distribution was obtained from polished metallographic samples 

cut from the tested Charpy specimens. Labelled HT1-23 and HT2-23, both were 

from the longitudinal section (L-S) which is parallel to the steel rolling direction. 

The specimen cut from the Charpy sample exhibit a surface area of 

10mm × 10mm, after mounting, grinding, and polishing using the same 

metallographic method stated before. The inclusion size distribution analysis 

was carried out under the backscattered mode of the Philips XL30-ESEM 

machine with a built-in INCA EDX system. The machine was set under 20 kV 

beam voltage, a spot size of 3.0, a working distance of 10 mm and a scale 

magnitude of 250 times. With the magnification, each image covers area of 

around 370 µm x 500 µm. 

The sampling method is illustrated in Figure 4-6. 50 equally spaced areas were 

examined, a backscattered image was taken from each. The inclusion can be 

found due to the brightness difference, (inclusions exhibit dark colour 

compared with matrix). From the horizontal direction, each inspected image 

area has 2000 µm spacing; while from the vertical direction, each inspected 

image area has 900 µm spacing. The precise spacing was controlled by Philips 

XL30-ESEM built-in software for stage position control. The inclusion was also 

checked with EDX analysis to confirm the appearance. One cut and polished 

specimen from each heat treatment condition was used to estimate the steel 

inclusion distribution for each condition. 

After backscattered images were taken (50 from each condition) the result was 

analysed by ImageJ software. The particle-analysis system in the software 

identifies inclusions within a steel matrix through the utilisation of a 

backscattered electron (BSE) detector generated image. The identification 

process is facilitated by utilising the contrast differences between the inclusions 
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and the steel matrix, which are discernible through grayscale thresholding. 

Equivalent circular diameter (ECD) was used to define the effective inclusion 

size. The threshold was controlled to identify only ECD larger than 0.4 μm 

inclusions, below this threshold, the result is unreliable as the chances of 

counting non-inclusion black dots (the noise) in the image increases markedly. 

4.2.5 Inclusion Elemental Analysis 

The present study employed a qualitative approach with Energy Dispersive X-

ray Spectroscopy (EDX), whereby point analysis was conducted to perform the 

EDX analysis. The points were selected on the inclusion itself and the 

surrounding matrix. By comparing element differences between inclusions and 

the matrix, inclusion chemistries could be established. Quantitative analysis is 

not possible from fracture surfaces but qualitative analysis is still powerful. 

 

4.3 Charpy Impact Testing 

4.3.1 Charpy Impact Specimen 

The Charpy impact specimen geometry was 10×10×55 mm3 with a 2 mm deep 

V-notch in the centre, as shown in Figure 4-7.  

4.3.2 Test Setup 

Charpy impact tests were carried out on a calibrated Instron-Wolpert PW30 

impact testing machine of a 300 J capacity. The tests were carried out following 

the standard of BS 131 and ASTM E23-16b. The test temperatures were -196°C, 

-120°C, -100°C, -90°C, -80°C, -70°C, -60°C and -40 °C. A set of type T 

thermocouples with an accuracy of ±1°C was placed in the Charpy specimen to 

monitor the specimen temperature (on the specimen surface, small holes were 

drilled at various locations around the notch area with a depth of 5mm and a 
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diameter of 1.6 mm for thermocouple wire to be inserted). The drilling locations 

are shown in Figure 4-8. 

For the test temperature of -196°C, the Charpy specimen was immersed in 

liquid nitrogen; monitored by a thermocouple positioned at the sample surface. 

Upon the sample surface temperature reaching the designated test temperature 

of -196°C, the specimen was allowed to thermally stabilize for an additional 10 

minutes to ensure uniform temperature distribution throughout the material's 

entirety. This duration was predicated on the assumption that a cooling period 

of 1 minute per millimetre of specimen thickness is required for achieving 

temperature equilibration. The impact test was executed within a span of four 

seconds subsequent to the removal of the specimen from the liquid nitrogen 

bath. 

For a test temperature of -120°C, a prepared temperature-time calibration 

curve was used. To get the temperature-time curve, the specimen was kept in 

liquid nitrogen (-196°C) and the sample with a thermocouple was submerged 

in liquid nitrogen for 10 minutes, then put it above the cooled support rolls of 

the impact machine. a 'T' type thermocouple was connected with the specimen 

to measure the specimen temperature every 10 seconds. The temperature and 

temperature data were logged by the readout apparatus, facilitating the 

construction of the temperature versus time curves. The procedure was 

repeated several times in order to get an average temperature-time calibration 

curve. (As shown in Figure 4-9.) 

For the actual test at -120°C, the specimen was first kept in liquid nitrogen, 

taken out, and placed in the impact test machine; an effort was made to do the 

impact test on the 28th second (derived from the temperature-time calibration 

curve). 
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For the temperatures of -100°C, -90°C, -80°C, -70°C, -60°C and -40 °C, 

mixtures of ethanol and liquid nitrogen were used as the cooling agent. The 

temperatures of the mixture were controlled to ±1°C. After the specimen 

achieved the desired temperature, it was soaked for 10 minutes and then 

proceed with the impact test within 4 seconds. 

This study used a total of 105 CVN samples (52 for HT1 condition and 53 for 

HT2 condition). 

4.3.3 Test Procedures 

Based on the industrial test results previously obtained by Baowu Steel, the 

Ductile-to-Brittle Transition Temperature (DBTT) is anticipated to reside 

within the range of -80°C to -100°C. The quantity of test specimens designated 

for each temperature was judiciously selected in accordance with their 

proximity to the DBTT. The number of tests were increased when industrial test 

results suggested temperatures close to the ductile to brittle transition 

temperature.  

Fifty-two test-pieces from HT1 condition and fifty-three test-pieces from HT2 

condition were tested. Three tests for each condition were carried out at -196°C 

and three for each condition at -40°C to establish lower and upper shelf values. 

Six tests for each condition were carried out at temperatures of -60°C, -70°C 

and -120°C.  

For HT1 condition, nine tests were carried out at -80°C, eight tests were carried 

out at -90°C and eleven tests were performed at -100°C. For HT2 condition, 

eight tests were carried out at -80°C, nine tests were carried out at -90°C and 

twelve tests were performed at -100°C.  

4.3.4 Procedures for Data Analysis 

Determination of the Ductile to Brittle Transition Temperature: 
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For typical ferritic steels, there are three regions for Charpy Impact Energy: the 

lower shelf region where the material exhibits fully brittle behaviour and the 

upper shelf region where the material behaves in a fully ductile manner. 

Horizontal lines at certain temperatures can represent these two regions. In 

between is the transition region where the material behaves partly brittle and 

partly ductile. A sigmoidal curve can represent this region as the transition 

behaviour occurs over a range of temperatures. 

There are different methods for describing the ductile to brittle transition 

behaviour in steel. One is the nil ductility temperature (NDT) where the fracture 

surface becomes fully cleavage. Another is the fracture appearance transition 

temperature (FATT) where the temperature corresponding to half fibrous half 

cleavage on the fracture surface. The commonly used method also includes 

defining the temperature corresponding to an average impact energy value of 

27 J. The same principal also is applied in the nuclear industry, where a 

temperature corresponding to 40 J is accepted. This study uses the Tanh fit 

curve to obtain the transition temperature. 

Tanh Fitting of Charpy Impact Energy Data: 

Statistical analysis is applied to the Charpy Impact energy results. In summary, 

general statistical modelling includes model formulation, estimation of model 

parameters and validation of the model, and it can be written as below for the 

Charpy Impact result: 

 

 𝐶𝑉𝑁(𝑇) = 𝐶𝑉𝑁̅̅ ̅̅ ̅̅ (𝑇) + 𝜖 (𝑇) Equation (4-1) 

 

There are two essential parameters for describing the statistical relationship: 
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𝐶𝑉𝑁̅̅ ̅̅ ̅̅ (𝑇) shows the tendency of impact energy to vary with temperature in a 

systematic relation.  

𝜖 (𝑇) shows the data scattering for the statistical model. (The component of 

variation) 

Among many statistical models, the most widely accepted method, tanh fitting, 

is used in this study. 

 

 𝐶𝑉𝑁(𝑇) = 𝐴 + 𝐵 tanh (
𝑇−𝑇0

𝐶
) Equation (4-2) 

 

The tanh function takes the values from a (-1,1) interval; constants A and B are 

the scaling parameters. The energy value of A is the energy value that 

corresponds to the transition temperature. 

𝑇0 is the location parameter that 'pins' the curve at a reference temperature. 

(DBTT) 

𝐶 is the gradient parameter. 

The transition temperature (also in here 𝑇0) is obtained from the tanh fitting 

curve. 

The utilization of the hyperbolic tangent (tanh) method offers significant 

convenience in computational and analytical applications. However, there are 

limitations: Firstly, the symmetrical shape of this tanh curve limited the 

flexibility for describing the actual curve shape, as the natural impact energy 

curve is not necessarily symmetrical. Secondly, a slight change in starting 

values of the parameters will change the final curve. Thus, after the fitting curve 

is generated, care is needed to re-evaluate the physical meaning of the curve. 
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4.4 Tensile Testing 

Tensile tests were carried out at -196 °C, -170 °C, -160 °C, -140°C, -120°C, -

100°C, -80°C, and -60°C using procedures as defined in ASTM E8/E8M-16a. 

The tensile tests carried out at −196 °C were tested on a Zwick Roell ZMART 

PRO screw-driven machine with the load capacity of 200kN. A heat-isolated 

tank filled with nitrogen (−196 °C) was attached to the machine. The specimens 

were immersed in a liquid nitrogen bath for at least 10 minutes before starting 

the tests. The obtained load and displacement data were converted into 

engineering stress-strain curves. No extensometer was attached for tests at 

−196 °C due to the limited space inside the nitrogen tank.  

Tensile tests at other temperatures were carried out using a Denison Mayes 

Group (DMG) screw-driven machine with a calibrated load cell of 100 kN 

capacity. The temperature was controlled by an Instron environmental 

chamber with an accuracy of ±1°C which was connected to a pressurized liquid 

nitrogen vessel. The chamber temperature is controlled by the influx of the 

vaporised liquid nitrogen into the chamber. A built-in air fan was switched on 

to make sure vaporised nitrogen was distributed evenly. A separate 

thermocouple was attached to the specimen surface inside the chamber for 

accurate measurements of the test-piece temperature. The extension of the 

samples was monitored using an external extensometer with low-temperature 

capability, and the load was recorded from the calibrated load cell of 100 kN 

capacity. All tensile tests were carried out in displacement control mode and the 

crosshead displacement rate was controlled at 0.5 mm per minute. The tests 

were carried out under the standard procedure from ASTM E8/E8M-16a. 
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4.4.1 Tensile Specimen 

The test specimens were prepared as standard tensile specimens of 10 mm 

diameter and a gauge length of 50 mm. The geometrical illustration is shown in 

Figure 4-10.  

4.4.2 Analysis Procedures 

The conversion of load-displacement curves into engineering stress-strain 

curves was performed, and subsequently, individual test results were plotted. 

Yield stress 𝜎𝑦 were obtained from the engineering stress-strain curve at lower 

yield point stress value. Engineering stress and strain were obtained through 

expressions of the following: 

 

 𝑠 = 𝑃 𝐴0⁄  Equation (4-3) 

 

 

And 

 𝑒 = (𝐿 − 𝐿0) 𝐿0⁄  Equation (4-4) 

 

Where, 𝑠 is the engineering stress. (Also known as nominal stress) 

𝑃 is the applied load. 

𝐴0 is the original area. 

𝑒 is the engineering strain. (Also known as nominal strain) 

𝐿 is the gauge length, and 𝐿0 is the original gauge length. True stress and true 

strain were obtained through expressions of the following: 
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       𝜎𝑡 = 𝑠(1 + 𝑒)     Equation (4-5) 

 

       𝜀𝑡 = ln(1 + 𝑒)     Equation (4-6) 

Work hardening exponent ( 𝑛 ) were obtained through expressions of the 

following: 

 𝜎𝑡 = K ∙ ε𝑡
𝑛 Equation (4-7) 

  

Where 𝜎𝑡 is the true stress. 

K is the strength coefficient. 

ε𝑡 is the true strain. 

𝑛 is work hardening exponent. 

In order to get the work hardening exponent, the natural log will be applied, the 

work hardening region of the true stress-strain curve will be replotted as Ln σ 

verse Ln ε , where the slope of the curve will be calculated as 𝑛 , and the 

intercept value will be calculated to get 𝐾. 

 

 Ln σ=Ln K + nLn ε Equation (4-8) 

 

 

 

4.5 Fracture Toughness Testing 
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The present study involved the conduction of fracture toughness testing, 

wherein the procedures outlined in the BS 7448 and ASTM E1820-15a testing 

standards were followed. The testing was carried out utilising a digitally 

controlled Denison-Mayes servo electric testing machine equipped with a 100 

kN load cell. The test procedure used in this study was carried out by applying 

a monotonically increased load to the specimen at a controlled rate, 

continuously monitor load, notch mouth opening displacement and stable 

crack propagation. The point at which crack propagation becomes unstable is 

critical for determining fracture toughness. Record the load-displacement data 

and note the load at the onset of unstable crack growth. The test temperatures 

of -120°C, -100°C and -80°C were selected based primarily on the lower shelf 

to transition temperatures obtained from Charpy impact tests result. The 

temperature for this investigation was chosen to preserve the cleavage fracture 

to the steel under study. 

 

4.5.1 Sharp-cracked Specimen 

The present study employed compact tension specimens with a thickness of 25 

mm as the designated specimen type. The specimens underwent machining 

with internal knife edges to enable the facile application of the clip gauge device, 

which was utilized to document the notch mouth opening displacement and 

load line displacement during loading. The configuration of the specimen is 

visually depicted in Figure 4-11. 

4.5.2 Plane Strain Stress Intensity Factor 𝐊𝐈𝐂 

In compliance with the guidelines stipulated in BS 7448 and ASTM E1820 

standards, the evaluation of plane strain stress intensity factor, denoted as KIC, 

mandates the determination of a specific parameter, KQ. This parameter serves 

as a requisite measure for ascertaining the material's resistance to crack 
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propagation under conditions of plane strain. If the test meets the requirements 

of the plane strain condition, then the provisional value of KQ will be accepted 

as KIC.  

The present investigation employed the Compact Tension Specimen as the 

primary experimental apparatus, wherein the dimensions of the specimen's 

width denoted by W and thickness denoted by B were interrelated in such a 

manner that B is equal to one-half of W. 

The pre-cracking process was conducted in accordance with standard 

procedures. It is required that the length of the fatigue crack must be no less 

than 0.025 times the width of the specimen. Additionally, the ratio of the crack 

length to the width of the specimen, denoted as a/W, must fall within the 

interval of 0.45 to 0.55 as determined by post-fracture measurements.  

Under the plane strain regime, it is imperative that the magnitude of the plastic 

zone at the point of fracture is significantly small in comparison to the 

dimensions of the specimen. From this requirement, it follows: 

 a, W − a, B ≥ 2.5 (
KIC

σy
)

2

 Equation (4-9) 

Where,  

𝐵 = Specimen thickness 

𝑊, 𝑎 = Specimen width and crack length 

The provisional plane strain fracture toughness  KQ  for Compact Tension 

geometry is given as: 

 

 KQ = (𝑃𝑞/𝐵𝑊
1

2) ∙ 𝑓(𝑎/𝑊) Equation (4-10) 
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Where,  

 

 𝑓 (
𝑎

𝑊
) =

(2+
𝑎

𝑊
)(0.886+

4.64𝑎

𝑊
−

13.32𝑎2

𝑊2 +
14.72𝑎3

𝑊3 −
5𝑎4

6𝑊4)

(1−𝑎/𝑊)3/2  Equation(4-11)

  

 

𝑃𝑞 = Maximum load from the load diagram 

4.5.3 Fatigue Pre-Cracking  

The present study involved the fatigue pre-cracking of specimens at ambient 

temperature utilizing an Amsler Vibrophore machine. Throughout the fatigue 

cycle, a R ratio of 0.1 between the minimum and maximum loads was applied.  

At the final stage of fatigue crack propagation, the maximum stress intensity 

factor was maintained below 25 𝑀𝑃𝑎𝑚
1

2. 

When a specimen has been broken, the resultant crack length was precisely 

determined via examination of the fracture surface. This involved measuring 

not only the original crack length but also any observable stable crack extension 

that may have preceded the onset of brittle fracture. Crack length assessment 

was performed at nine equidistant points at the tip of the fatigue pre-crack. The 

adopted methodology entails calculating the mean of two measurements taken 

at the peripheral points and subsequently averaging this resultant value with 

the measurements ascertained from the seven interior points. 

 

4.5.4 Procedures to Determine 𝐊𝐈𝐂 

The present study conducted fracture toughness testing utilizing the procedures 

as prescribed in the ASTM Standard E1820-17. After fatigue pre-cracking of the 
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specimens, a monotonically increasing load was applied to the specimen at a 

controlled rate to conduct the test. And the experimental investigations were 

conducted utilizing the plot generated from the load versus the notch mouth 

opening displacements. The notch mouth opening displacements were 

measured through the utilization of a clip gauge, which was strategically 

positioned upon the knife edges that accurately embedded in the specimens. 

The fracture load PQ is discerned from the plot and subsequently employed in 

the computation of KQ.  

The verification of KQ as a linear-elastic plane-strain fracture toughness KIC 

was conducted in accordance with ASTM Standard E399. This involves 

ensuring that the ratio of the maximum load PMax  to PQ does not exceed 1.10. 

Additionally, the value of 2.5(KQ/𝑌𝑆)2 (as delineated in Equation (4-9)) must 

be less than the ligament size (𝑊 − 𝑎), where 𝑌𝑆 denotes the 0.2% offset yield 

strength of the specimen at the testing temperature. The KQ value is 

considered a valid representation of KIC only if it meets both of these criteria. 

Should KQ fail to satisfy the specified requirements, the elastic-plastic stress 

intensity factor KJC will be employed to characterize the condition at the crack 

tip. In this study, KJC was derived from the 𝐽-integral as follows: 

4.5.5 Procedures to Determine J-Integral 

When linear elastic fracture mechanics cannot be satisfied, the J-integral can 

be used to evaluate the crack-tip stress-strain condition. 

 

 𝐽 = 𝐽𝑒𝑙 + 𝐽𝑝𝑙  Equation (4-12) 

 

Where: 

𝐽𝑒𝑙 = elastic component of 𝐽, and 
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𝐽𝑝𝑙 = plastic component of 𝐽. 

Following the ASTM E1820 standard method for the compact specimen: 

 

 𝐽 =
𝐾2(1−𝑣2)

𝐸
+ 𝐽𝑝𝑙  Equation (4-13) 

 

Where 𝐾 is from Equation (4-10), with 𝑎 = 𝑎0, which is the initial measured 

crack size, and  

 

 𝐽𝑝𝑙 =
𝜂𝑝𝑙𝐴𝑝𝑙

𝐵𝑁𝑏0
 Equation (4-14) 

 

Where: 

𝐴𝑝𝑙 = area under load-displacement curve corresponding to point studied. 

𝐵𝑁 = net specimen thickness (𝐵𝑁 = 𝐵 if no side grooves are present), 

𝑏0 = uncracked ligament, (𝑊 − 𝑎0), and  

𝜂𝑝𝑙 = 2 + 0.522𝑏0/𝑊 

 

4.5.6 CTOD Measurement 

Owing to the forthcoming computations associated with the microscopic 

cleavage fracture parameters that require the integration of the McMeeking 

FEM model, the measurement of CTOD becomes necessary. Furthermore, 

CTOD can also be employed as a benchmark for comparison with other steels. 

The CTOD values obtained in this study are derived from 𝐽 − 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙  as 

follows:   
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 𝐶𝑇𝑂𝐷 = 𝐽 𝑚𝜎𝑌⁄  Equation (4-15) 

 

And 

 𝜎𝑌 = (𝜎𝑌𝑆 + 𝜎𝑇𝑆)/2 Equation (4-16) 

 

Where: 

𝑚 = plastic constraint factor 

𝜎𝑦 = effective yield strength. 

𝜎𝑌𝑆 = yield strength. 

𝜎𝑇𝑆 = ultimate tensile strength. 

The plastic constraint factor, 𝑚, is an empirical parameter that varies with yield 

strength and ultimate tensile strength [90]: 

 

 𝑚 =  3.62 − 4.21 (
𝜎𝑌𝑆

𝜎𝑇𝑆
) + 4.33 (

𝜎𝑌𝑆

𝜎𝑇𝑆
)

2

− 2 (
𝜎𝑌𝑆

𝜎𝑇𝑆
)

3

Equation (4-17) 

 

4.5.7 Elastic-Plastic Stress Intensity Factor 𝐊𝐉𝐂 

In the present study, the elastic-plastic stress intensity factor KJC will be 

employed for investigative purposes. The rationale for utilizing KJC stems from 

previous industrial tested data provided by Baowu Steel, indicating that the 

toughness of this particular steel at low temperatures surpasses that of many 

other common steel types. Consequently, traditional KIC methods may be 

inadequate for capturing the material behaviour in such conditions. Thus, KJC 
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has also been introduced to facilitate the characterisation of the stress intensity 

at the crack-tip even beyond the range that KQ or KIC can adequately describe. 

 

 𝐾𝐽𝐶=(𝐸′ ∙ 𝐽𝐶 )1/2 Equation (4-18) 

 

Where 𝐸′ = 𝐸/(1 − 𝑣2) for plane strain condition and 𝐸′ = 𝐸 for plane stress 

condition, 𝐸 is Young’s modulus of the material, 𝐽𝐶  is the critical J-integral 

value at the onset of unstable crack tearing. 

 

4.5.8. McMeeking Analysis of Local Tensile Stresses 

In order to obtain a stress analysis for the sharp-cracked specimens under 

tensile loading, the stress distribution analysis at a (blunted) crack tip proposed 

by McMeeking [91] was used in this study. The crack-tip shape and near-tip 

deformation field are taken into consideration. In McMeeking’s finite element 

analysis, the stress distribution ahead of the blunt crack-tip can then be 

compared with the actual fracture initiation site (distance, 𝑋0) measured on the 

fracture surface and the crack-tip opening displacement (CTOD), b. 

In this study, the material studied is considered to be a power-law hardening 

material (work hardening exponent N=0.1 and 0.2) and 
𝜎0

𝐸
= 1/300  in the 

McMeeking model. Figure 4-12 and Figure 4-13., are the plots of this stress and 

strain distribution around the blunted crack-tip. In these figures: 𝜎𝛳𝛳 is the 

true stress; 𝜎𝑦  is the yield (proof) stress; R is defined for the position of 

material in the undeformed configuration; in this case, when 𝛳 = 0, R is the 

mode I distance ahead of a blunted crack-tip, which at fracture is defined as X0; 

and, b is the crack tip opening displacement CTOD. 
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Using the measured initiation sites with measured fracture toughness values, 

values of R/b for each specimen were obtained. These R/b values were used to 

obtain the 𝜎𝛳𝛳/𝜎𝑦 values read from McMeeking FEM curve. With a knowledge 

of the yield stress at each temperature, local failure values 𝜎𝛳𝛳  can be 

calculated. 

 

4.6 Microscopic Cleavage Fracture Stress Testing 

4.6.1 Blunt-notched Specimen 

Shown in Figure 4-14, the specimen exhibits 12.7×12.7×80 mm3 dimensions 

with a notch depth of 4.23 mm in the centre and two 1 mm depth notches at 

31.75 mm away from the centre of each side. The radius ρ of the notch is 0.25 

mm. The angle of the notch, denoted by φ is 45°.  

As shown in Figure 4-15, The experimental procedure involved the application 

of a four-point bending load to the specimen, thereby facilitating a meticulous 

investigation on the manner in which the stress is distributed below the notch, 

as originally predicted by the Finite Element Method. [64] 

4.6.2 Four Point Bend Test Set-up 

The present investigation concerns the evaluation of the nominal stress σ𝑛𝑜𝑚 

of the fracture surface of specimens, based on the obtained maximum load P 

from the test: 

 

 σ𝑛𝑜𝑚 =
3𝑃(𝑙1−𝑙2)

2𝑏ℎ2  Equation (4-19) 
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whereby the distance between two outer rollers is denoted as 𝑙1, the distance 

between two inner rollers is denoted as 𝑙2, and the width and height of the 

fracture surface are denoted as 𝑏 and ℎ, respectively. 

4.6.3 Temperature Control 

The fracture stress tests were carried out at temperatures of -196 °C, -170 °C 

and -160 °C. 

The four-point bending tests carried out at −196 °C were tested on a Zwick Roell 

machine. A heat-isolated container filled with liquid nitrogen was attached to 

the machine, for the specimen to be entirely immersed in the liquid nitrogen 

bath. 

A DMG testing machine was used for testing at -170 °C and -160 °C, and the 

temperature was controlled by an Instron environmental chamber connected 

to a liquid nitrogen vessel. The temperature was controlled by an Instron low-

temperature chamber which connected to a liquid nitrogen vessel. The chamber 

temperature was controlled by the influx of the vaporised liquid nitrogen into 

the chamber. A built-in air fan was switched on to make sure vaporised nitrogen 

was distributed evenly. A separate thermocouple was attached to the specimen 

surface inside of the chamber for accurate measurements of the test-piece 

temperature. 

The experimental apparatus utilized for the present study involved the 

utilization of two different testing machines for specific testing temperatures, 

the machines were both operated in stroke control mode and the displacement 

rate were set at a constant value of 0.5 mm per minute. 

4.6.4 Griffith-Owen FEM Analysis of Stress Distribution 

The present study uses the Griffith-Owen finite element model’s result [64], 

using the stress distribution below the notch root of the blunt-notched 
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specimens, for fracture loads that range from the general yield load to slightly 

beyond to conduct an estimation of the local fracture stress σ𝐹 at the point of 

fracture. The results of this analysis are depicted in Figure 4-16, where the lines 

represent the stress distributions under various loading conditions. With the 

specific testing load conditions, corresponding curves were plotted by the same 

method of Figure 4-16 shown.  

With the corresponding curve, the highest point in each curve can be measured 

with a stress intensification 𝑅𝑚𝑎𝑥 value, using the equation below, maximum 

principal stress 𝜎𝑦𝑦
𝑚𝑎𝑥 can be obtained: 

 

 𝜎𝑦𝑦
𝑚𝑎𝑥 = 𝑅𝑚𝑎𝑥 ∙  𝜎𝑦 Equation (4-20) 

Where  𝜎𝑦 is the yield stress of the studied steel, and it will be obtained from 

tensile test results. 

The initiation of the cleavage crack is not necessarily confined to the point of 

maximum intensification. Using the corresponding curve plotted and accurate 

fracture distance 𝑋0 (The distance between the point of initiation of cleavage 

and the root of the notch was measured and recorded as 𝑋o), the microscopic 

parameter σ𝐹  can be determined using the local 𝑅 -value at the precise 

location 𝑅(𝑋0). By Equation (4-21), the local cleavage fracture stress at initiation 

site σ𝐹 can be obtained where σ𝐹 = 𝜎(𝑋0). 

 

 σ𝐹 = 𝜎(𝑋0) = 𝑅(𝑋0) ∙  𝜎𝑦 Equation (4-21) 

 

Where  𝜎𝑦 is the yield stress of the studied steel. 
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4.7 Fractography and EDX Analysis for All Mechanical 

Test Specimens 

After each test was finished, broken specimens were cleaned with acetone and 

stored safely with desiccants. If there are unbroken specimens such as in 

fracture toughness tests, following the completion of data recording and the 

cessation of tests, the specimens were subjected to fatigue cracking. Subsequent 

to this process, both the original crack length and the final crack extension of 

the broken specimen halves were measured using a Keyence VHX7000 Digital 

Microscope. 

Detailed fracture surface examinations such as fracture distance measurement 

and initiation identification were done using a Hitachi S 4000 Field Emission 

Gun scanning electron microscope operating at an accelerating voltage of 20 kV, 

a Philips XL30 Field Emission Gun Environmental Scanning Electron 

microscope, equipped with qualitative Energy Dispersive X-ray Spectroscopy 

(EDX) system, and a Jeol 6060 Electron microscope, equipped with an Oxford 

Inca EDX system, were used at an accelerating voltage of 20 kV. The qualitative 

EDX technique has been used to analyse the observed inclusion at dominant 

cleavage fracture initiation sites as well as some inclusions found on fracture 

surfaces of local cleavage initiation sites. 

The general and specific characteristics of the initiation site feature on the 

fracture surface such as initiation reason, chemical composition and fracture 

facet size were identified. In blunt-notched specimens, the distances from the 

notch root edge to the initiation site of cleavage micro-crack were measured 

from the specimen fractured surfaces and marked as fracture distance 𝑋o. In 

sharp-cracked specimens, the distances from the end of ductile crack extension 

to the initiation site of cleavage micro-crack were measured and marked as 
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fracture distance 𝑋o . In sharp-cracked specimen fracture surfaces, the 

extensions of stable crack were measured. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

84 



 

 

Chapter Five – Material Microstructure and 

Charpy Impact Tests 

5.1 Material Microstructure 

5.1.1 Microstructure 

The microstructures of the material in HT1 and HT2 conditions are shown in 

Figure 5-1 to Figure 5-3. From both optical microscopy and electron microscopy, 

it appears that both HT1 and HT2 microstructures are of the granular bainitic 

type. After etching with a nitric acid-alcohol solution, the bainitic ferrite is more 

susceptible to etching, appearing indented and displaying a grey-black colour 

under scanning electron microscopy (SEM). Conversely, the austenite is less 

affected by etching, appearing more protruding and exhibiting a grey-white 

colour under SEM. 

With large volume of granular bainite morphology, the microstructure consists 

of irregularly shaped grains of ferrite, with the second phase (possibly retained 

austenite) distributed throughout in a globular manner. It lacks the distinct 

plate-like or needle-like structure of classic bainite. 

There is very limited difference in grain size between HT1 and HT2, however, 

some difference is seen from the precipitate distribution and the morphology of 

the precipitates. HT2 have possibly carbide precipitates at the bainitic ferrite 

grain boundaries, comparing with HT1, the precipitates exhibit more distinct 

shapes and a greater extent of precipitation, and are well-distributed. 

Then the final product appears as granular bainite with a number of carbides 

precipitating along the ferrite grain boundary and inside the grain in both HT1 

and HT2 conditions. Possible martensite-austenite constituents are in the 

microstructure as well (labelled in Figure 5-3). 
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5.1.2 Grain Size Measurement Result  

The overall grain sizes (mainly bainitic ferrite grain size) appear to be very 

similar for the two heat treatments. The result of the average grain diameter of 

the analysed HT1 and HT2 metallography specimens was measured as 14 µm 

and 15 µm respectively. 

Grain size was measured based on the bainitic ferrite grain boundaries, utilizing 

the line-intercept method on SEM images for an approximate estimation of the 

grain size.  

5.1.3 Inclusion Size Distribution  

The inclusion was distinguished using the Backscattered Electron (BSE) mode 

of the electron microscope, as depicted in Figure 5-4 (A) and (B). The dark, 

globular morphology identified in the image corresponds to the inclusion, 

which has been verified through multiple Energy Dispersive X-ray (EDX) 

analyses, examples of EDX analysis was in Figure 5-6 (a) and (b). 

From polished HT1-23 and HT2-23 samples, 50 equally spaced areas were 

examined, and a backscattered image was taken from each area. The results 

from two samples added up to 100 images and typical images are shown in 

Figure 5-4 (A) and (B) with the illustration of threshold setting examples using 

by ImageJ software. The inclusions can be found with the help of differences in 

contrast between matrix and inclusions via grayscale thresholding (inclusions 

exhibit dark compared with matrix). The threshold was controlled so that only 

an equivalent circular diameter larger than 0.4 µm can be measured. Inclusion 

chemical composition was also checked with EDX analysis to confirm the 

chemical composition.  
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The inclusion size distribution result from metallography analysis prepared 

from HT1 and HT2 samples cut from Charpy specimens with the longitudinal 

direction is shown in Figure 5-5 (a). The HT1 and HT2 combined distribution 

is shown in Figure 5-5 (b). 

5.1.4 Inclusion Chemical Analysis 

Chemical analysis of inclusions was conducted on the polished surface utilizing 

Energy-Dispersive X-ray Spectroscopy (EDX) to examine the elemental 

composition of the inclusions present. In Figure 5-6 (a) and (b), typical polished 

surface inclusion compositions are shown. Results give calcium, aluminium, 

titanium and sulphur to be present in the inclusions. The inclusions can be 

mainly divided into two groups, one is the calcium containing spherically 

shaped inclusions and the other one is titanium containing cubic shaped 

inclusions. 

 

 

 

 

 

 

5.2 Charpy Impact Test Results 

5.2.1 Charpy Impact Energy 

Charpy impact energy values for HT1 and HT2 conditions are summarized in 

Table 5-1 and Table 5-2. 

87 



 

 

The impact energy plots with the temperature of HT1 and HT2 conditions are 

shown in Figure 5-7 and Figure 5-8, respectively. The combined plot is 

presented in Figure 5-9. 

The comparison of the two conditions presented in Figure 5-9 reveals a minimal 

difference in the Charpy impact energy at temperatures above -80 °C and below 

-100 °C. The ductile to brittle transition region appears to be narrow, within the 

temperature range of -80°C and -100°C. 

At the temperature of -100°C, most specimens showed low impact energy in 

both HT1 and HT2 conditions. At the temperature of -70°C, all specimens 

showed high impact energy, indicating upper shelf behaviour. At the 

temperature of -80°C, an apparent separation behaviour can be seen in the 

distribution of impact energy values in both conditions; most specimens 

showed upper shelf behaviour; however, one out of nine specimens showed 

lower shelf behaviour. The separation is more pronounced at -90°C for the HT1 

condition; there were five out of nine specimens showed upper shelf behaviour, 

and four showed lower shelf behaviour. At -90°C for HT2 condition, the 

separation was less severe. 

In summary, the impact energy values shown in Table 5-1, Table 5-2, and Figure 

5-9 indicate a sharp ductile-to-brittle transition behaviour in both HT1 and HT2 

conditions around -80°C to -90°C. 

5.2.2 Ductile to Brittle Transition 

At the temperature above -60 C, the material behaviour is fully ductile with 

micro-void coalescence as the fracture micro-mechanism. When temperature 

was reduced to around -110 C, the material changes into brittle behaviour, 

cleavage was seen as the fracture micro-mechanism. In terms of Charpy impact 

energy, the impact toughness exhibits high values from 250 J to 300 J at the 

upper shelf region compared with 2 J to 36 J at the lower shelf. For the 
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specimens tested in the transition temperature region, both micro-void 

coalescence and cleavage occurred in the same specimen, and the impact 

toughness exhibits value somewhere between the upper and lower shelf values. 

Then the ductile to brittle transition region can be roughly determined from the 

temperature between -110 C to -60 C. 

5.2.3 Tanh Fitting of Charpy Impact Energy Data 

The tanh fitting curves corresponding to HT1 and HT2 condition impact test 

results are presented in Figure 5-10 and Figure 5-11 respectively. The combined 

tanh fitting curve was plotted in Figure 5-12. The transition temperature value 

was measured, and a minimal difference was shown in the two condition 

transition temperatures. (-91°C for HT1 compared with -87°C for HT2) 

5.2.4 Charpy Impact Test Fractography 

5.2.4.1 General Information of Fracture Surface Overview 

Fracture surfaces of all tested samples with information on Charpy impact 

energy (CVN) with cleavage area percentage (CA), lateral expansion (LE) and 

the ductile thumbnail (DT) were measured and listed in Table 5-1 and Table 5-

2. Overviews of tested Charpy impact specimens with information of cleavage 

area percentage (CA) and lateral expansion (LE) are presented in Figure 5-13 

and Figure 5-14.  

On the lower shelf, the Charpy specimens exhibits a 'shiny' appearance on the 

fracture surface. 'River patterns' are usually found on cleavage facets; by tracing 

back the river lines, cleavage initiation can sometimes be identified. 

From Figure 5-15, the measured cleavage area percentage is strongly related to 

the Charpy impact energy, where higher impact energy corresponds to a lower 

cleavage area measured from the fracture surface. 
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A strong relationship is also seen in the Charpy impact energy with lateral 

expansion from Figure 5-16. With higher impact energy, more lateral expansion 

is usually seen. 

From Figure 5-17, the correlation between ductile thumbnail and Charpy 

impact energy can be seen, and generally a larger ductile thumbnail extension 

value corresponds to a higher Charpy impact energy value. 

5.2.4.2 Detailed Information on Cleavage Initiation 

Fourteen specimens exhibiting cleavage morphology were selected for detailed 

examination of their fracture surface features. Among these, six specimens 

initiated from inclusions, five initiated from the matrix, and three initiated from 

matrix-related features. Detailed fractography images are given in Figure 5-18 

to Figure 5-31.  

Table 5-3 gives the summary of the fourteen selected Charpy impact specimen 

fracture initiation feature information. Fracture distance Xo , cleavage 

initiation reason with size, first facet size and ductile crack growth extension 

measurements are included in the table. 

From the fourteen measured initiation sites, fracture distance Xo  is in the 

range from 229 µm to 693 µm, the initiator diameter is in the range from 1.6 

µm to 2.7 µm, first facet diameter is in the range from 24 µm to 54 µm. The 

ductile crack growth extension is in the range of 23 µm to 3803 µm. 

5.2.4.3 Initiation Reason 

For the determination of initiation reasons in Charpy specimens, it is typically 

the case that only one half of the fractured specimen is observed. Without 

confirmation from the matching half, it is not possible to confirm initiation 

reasons, such as inclusions cracking or decohering. However, for six out of 
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fourteen of the selected Charpy specimens that failed under cleavage fracture, 

the presence of inclusions at initiating sites is clear. 

 

5.3 Charpy Impact Test Discussion 

5.3.1 Upper Shelf Charpy Test Behaviour 

From Figure 5-15, it is observed that the Charpy specimen failing at around 

250J exhibited a cleavage area percentage of 20%. For the specimen failing at 

300J, the cleavage area percentage was reduced to zero. Fractography reveals 

that the ductile fracture region of Charpy specimens exhibits the micro-void 

coalescence (MVC) mechanism. 

The generally accepted process for micro-void coalescence mechanism consists 

of three stages, which include nucleation of micro-void by second phase particle 

debonding or cracking from the matrix, strain-controlled micro-void growth 

under plastic flow (work hardening has a huge influence in this stage as it 

indicates the amount of energy needed for extension) and coalescence of micro-

voids by necking between adjacent micro-voids or different micro-void linking 

together. 

Charpy specimens exhibiting an impact energy of approximately 300J are 

predominantly fully ductile. Due to the limitations of the testing machine's 

capacity, which can only measure up to 300J, the Charpy specimens did not 

fracture completely during testing. Instead, they were separated after the 

impact testing while ensuring the preservation of the fracture surfaces. 

Regarding the upper shelf Charpy impact energy value, data obtained from 

Baosteel's in-house laboratory indicate a value of around 320J, suggesting that 

the transition curve should be slightly elevated and the transition temperature 

should be slightly increased. Utilizing the same hyperbolic tangent fitting 
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method (tanh fit), the derived temperatures for actual transition temperature 

are higher: the ductile to brittle Transition Temperature (DBTT) for HT1 is 

determined to be -70 °C, while for HT2, it is -64 °C. 

 

5.3.2 Ductile to Brittle Transition 

From Figure 5-10 and Figure 5-11, it is noted that only a few specimens failed 

within the 50J to 200J range, where the ductile-to-brittle transition is expected 

to occur. Although numerous tests were conducted at -80°C, -90°C, and -100°C, 

most specimens failed either on the upper or lower shelf. 

From Figure 5-12, the tanh curve generated from both populations shows a 

sharp transition from the upper shelf to the lower shelf. The transition 

temperature interval is only around 20°C and falls within the range of -80°C to 

-100°C. 

This phenomenon is expected since ferritic steel typically exhibits a sharp 

change in fracture mechanism, where the material behaviour transitions from 

ductile to brittle rapidly if the working temperature falls below the ductile-to-

brittle transition temperature. The ductile to brittle transition in ferritic steel is 

influenced by various factors such as grain size and other microstructural 

factors [92]–[95], specimen geometries or dimensions [96]–[98], and loading 

rates [94], [98]. 

5.3.3 Fractography and EDX Analysis 

Table 5-3 shows a summary of measured fracture surface features of Charpy 

specimens. The initiator was identified as a clear feature with measurable sizes, 

not only inclusions were identified as initiator, non-inclusion related or matrix 

related features are also considered as initiators, this is the same principle also 

to the following blunt-notched and sharp-cracked specimen analysis. 
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In most specimens, fracture distances and first facet sizes can be measured 

because the cleavage initiation point can be traced back from river patterns. 

Most initiator sizes can be obtained by measuring the area of the initiator 

feature and then calculating an equivalent diameter. However, not all initiators 

can be obtained, especially when the initiation comes from the matrix or in the 

case when it is not measurable. There are 14 specimens where a clear initiation 

site was identified, results are shown in Table 5-3, and detailed fractography 

results can be found in Figure 5-18 to Figure 5-31 

5.3.4 Charpy Impact Energy Relationship to Cleavage Area, Lateral 

Expansion and Ductile Thumbnail Extension. 

The cleavage area refers to the region of the fracture surface where brittle 

cleavage initiated. It is typically characterized by a smooth and flat fracture 

surface, often with a distinctive "chevron" pattern that indicates the direction 

of crack propagation. The cleavage area is an indicator of the material's 

susceptibility to brittle fracture. The size and location of the cleavage area can 

provide important information about the specimen's fracture behaviour and 

susceptibility to brittle failure. Figure 5-15 shows the good correlations between 

cleavage area percentage with the Charpy impact energy in both HT1 and HT2 

conditions. 

The lateral expansion is the amount of plastic deformation that occurs on the 

side of the specimen opposite to the notch during fracture. It is the distance 

between the original width of the specimen and the maximum width of the 

shear lip. The lateral expansion is an indicator of the material's ability to deform 

plastically and absorb energy during the fracture process at the tested 

temperature. In Figure 5-16, a good correlation is also seen between the lateral 

expansion and the Charpy impact energy in both HT1 and HT2 conditions. 
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Ductile crack growth behaviour in Charpy specimen shows a ‘thumbnail’ 

appearance, thus in Charpy specimens, ductile thumbnail extension is often 

considered a certain term and it is used to describe the ductile crack extension 

of the Charpy test-piece. It is also the result of the stable crack growth during 

the test, indicating the material's ability to absorb energy during the ductile 

fracture. By measuring the extent of how much ductile crack travels (the 

amount of the extension) before the unstable cleavage fracture takes place from 

post-fractured specimen surfaces, important information of the material's 

ability to resist fracture can be obtained. If the material is ductile, the stable 

crack can travel significantly before final fracture, and the ductile thumbnail 

extension is large. If the material is brittle, it may fracture before any significant 

ductile cracking occurs, and the resulting ductile thumbnail extension is small. 

As can be seen from Figure 5-17, with increasing ductile thumbnail extension, 

there is a trend of Charpy impact energy increase. Significant scattering occurs 

in the higher value region, mainly the region with Charpy impact energy from 

150J to 250J. In this region, at relatively similar impact energies, there can be 

relatively substantial differences in ductile thumbnail. The correlation between 

ductile thumbnail extension and Charpy impact energy is clearer in the lower 

value region than in the higher value region. 

5.3.5 Charpy Impact Test Analysis at Lower Shelf Region  

5.3.5.1 The Relationship between Charpy Impact Energy and the Ductile 

Thumbnail Extensions  

Figure 5-32 illustrates the relationship between Charpy impact energy and 

temperature, delineating the sampling range of the test specimens selected for 

detailed characterization of cleavage fracture. Samples demonstrating cleavage 

fracture were specifically chosen for an in-depth examination of their fracture 

surface features. 
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Figure 5-33 depicts the relationship between ductile thumbnail extensions in 

Charpy specimens, selected from the lower shelf region, and their Charpy 

impact energy at temperatures of -196°C, -120°C, -90°C, and -100°C. The trend 

shown in this figure confirms the good correlation between ductile thumbnail 

extension with Charpy impact energy especially at the lower shelf to transition 

region. In this region, the ductile thumbnail also can be seen as an indication of 

the material’s ability to resist crack propagation. 

5.3.5.2 The Relationship between Charpy Impact Energy, Initiator Sizes, and 

First Facet Sizes 

Figure 5-34 shows the relationship between Charpy impact energy values and 

initiator diameters. Initially, it is observed that initiator diameters fall within 

the range of 1.5 to 3.0 μm. 

Figure 5-35 presents the relationship between Charpy impact energy values and 

the first facet diameters. Here, it can be seen that the first facet diameters fall 

within the range of 20 to 60 μm. 

5.3.5.3 The Relationship between Initiator Sizes and First Facet Sizes 

Figure 5-36 illustrates the relationship between the first facet diameter and the 

initiator diameter. The results suggest that there appears to be a correlation 

between the size of the initiator and the size of the initial facet. Generally, with 

a larger initiator, a larger initial facet can be expected.  

Nevertheless, the presence of a larger initiator or first facet does not necessarily 

correlate with increased absorption of impact energy. This observation may 

imply that the relationship between initiation characteristics and Charpy 

impact energy is more complex than what is delineated by the current method 

of investigation. 

5.4 Conclusions 
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5.4.1 The Charpy impact toughness ranges from 2J to 299J, corresponding to 

test temperatures from -196 °C and -40 °C, respectively. The ductile to brittle 

transition region was between -100 °C to -80 °C, where a sharp increase of 

impact energy can be seen from 12.5J to 298J. The ductile to brittle transition 

temperatures for HT1 and HT2 conditions are estimated at -91°C and -87°C, 

respectively, based on the Tanh model fit. 

5.4.2 From the fracture surface measurement of Charpy specimen halves, the 

increased lateral expansion and decreased cleavage area percentage are 

strongly related to the Charpy impact energy and test temperature. 

5.4.3 From lower shelf temperatures to ductile to brittle transition 

temperatures, for tested Charpy impact specimens, the cleavage initiation 

reason is most likely to be the same, which is initiating from the cracking of 

calcium or titanium-based inclusions. 

5.4.4 Regarding the Charpy impact test results, very similar results were seen 

in HT1 and HT2 heat treatment conditions.  
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Chapter Six –Tensile, Fracture Toughness and 

Microscopic Cleavage Fracture Stress Tests  

6.1 Tensile Test Results  

A total of 30 specimens were tested at temperatures from -196°C to -60°C, 15 

samples from each of the two heat-treatment conditions. For each condition, 

three specimens were tested at -196°C; one was tested at -170°C and one was 

tested at -160°C. Two specimens were tested at each temperature of-140°C, -

120°C, -100°C, -80°C and -60°C.  

Among 30 tests, seven tests were interrupted deliberately before the final 

fracture as they experienced cracking in the centre of the specimen along the 

loading axis after the attainment of the maximum load plateau. The loading 

process was ceased when the crack at the specimen surface along the loading 

axis could be visually confirmed. The engineering stress-strain curves of 

selected tensile tests were presented in Figure 6-1 and Figure 6-2. 

6.1.1 Lower Yield Stress and Ultimate Tensile Strength 

Apart from the seven intentionally terminated test specimens, the other 23 

specimens were tested to fracture.  

For tests performed at temperatures at -196°C, only small work hardening 

(average n=0.1) was found, and as a result, the ultimate tensile stress was only 

slightly higher than the yield stress. For instance, an average of 952 MPa of UTS 

compared with 927 MPa yield stress from HT1 condition. Moreover, an average 

of 947 MPa of UTS compared with 927 MPa yield stress from HT2 condition. 

For tests conducted at -120°C and higher temperatures, the ultimate tensile 

strength becomes much larger than the yield stress. 
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The tensile testing results for both HT1 and HT2 conditions are summarised in 

Table 6-1 and Table 6-2. The lower yield stress, ultimate tensile strength (UTS) 

and work hardening exponent values are shown in these tables. 

The yield stresses and the ultimate tensile strengths for the two heat treatment 

conditions showed similar trends even though HT2 consistently exhibits a 

marginally lower value compared to the results for HT1. Shown in Figure 6-3, 

the yield stress for the HT1 condition showed a value of an average 563 MPa at 

-60°C to 927 MPa at -196°C. In the meantime, the yield stress for HT2 condition 

increases from an average 535 MPa at -60°C to 927 MPa at -196°C. In terms of 

the ultimate tensile strength, seen from Figure 6-4, it changes from average 654 

MPa at -60°C to 952 MPa at -196°C in HT1 condition and from 640 MPa at -

60°C to 947 MPa at -196°C in HT2 condition.  

6.1.2 Work Hardening Exponents 

The work hardening can have an important effect on the fracture behaviour of 

steels and the work hardening exponent is an important parameter affecting the 

stress state ahead of the stress concentration factor such as a sharp crack. [91] 

The work hardening exponent values have therefore been calculated from 

engineering stress-strain curves and are listed in Tables 6-1 and Table 6-2 for 

HT1 and HT2 conditions, respectively. 

For n values at -140°C, -120°C, -100°C, -80°C and -60°C, load-displacement 

response was obtained using an extensometer attached to the specimen, the 

load-displacement curves were then converted into engineering stress-strain 

and true stress-strain curves. The work hardening exponent n is derived from 

the slope of the linear relationship in a plot of natural logarithm of true stress 

versus natural logarithm of true strain at the uniform plastic deformation 

region (Figure 6-5 and Figure 6-6). The result gives a work hardening exponent 

at a value of around 0.15 at temperatures from -140°C to -60°C (Figure 6-7).  
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The work hardening result did increase the complexity in the cleavage 

mechanism analysis, as the existing McMeeking [91] finite element analysis 

model is available based on individual work hardening exponents of n=0, n=0.1 

or n=0.2. This result of work hardening exponent might suggest an analysis 

considering n=0.1 and n=0.2 results as upper and lower bound. 

6.1.3 Tensile Specimen Fractography 

Some typical fracture surfaces of tested tensile specimens are shown in Figure 

6-8 to Figure 6-10. At -196°C, Figure 6-9, which shows the fracture surfaces of 

HT1-01, reveals very similar characteristics of quasi-cleavage. In Figure 6-10, 

which depicts the fracture surface of HT2-03, a large proportion of cleavage 

fracture is evident from both optical and SEM images. At a temperature of -

120°C, the fracture surface is dominated by cleavage, but slight necking of the 

specimen diameter is visible, suggesting some extent of ductile failure. From -

80°C and above, the tensile fracture surface start to show “star” shape, which 

possibly indicates a large amount of ductile deformation taking place. 

 

6.2 Summary of Tensile Test Results 

6.2.1. The tensile tests give results of lower yield stress, ultimate tensile stress 

and work hardening exponent n. The overall results show very subtle 

differences between the two heat-treatment conditions. Despite the fact that the 

yield stress and the Ultimate tensile strength of HT2 are consistently exhibits a 

marginally lower value than those of HT1.  

6.2.2 Yield stress results of -196°C, -170°C will be used in the blunt-notched test 

analysis. And yield stress, ultimate tensile strength, work hardening exponent 

results of -120°C, -100°C and -80°C will be used in the sharp-cracked test 

analysis. As the McMeeking FEA results in the following discussion are only 
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available for work hardening exponents of 0.1 and 0.2 and the estimated work 

hardening exponent appear to be around 0.15, both n=0.1 and n=0.2 conditions 

of analysis will need to be analysed.  

 

 

6.3 Fracture Toughness Test Results 

6.3.1 Load-Displacement Curve Results 

The load-displacement curves of the fracture toughness test carried out from 

sharp-cracked specimens are shown in Figure 6-11. First of all, linear behaviour 

is seen in the initial stages of loading, where small increments in load produce 

proportionate increments in displacement. In this phase, elastic behaviour 

prevails, and the material can return to its original form when unloaded. 

However, as the material reaches and surpasses its elastic limit, the load-

displacement relationship becomes non-linear. This non-linearity reveals that 

plastic deformation is occurring alongside elastic deformation, and irreversible 

changes in the material are taking place. The non-linearity in a load-

displacement curve during the J-integral fracture toughness test is indication 

of material behaviour transitioning from elastic to plastic responses. 

With the help of the load-displacement curve, 𝐾𝑄  and the J-integral can be 

accurately calculated, as previous shown in Equation (4-10) and Equation (4-

11) the 𝐾𝑄  is measured from the peak load 𝑃𝑄  and the crack size 𝑎; from 

Equation (4-12) to Equation (4-14) the J-integral is measured as 𝐽𝑒𝑙  + 𝐽𝑝𝑙 , 

where 𝐽𝑝𝑙  is the area under the load-displacement curve beyond the yielding 

point up to the point of crack initiation. 

For the J-integral test, the non-linearity is especially significant because the J-

integral is an energetic measure designed to account for such complex material 
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behaviour. As the material undergoes plastic deformation, a significant portion 

of the mechanical energy input is irreversibly absorbed by the material. This 

energy contributes to the total energy release rate, which the J-integral aims to 

quantify. 

From Figure 6-11, it's observable that as the temperature increases from -120°C 

to -80°C, the peak load tends to increase as well. 

6.3.2 Fracture Toughness Calculations 

The results of the fracture toughness tests conducted on twenty-seven 1T C(T) 

samples are summarised in Table 6-3 and Table 6-4.  

6.3.2.1 𝑲𝑰𝑪 Validity. 

Following on Equation (4-9), there are four valid 𝐾𝐼𝐶  tests based on the ASTM 

E1820 requirements. For the other tests that did not fulfil the 𝐾𝐼𝐶  requirement, 

they were analysed using the elastic-plastic stress intensity factor 𝐾𝐽𝐶.  

6.3.2.2. Results of J-integral, CTOD and 𝑲𝑱𝑪 

Based on Equation (4-12) to Equation (4-14), the J-integral was calculated at 

the point of fracture for each specimen. CTOD was calculated by Equation (4-

15) to Equation (4-17) and 𝐾𝐽𝐶  was calculated by Equation (4-18) based on the 

result of J-integral results. The 𝐾𝐽𝐶  value versus temperature as well as 𝐾𝑄  

value versus temperature plots were present in Figure 6-12 and Figure 6-13. 

Confirming from Table 6-3 and Table 6-4, both J-integral and the Crack Tip 

Opening Displacement (CTOD) values vary significantly with temperature, 

confirming the notion that temperature plays a crucial role in the fracture 

mechanics of this steel. J-integral values increase with temperature for both 

HT1 and HT2 specimens. Higher J-integral and CTOD values at -80°C 

compared to -120°C possibly indicate increased ductility or a transition from a 

brittle to a ductile fracture mechanism. 
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The variability in J-integral values also appears to increase with temperature, 

particularly for specimens tested at -100°C, indicated by a wider spread of the 

J-integral values from 17 to 218 𝑘𝐽/𝑚2 compared with J-integral ranges from 

15 to 55 𝑘𝐽/𝑚2 at -120°C. 

6.3.3 Fractography 

6.3.3.1 Quasi-Cleavage Fracture 

The fracture toughness test procedure is to ensure Mode I fracture toughness is 

able to be quantified, with shear stress kept to a minimum. However, with the 

CT specimen geometry, shear stress may not be entirely negated. The low-

constraint condition in a sharp-cracked compact tension specimen has a great 

chance to enable the quasi-cleavage mode of fracture. Unlike pure cleavage 

fracture which occurs along specific crystallographic planes [99], [100], quasi-

cleavage fracture often shows ridges or terraces and may appear wavy at the 

microscopic level, the appearance can be seen in almost all fracture surfaces of 

sharp-cracked specimens, e.g. Figure 6-14 to Figure 6-39.  

The extent of morphological changes on the surface of sharp-cracked specimens 

is closely related to temperature. As the temperature shifts, these specimens 

exhibit varying degrees of morphological alteration. Specifically, the changes 

observed at -120 °C are generally less marked compared to those at -100 °C. 

Evaluating these changes, particularly from the perspective of surface 

morphology, is subjective, as there is currently no established quantitative 

standard. However, a notable correlation exists between these morphological 

variations and the magnitude of the J-integral. This correlation is exemplified 

in Figure 6-16, Figure 6-32, Figure 6-36 and Figure 6-37, which shows several 

typical examples with corresponding J-integral values of 55.4 𝑘𝐽/𝑚2 , 64.9 

𝑘𝐽/𝑚2, 36.1 𝑘𝐽/𝑚2 and 86.2 𝑘𝐽/𝑚2. In these examples, the J-integral values 
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are among the highest within their specimen categories, and the features of 

quasi-cleavage are more prominently displayed. 

6.3.3.2 Cleavage Initiation in Sharp-Cracked Specimens 

In the present study, a total of twenty-seven compact tension specimens were 

subjected to fracture toughness testing. Of those, only one specimen, 

designated as HT2-24 and tested at a temperature of -80°C, lacked an 

identifiable initiation site. The remaining twenty-six specimens exhibited 

discernible global initiation sites responsible for initiating cleavage fracture. 

Comprehensive details pertaining to these twenty-six fracture initiation sites 

are listed in Table 6-5. 

 

6.3.3.3 Dominant Initiation Site and Local Initiation Site 

From the observation of the fracture surfaces, it is often found that there are 

several cleavage sites from a single specimen Based on the observed variations 

in cleavage initiation morphologies, it can be inferred that a single dominant 

initiation site, manifesting a significant cleavage affected area on the fracture 

surface, governs the global fracture behaviour of the specimen. Other observed 

initiation sites serve merely as localized cleavage initiation points. River 

patterns emanate from both dominant and localized initiation sites within the 

fracture surface. The key distinction between the localized and dominant site 

lies in their respective zones of influence; for the dominant initiation site, the 

impact on the fracture surface is more extensive, thereby wielding a greater 

influence over the overall cleavage process. It is often the case that it can be seen 

that the river pattern went across the whole specimen.  

For all specimen investigated, there is a dominant initiation site which governs 

the cleavage. However, the local cleavage initiation sites such as the cases found 

in Figure 6-30 (e), Figure 6-32 (e) and Figure 6-37 (e) are also on the fracture 
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surface and could be potential competitors if the dominant initiation site fails 

to initiate the global cleavage fracture. 

6.3.3.4 Cleavage Initiation Reason 

To ascertain the underlying cause of initiation, Energy Dispersive X-ray (EDX) 

analysis was employed. When both corresponding fracture surfaces exhibited 

identical inclusion compositions, this was designated as inclusion cracking, 

signifying that the inclusion had cracked into two distinct halves. 

In instances where only one-half of the fracture surface displays an inclusion 

composition while the opposing half manifests a void-like feature, the 

phenomenon is categorically labelled as inclusion decohesion. 

 

6.3.3.5 Information of Cleavage Initiation and Fracture Distance 

Table 6-5 provides a comprehensive summary of the fracture initiation 

characteristics for the 26 sharp-cracked specimens. Incorporated within the 

table are variables such as the fracture distance 𝑋o, cleavage initiation reason 

with sizes, first facet sizes and stable crack extension measurements. 

Complementary fractographic imagery for each test specimen is delineated in 

Figures 6-14 to 6-39, combined with the Energy-Dispersive X-ray (EDX) 

spectroscopic data corresponding to the initiation sites. 

From the 26 measured initiation sites, fracture distance 𝑋o is in the range from 

21 µm to 657 µm, the ductile crack growth extension is in the range from 2 µm 

to 70 µm. The initiator diameter is in the range from 0.6 µm to 3.2 µm, and the 

first facet diameter is in the range from 20 µm to 46 µm, with the majority of 

facet diameters come down to 20-40 µm in 23 out of 26 measurements.  

 

6.3.3.6 Information on All Initiators 
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Figure 6-40 and 6-41 gives the size distribution of all initiators and the size 

distribution of solely inclusions. 

There are 5 initiation sites related to matrix cracking, although the location and 

fracture distance can be measured the initiator is not able to be measured. 16 

specimens initiated from inclusions. For the remaining 5 initiators, related to 

possibly carbides or martensite-austenite constituents, their sizes can be 

estimated using equivalent diameter by measuring their area. 

6.3.3.7 Detailed Information on Inclusions 

Both halves of the broken fracture toughness samples were examined. There 

are 16 specimens where fracture initiated from a calcium, aluminium and 

titanium inclusion. Clearly, there were 15 out of 16 specimens where initiation 

is due to inclusion cracking. Only 1 (HT1-1) out of 16 specimens initiated 

because of inclusion decohesion.  

The majority (11 out of 16) of inclusion sizes fall into the region of 1 to 2 µm. 

From fractography, the inclusions can be divided into two different types, 

calcium-based inclusions often present as a spherical shape, and titanium-

based inclusions often present as a cubic shape with sharp edges. 

Within the set of 16 initiating inclusions, 11 are characterized as spherical in 

shape and are predominantly associated with calcium. The equivalent 

diameters of these calcium-based inclusions range from 0.7 to 2.5 µm. 

Conversely, five inclusions are categorized as cubic in shape and are principally 

associated with titanium. The dimensions of these titanium-based inclusions 

are as follows: 1.0, 1.5, 1.6, 1.7, and 1.8 µm, respectively. 

6.3.4 McMeeking FEM Analysis Results 

Using the measured fracture distance values (R in McMeeking analysis) with 

measured fracture CTOD values (b in McMeeking analysis), values of R/b for 
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each specimen were obtained and listed in Table 6-7 (n=0.1) and Table 6-10 

(n=0.2). These R/b values were used to correspond to the 𝜎𝐹/𝜎𝑦 values read 

from McMeeking FEM curves. With a knowledge of the yield stress at each 

temperature, local failure values of 𝜎𝐹 were calculated and listed in Table 6-6 

(n=0.1) and Table 6-9 (n=0.2). 

The present study reveals that most of the sites of initiation, as determined from 

the fractured sample surfaces, are situated in close proximity to, or surpassing, 

the location of the maximum tensile stress. Four out of twenty-six samples with 

initiation sites far ahead of the peak stress location with an R/b value larger 

than 10, exceeding the limits of the graph provided in Figure 4-12 and Figure 4-

13. In order to make the analysed result comparable, the 𝜎𝐹/𝜎0  values 

corresponding to the R/b values larger than 10 were obtained by extrapolating 

the existing graph of McMeeking’s and estimated values were obtained and 

summarized in Table 6-7 (n=0.1) and Table 6-10 (n=0.2).  

There is a natural increase in uncertainty regarding the local stresses at these 

remote sites, but extrapolation beyond the limits of Figures 4-12 and Figure 4-

13 is anticipated to result in an even shallower stress gradient and so estimates 

made are likely to be reasonable. 

6.4 Microscopic Cleavage Fracture Stress Test Results  

6.4.1 Specimens Valid from the FEM Analysis 

The load-displacement curves of these seven tests were presented in Figure 6-

42. 

Among all the tested specimens, only seven specimens failed within the general 

yield limit predicted by the FEM model of Griffiths and Owen. They were six 

tests at the temperature of -196°C and one (HT2-04) at the temperature of -

170°C.  
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6.4.2 Fractography 

A comprehensive analysis of the fractographic features has been conducted on 

the blunted-notched specimens of both halves of the fractured surfaces. 

Detailed fractography images are shown in Figure 6-43 to Figure 6-49. 

Examination of the blunt-notched specimen fracture surfaces involved 

identifying the location of the cleavage initiation and measurement of the 

initiation features (non-metallic inclusions and other possible features) from 

the notch root Xo . EDX spectrums of the initiation inclusions were also 

presented with the fractography images. 

A single failure initiation site led to the overall specimen failure for the 

specimen studied. The initiation site was traced back after the river lines across 

large cleavage facets. The empirical findings have evinced that the sites of 

initiation were consistently situated at some distance beneath the notch root. 

Moreover, the precise distances from the initiation sites to the notch root, 

denoted as 𝑋o, were able to be measured. The result of 𝑋o is listed in Table 6-

12, together with the measurements of inclusion diameter and the cleavage 

facet diameter. 

 

6.4.3 Microscopic Cleavage Fracture Stress Test Results 

Table 6-13 gives the fracture stress test results and maximum principal stress 

𝜎𝑦𝑦
𝑚𝑎𝑥 at fracture.  

Using the method described in Chapter four, the calculated maximum stress 

intensification factor 𝑅𝑀𝑎𝑥 was found to be in the range of 1.98 to 2.55, with 

the maximum principal stress ranging from 1835 MPa to 2076 MPa. 

Table 6-14 gives the local cleavage fracture stress σ𝐹  at the distance of 𝑋o 

measured from fracture surfaces using SEM.  
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An estimated curve corresponding to each specific test result of  𝐿/𝐿𝐺𝑌 was 

plotted, (estimated curves were not shown) according to the fracture distance 

𝑋0 measured from each specimen, the local stress intensification 𝑅(𝑋0) can be 

obtained from the curve. Then local cleavage fracture stress was calculated 

based on the 𝑅(𝑋0) value. 

The result of local stress intensification 𝑅(𝑋0)  is slightly lower than the 

maximum stress intensification, with the result range from 1.81 to 2.44. 

6.4.3.1 Results from Griffith-Owen FEM Analysis 

Stress distributions ahead of a blunt notch were evaluated using results 

generated by Griffiths and Owen FEM analysis. [64] The analysis is not 

dependent on the work hardening exponent. This analysis is used to interpret 

the experimental results obtained using blunt-notched specimens. The Griffith-

Owen analysis gives a comprehensive analysis of the location of cleavage 

fracture initiation sites in relation to the stress intensification factor 𝑅 , the 

fracture distance 𝑋o below the notch tip to the initiation point, at various loads. 

The analysis was conducted with a notch root radius of 250 µm, as in the 

original Griffith-Owen work. The results based on the FEM analysis are 

depicted in Figure 6-50, which demonstrates the relevant cleavage fracture 

initiation sites plotted against the aforementioned stress intensification factor 

R.  

Six results were located at the left side of the maximum principal stress of the 

corresponding curve, while one is at the right side of the maximum principal 

stress of the corresponding curve. For the result on the right-side, it may 

because of its 𝐿/𝐿𝐺𝑌 is much lower than other test results and the initiator size 

is only 1.1 μm. However, it is difficult to say which factor has the largest 

influence on the relative position against the maximum principal stress.  
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From the Griffith-Owen analysis result of seven blunt-notched specimen tests, 

the values of the local stress intensification ratio, 𝑅(𝑋0), were measured. Then 

the local cleavage fracture stress was calculated and presented in Figure 6-51 

with measured fracture distances 𝑋0. 

The FEM result of the test stress intensification R is in the range from 1.81 to 

2.44. Combined with the yield stress reported in Section 6.1, the local cleavage 

fracture stress is calculated to vary from 1678 MPa to 2039 MPa. 

 

6.4.4 Cleavage Initiation Reason 

EDX analysis was used in this study to determine the cleavage fracture 

initiation. Cleavage initiation sites were generally analysed on both fracture 

surfaces of a broken sample. If the cleavage fracture was initiated by an 

inclusion and an EDX analysis of the inclusion initiation site resulted in the 

same (or very similar) chemical composition, the cleavage fracture was deemed 

to be initiated by the cracking of an inclusion. If an inclusion was found at the 

initiation site on only one fracture surface, and a void was observed at the 

matching location on the other fracture surface, the cleavage initiation was 

deemed to be caused by the inclusion decohesion. 

 

6.4.5 Cleavage Initiation Feature 

The sizes of the cleavage initiators identified in all seven specimens are 

summarized in Table 6-12. In addition to the size of the initiating feature, the 

cleavage facet sizes corresponding to the cleavage initiators were also measured, 

and the results are shown in the same table. 
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Cleavage fracture in four out of seven samples was initiated by an inclusion, 

while in three samples the fracture initiated from a matrix-related (non-

inclusion) feature. 

The sizes of these inclusions are 1.6 µm, 1.8 µm, 2.6 µm, and 2.6 µm; the sizes 

of matrix-related initiators (possibly M-A or carbides) are estimated to be 1.1 

µm, 1.8 µm, and 2.6 µm. The EDX analysis on inclusions showed they were all 

calcium containing inclusions. 

From the seven measured initiation sites, the fracture distance 𝑋o ranges from 

220 µm to 420 µm, the initiator diameter varies from 1.1 µm to 2.6 µm, and the 

first facet diameter spans from 20 µm to 34 µm. 

6.5 Fracture Toughness Test Discussion 

6.5.1 Load-Displacement Curve 

The bulk mechanical properties response to the loading of the material has been 

plotted in Figure 6-11. At a test temperature of -120 °C, the load-displacement 

response is generally linear for all specimens. At the test temperature of -100 °C 

and -80 °C, linear behaviour is seen in the initial stages of loading, where small 

increments in load produce proportionate increments in displacement. In this 

phase, elastic behaviour prevails. However, as the material reaches and 

surpasses its elastic limit, the load-displacement relationship becomes non-

linear. This non-linearity reveals that plastic deformation is occurring alongside 

elastic deformation, and irreversible changes in the material are taking place.  

 

6.5.2 Stress Intensity Factor 𝑲𝑸, 𝑲𝑰𝑪 and 𝑲𝑱𝑪 

𝐾𝑄  is known as the provisional fracture toughness and is essentially an 

experimental measure of fracture toughness for a specific specimen and loading 

conditions. However, it must be ascertained whether 𝐾𝑄 can be considered as 
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a valid approximation of 𝐾𝐼𝐶. This is evaluated by meeting certain size criteria, 

stated as Equation (4-9) to ensure that plane strain conditions prevail. 

𝐾𝐼𝐶  is the plane-strain fracture toughness, considered a material property 

independent of specimen geometry, when tested under plane strain conditions. 

𝐾𝐼𝐶  is widely regarded as a critical material parameter for design in fracture 

mechanics. It is typically used for brittle materials or ductile materials that 

operate at lower temperatures or higher strain rates, where conditions favour 

plane-strain fracture. 

𝐾𝐽𝐶  is the fracture toughness in terms of the J-integral, specific to ductile 

materials. It's based on elastic-plastic fracture mechanics, which gives it the 

ability to account for both the elastic and plastic deformations near the crack 

tip. 𝐾𝐽𝐶  is employed in conditions where extensive plastic deformation is 

present, and when 𝐾𝐼𝐶  no longer remains valid.  

The results indicate that the fracture toughness values (𝐾𝑄 and 𝐾𝐽𝐶) exhibit a 

dependency on the temperature, being generally higher at -80 °C compared to 

-120 °C. 𝐾𝑄  and 𝐾𝐽𝐶  values against temperatures of -120 °C, -100 °C and -

80°C are drawn in Figure 6-12 and Figure 6-13; There is a clear trend that with 

elevated temperature, 𝐾𝑄 values remain roughly the same but the 𝐾𝐽𝐶  values 

are increased significantly, which indicates the extents of the plastic 

deformation increases with higher temperatures.  

 

6.5.3 Plastic Zone Sizes  

𝐾𝑄  based calculation assumes Linear Elastic Fracture Mechanics (LEFM) 

conditions, whereas 𝐾𝐽𝐶  based calculation is used under Elastic-Plastic 

Fracture Mechanics (EPFM) conditions. 𝐾𝑄  is generally used for brittle 

materials or conditions where plastic deformation is limited, while 𝐾𝐽𝐶  is 

applicable to ductile materials where plasticity plays a significant role. 
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By assuming that the plastic zone is a circular region around the crack tip then 

according to Equation (3-9), the nominal plastic zone and true plastic zone sizes 

can be estimated by taking 𝐾𝑄 and 𝐾𝐽𝐶  value into the equation. The results are 

listed in Table 6-7 and Table 6-10, for McMeeking analysis of n=0.1 and n=0.2 

conditions respectively. In all tested and measured specimens, the cleavage 

initiation sites were always located well within both the nominal and true 

plastic zone. 

In addition to this, using the measurements of these two physical quantities 𝐾𝑄  

and 𝐾𝐽𝐶 , one can make comparative assessments between the nominal and 

actual sizes of the plastic zone in the specimens. It can be explicitly gauged 

comparing the sizes of the plastic zones for the characterisation of the degree of 

plastic deformation. Specifically, a specimen that generates a larger plastic zone 

would be less compliant with Linear Elastic Fracture Mechanics (LEFM) and, 

correspondingly, would necessitate a description using Elastic-Plastic Fracture 

Mechanics (EPFM). 

It is imperative to articulate that the primary objective of this study is to provide 

a precise description of the micro-mechanical processes involved in cleavage, 

and to correlate these with discernible physical quantities. Therefore, 

parameters including the size of the plastic zone, the J-integral, and quantified 

measurements of stable crack extension possess substantial physical relevance 

within this framework. Following this, the study attempts to delineate the 

relationship between the J-integral and stable crack extension. 

 

6.5.4 J-integral Relation with Measured Stable Crack Extensions 

The 𝐽-integral values were plotted against measured stable crack extension at 

the fracture surface from different specimens. In this section, due to the 

inherent correlation between the 𝐽-measured stable crack extension (𝐽-𝛥𝑎) 
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curve and the generalized 𝐽 -resistance curve ( 𝐽 - 𝑅 ) curve, the analysis is 

conducted by juxtaposing the characteristics of both the 𝐽-𝛥𝑎 and the general 

𝐽-𝑅 curves. 

Generally, the 𝐽 - 𝑅  curve is a graphical representation that captures the 

relationship between the 𝐽-integral, (an energy release rate), and the stable 

crack extension 𝛥𝑎 . The 𝐽-𝑅  curve captures the material's ability to resist 

crack propagation during stable crack growth. Usually, different J integral and 

stable crack extension were measured from a single test from several unloading 

sequences. The curve is used to characterize the fracture toughness of materials, 

offering insights into how the material will behave after a stable crack has 

initiated. In the physical aspect, a higher J-integral suggests a stronger stress 

field capable of extending the crack further. [101][102] 

From Figure 6-52, firstly, a linear correlation can be seen, where a larger stable 

crack extension is correlated with a greater energy release rate at the crack-tip 

(𝐽-integral). In a general 𝐽-𝑅 curve, if the resistance to crack extension remains 

relatively constant, that will indicate a direct linear correlation between crack 

growth and the energy release. While a non-linear 𝐽-𝑅 curve suggests that the 

material's resistance to crack propagation changes with the extension of the 

crack. Next, the J-integral and stable crack extension in this figure is closely 

related. Among different temperatures, the tread shown in this figure is largely 

the same from -80 °C to -120 °C, which confirms that the material’s ability to 

resist crack propagation is not changed in this temperature range. 

An essential aspect observed in Figure 6-52 is the significance of the lower and 

upper bounds of the measured values for stable crack growth extensions. This 

range is critical as it represents the conditions under which the material is 

anticipated to undergo cleavage. At the temperature of -120 °C, the stable crack 

extension ranges from 3 µm to 14 µm, at -100 °C, the stable crack extension 

ranges from 2 µm to 70 µm. 
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It is worth noting that the largest stable crack growth is less than 70 μm, and 

the average stable crack growth for tested specimens at -120 °C, -100 °C and -

80 °C are 6, 17 and 44 μm respectively. These values could be difficult to 

precisely obtain from conventional stable crack size determination methods.  

 

Furthermore, a benefit from the direct measurements of 𝐽𝐶, 𝐾𝐽𝐶, and the stable 

crack size '𝛥𝑎' at the time of fracture, data obtained from this study is that they 

are considered more accurate for description of stable crack size compared to 

conventional methods that employ unloading compliance, wherein compliance 

is converted into crack size. [90] The traditional and standard approach is less 

reflective of the real case, particularly when ductile cracks are sufficiently small, 

making it difficult to accurately calibrate the position of the onset of cleavage or 

the stable crack size using unloading compliance load-displacement curves 

alone. This discrepancy also arises from the difference in scale: conventional 

experimental apparatus typically measures on the millimetre scale, while 

fractography measures in this study was on the order of micrometres. 

 

For a general 𝐽-𝑅 curve, there is an intersecting point between the 𝐽-𝑅 curve 

and the 𝑦-axis [90], which naturally corresponds to a critical J-integral value. 

However, in Figure 6-52, the 𝐽-𝛥𝑎 curve does not intersect with 𝑦-axis. The 

lower bound value for stable crack growth is extracted directly from the curve 

itself. Specifically, at a temperature of -80 °C, the lower bound for stable crack 

growth is found to be 34 μm. Similarly, at -100°C, the lower bound is 

ascertained to be 2 μm and at -120°C, the lower bound is 3 μm. The physical 

meaning is that from 26 tested results, there is always stable crack growth prior 

to the cleavage initiation. This could give evidence to show that plastic 

deformation is a precursor condition for cleavage initiation. 
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For a general 𝐽-𝑅 curve, the point where the curve begins usually corresponds 

to the initiation of stable crack growth. 𝐽𝐼𝐶  is often used as the indication of the 

point. This 𝐽𝐼𝐶  value serves as a quantifiable measure of the material's 

resistance to the initiation of ductile fracture. Which is to say that the value 𝐽𝐼𝐶  

is identified as the 𝐽-integral value at the onset of stable crack growth, often at 

the lower bound of the non-linear region of the 𝐽-𝑅 curve. 𝐽𝐶  measured in this 

study, is the onset of unstable crack extensions (cleavage fracture initiation). 

 

In order to provide sufficient safety margins for engineering materials, the 

quantification of stable crack growth extension can be difficult to measure and 

monitor under real-world conditions. However, the J-integral could be more 

readily determined in certain geometries and operational scenarios. The 𝐽𝐶  

integral represents the energy release rate at the crack tip at the onset of brittle 

fracture. Consequently, in this chapter, the range of 𝐽𝐶  integral values at 

varying temperatures of this investigated material have been delineated. This 

delineation effectively defines the ranges within which global cleavage fracture 

occurs. This could provide a robust methodology for identifying the initiation 

of cleavage fracture by monitoring the changing of the J-integral of material in 

operation. Specifically, data obtained from this study gives the result that the J-

integral ranges are 71-156 𝑘𝐽/𝑚2 at -80°C, 17-86 𝑘𝐽/𝑚2 at -100 °C (except for 

HT1-01, which registered at 218 𝑘𝐽/𝑚2), and 15-55 𝑘𝐽/𝑚2 at -120 °C which 

does indicate the material is susceptible to cleavage at these J integral ranges of 

the corresponding temperatures. For large-scale machinery in practical 

applications, maintaining the J-integral below the lower bound of these 

identified ranges could serve as a proactive strategy to minimize the occurrence 

of cleavage initiation. 

The general  𝐽-𝑅 curve offers insights into the material's behaviour subsequent 

to stable crack initiation, while the curve presented in this context elucidates 
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the relationship between unstable crack initiation and the 𝐽𝐶  value. In some 

respects, both types of graphs offer their own unique value. Moreover, the curve 

of 𝐽-𝛥𝑎 could be considered even more rarefied due to the increased challenges 

associated with obtaining this specific data. 

 

6.5.5 The Importance of Fracture Distance 𝑿𝟎 

6.5.5.1 The Relationship Between J-integral and the Fracture Distance 𝑋0 

The 𝐽𝐶  integral, representing the J-integral at the onset of specimen cleavage 

fracture, carries distinct physical significance. Likewise, the parameters 

fracture distance 𝑋0  and the stable crack size 𝛥𝑎 , which are quantifiable 

characteristics directly related to the material's current state, correlate with the 

intrinsic physical properties of the material. Consequently, these 

measurements are of significant importance for a detailed interpretation of the 

material's mechanical behaviour. 

The 𝐽𝐶  relation with measured onset of unstable crack growth distance 

(fracture distance 𝑋0) is plotted in Figure 6-53. First of all, the scatter of the 

location of cleavage initiation is seen from the figure, at the same J-integral and 

same temperature, the fracture distance 𝑋0  can be largely different. Then, 

although fracture distance 𝑋0  result is largely scattered, 𝑋0  is still slightly 

increased with the 𝐽𝐶  value. As it can be seen from the figure, two trends 

(slopes) can still be seen from the figure at -80 °C and -120 °C, the data from -

100 °C is distributed into the two slopes of -80 °C and -120 °C.  

The range of 𝑋0 at a temperature of -120 °C spans from 21 μm to 657 μm, with 

an arithmetic mean value of 139 μm. At a temperature of -100 °C, the 𝑋0 range 

is observed to be between 53 μm and 655 μm, with an average of 245 μm. For 

the two specimens measured at -80 °C, the 𝑋0 values were found to be 295 μm 

and 486 μm, yielding a mean value of 395 μm. The mean value difference 
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repeatedly confirmed that the 𝑋0 distribution conspicuously increases with 

temperature. This corroborates, from a thermal perspective, that the 

relationship between 𝑋0  and 𝐽𝐶 , is positively correlated. That is to say, in 

regions where the crack-tip energy release rate is higher, 𝑋0 correspondingly 

increases.  

At the same fracture distance 𝑋0 , the energy release rate at -120 °C will be 

higher. Take an example of two data points at around 300 μm in Figure 6-53. 

The two data points at -80 °C and -120 °C around 300 μm gives a 𝐽𝐶  value 

difference of around 50 𝑘𝐽/𝑚2 . This may suggest that there could be an 

inherent potential energy within the material that contributes to significant 

variations in the initiation of cleavage at different temperatures. Specifically, at 

-120 °C, the material may accumulate enough potential energy to exhibit a more 

pronounced tendency toward initiation even when the fracture distance (𝑋0) 

remains the same. This hypothesis can be substantiated by comparing the 𝑋0 

values at a constant critical energy release rate ( 𝐽𝐶 ). By treating 𝐽𝐶  as an 

indicative measure of the material's inclination towards cleavage, it can be 

inferred that the propensity for cleavage initiation intensifies at lower 

temperatures, as evidenced by the increasing magnitude of 𝐽𝐶  values. 

Understanding the 𝐽−𝑋0 relationship allows for more accurate safety margins 

in engineering components, particularly where brittle fracture is a major 

concern. Also, the 𝐽 − 𝑋0  relationship can be used as a material selection 

criterion for applications where cleavage fracture is a critical failure mode. Then 

in the material selection criterion, it is essential to understand the J integral 

relationship with the lower and higher bounds of 𝑋0 due to the implications 

for safety.  
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6.5.5.2 The Relationship Between Stable Crack Extensions and the Fracture 

Distances 𝑋0 

Furthermore, due to the strong correlation between the J-integral and stable 

crack growth (Figure 6-52), as evidenced by a given correlation coefficient 

( 𝑅2 = 0.95 ), it can also be inferred—perhaps even directly plotted as 𝑋0 

against stable crack extension (Figure 6-54)—that greater stable crack 

extension leads to a more extensive fracture distance 𝑋0. It is worth stating 

again, the 𝑋0 is measured starting from the end point of stable crack extension 

to the onset of unstable crack extension. 

6.5.5.3 The Relationship Between the True Plastic Zone Size and the Fracture 

Distances 𝑋0 

The fundamental rationale for the observed phenomena for fracture distance 

𝑋0  with 𝐽𝐶 or stable crack extensions can be also clearly elucidated by 

considering the directly proportional relationship between the fracture distance 

𝑋0  and the size of the true plastic zone. Specifically, empirical observations 

indicate a positive correlation between the two: from Figure 6-55, as the size of 

the plastic zone expands, 𝑋0 correspondingly shifts further away from the 

terminal location of the stable crack.  

 

 

In certain analytical theory frameworks, notably the RKR model [65], the 𝑋0

fracture distance is anchored to a critical value ascertained by a localised 

fracture criterion. Within this specific model, 𝑋0  serves as a characterizing 

distance, connecting macroscopic and microscopic scales in fracture mechanics. 

According to the Ritchie-Knott-Rice (RKR) model, cleavage is initiated when 

the stress at a critical distance ahead of the crack tip surpasses the material's 
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tensile strength. Empirical evidence from initial studies on coarse-grained mild 

steel suggested that this characteristic distance may approximate two grain 

diameters to facilitate an unstable cleavage fracture. However, later research 

has not substantiated a uniform correlation between this critical cleavage 

distance and the grain size. 

Currently, measurements of the J-integral at the onset of cleavage fracture in 

sharp-cracked specimens are rather scarce, as are measurements of the local 

fracture distance on the tested specimens. This scarcity stems from the 

necessity of conducting measurements on multiple specimens. Traditional J-

integral testing typically relies on single specimen assessments employing the 

unloading compliance method. Such methodologies are predominantly 

effective for the ductile domain of the tested materials and seldom executed at 

temperatures favourable for the observation of predominantly cleavage 

behaviour.  

 

 

6.5.6 Tensile Stress Control Fracture Criterion 

Figure 6-56 and Figure 6-57 illustrate the stress distributions based on 

McMeeking’s analysis using the measured fracture distances 𝑋0 and CTOD 

values of 26 sharp-cracked specimens. 

In order to analyse the local cleavage behaviour, the local cleavage fracture 

stress was compared with the maximum principal stress ahead of the blunted 

crack tip. From Figure 6-58 and Figure 6-59, the relative percentage of local 

cleavage fracture stress compared to maximum principal stress under both 

n=0.1 and n=0.2 conditions are plotted and it can be seen that the local cleavage 

fracture stress values are relatively close to the position of maximum principal 

stress. 
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According to Table 6-7 and Table 6-10, it can be seen that there are only two 

specimens, HT2-03 with R/b value of 1.7 and HT2-07 with R/b value of 1.07, 

where the fracture initiation locations are located before the maximum 

principal stress location (R/b=2) along the stress distribution curve. The 

majority (24 out of 26) are located beyond the maximum principal stress 

location.  

Figure 4-12 and Figure 4-13 give the original McMeeking FEM analysis results 

of stress and strain distributions for n=0.1 and n=0.2, respectively. From these 

two figures, it can be seen that before the location of the maximum principal 

stress, the strain distribution shows that strain is much higher than at a distance 

further beyond the location of maximum principal stress. Most significant in 

this analysis the peak values of tensile stresses (and strains) are not predicted 

to change as the CTOD (or stress intensity factor, K) increases, but rather they 

move forward then extend over a greater absolute distance. Thus, when a 

fracture site is found and compared with the peak position of local tensile stress, 

if it is shown to be before the current position (based on the applied CTOD/K 

at failure) then at this position it would have seen a higher local tensile stress at 

a lower value of applied CTOD/K and if under tensile stress control then it must 

fail. This is the reason why the fracture taking place before attaining the 

maximum principal stress places doubt on a purely tensile stress-controlled 

failure criterion. However, when the failure location is beyond the maximum 

principal stress position, failure occurs when this site first experiences a high 

enough local stress to promote failure. This is consistent with a purely tensile 

stress-controlled failure criterion with a local stress trying to find a potent 

enough initiation site through sampling as the low stresses sweep out with 

increasing applied CTOD/K. Thus, in the current study the vast majority (25 

out of 26 in n=0.2 condition and 24 out of 26 in n=0.1 condition) of fracture 
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sites support a purely tensile stress-controlled failure criterion, as has been 

suggested for several decades. 

 

 

6.5.7 Local Cleavage Fracture Stress Compared with the Maximum 

Principal Stress 

In Table 6-6 and Table 6-9, the σ𝐹/𝜎𝑀𝑎𝑥 value is listed, indicating the relation 

of the local cleavage fracture stress to the maximum principal stress. 

Additionally, the plastic zone sizes are listed in Table 6-7 and Table 6-10 

The calculated 𝜎𝛳𝛳/𝜎𝑀𝑎𝑥 value is in the range of 78% to 99% for McMeeking 

analysis of n=0.1 and in the range of 65% to 99% for McMeeking analysis of 

n=0.2.  

Researchers have been discussing the conditions for microcracks to propagate, 

the microcrack propagation is typically occurring under sufficient stress and 

within the plastic zone of the loaded specimen ahead of the notch root or pre-

crack tip. 

Bowen have shown in a A533B steel [66], the area with most possibility of 

cleavage fracture is within 95% of the maximum principal stress. Bose has 

shown in a HSLA steel of blunt-notched specimen, there were 19 out of 49 

specimens with a local cleavage fracture stress higher than 90% of the 

maximum principal stress, and another 19 out of 49 specimens had a local 

cleavage fracture stress lower than 90% of the maximum principal stress but 

still in the plastic zone. [103] Farron has shown in a material of MnMoNi steel 

that cleavage initiated reasonably close to the maximum principal stress and 

within the area covered by 85% of the maximum principal stress.[104] 
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Among 26 test results in this study, if 95% maximum principal stress is used as 

the criterion for predicting cleavage fracture, 11 specimens have measured local 

stress values that are greater than 95% maximum principal stress under the 

condition of n=0.1 and 6 specimens have measured local stress values that are 

greater than 95% maximum principal stress under the condition of n=0.2. 

If 85% maximum principal stress is used as the criterion for predicting cleavage 

fracture, 21 out of 26 specimens having 𝜎𝛳𝛳/𝜎𝑀𝑎𝑥 values greater than 85% for 

the McMeeking analysis of n=0.1 and 14 out of 26 specimens having 𝜎𝛳𝛳/𝜎𝑀𝑎𝑥 

values greater than 85% for the McMeeking analysis of n=0.2. 

6.5.8 Local Cleavage Fracture Stress in Different Steel 

Microstructures 

The material investigated in this research is a type of high strength low alloy 

steel with large amount of granular bainite microstructure. The local cleavage 

fracture stresses from blunt-notched specimen tests were in the range from 

1835 MPa to 2076 MPa at temperatures from -170 °C to -196 °C, and the result 

from sharp-cracked specimen tests at temperature from -80 °C to -120 °C was 

in the range from 1870 MPa to 2478 MPa under the condition n=0.1 in 

McMeeking analysis and 2053 MPa to 3267 MPa under the condition n=0.2 in 

McMeeking analysis. The results are worth comparing with the reported results 

from T.Saario [105] where local cleavage fracture stress from a ferritic and 

bainitic steel CrMoV at 75 K to 200 K was tested which result from 1700 MPa 

to 2250 MPa for blunt-notched tests and 2250 MPa to 3000 MPa from sharp-

cracked tests. Although this study considered carbide distribution as the 

controlling factor for the cleavage process, the local cleavage fracture stress 

results are still very similar to the current study. 

For pearlitic steel microstructures, Alexander [106] has shown that at -90 °C 

the local cleavage fracture stress was in the range from 1100 MPa to 1400 MPa, 
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and Li [107] showed that for a pearlitic eutectoid steel, the local cleavage 

fracture stress is in the range from 900 MPa to 1200 MPa for four heat-

treatment conditions of the same material. Linaza [108] has calculated the local 

cleavage fracture stress of ferritic-pearlitic steels varies from 1050 MPa to 2160 

MPa. 

For Martensitic steel microstructures, Linaza [108] has obtained the local 

cleavage fracture stress from SENB specimens of a pure and tempered 

martensitic steel from 2250 MPa to 3550 MPa. Virginia [109] recently has 

estimated the nominal stress was from 1800 MPa to 3000 MPa ahead of SENB 

specimens at -100 °C for a tempered bainitic and martensitic steel 

microstructure. Similarly, the microstructural link was found as (Mg, Al, Ca) (O, 

S) and (Nb, Ti) (C) inclusions. 

Although the initiation reason and type of initiator are all different, it still can 

be seen that local cleavage fracture stress is expected to be higher in bainitic 

and martensitic steels. This comparison shows that the local cleavage fracture 

stress is very likely to be strongly linked with the matrix microstructure.  

A considerable volume of empirical evidence suggests that the inherent 

characteristics or the intrinsic strength of the matrix cannot be overlooked. 

While investigators have endeavoured to identify 'potent' particles, it is 

increasingly evident that these may span a range of sizes. Importantly, the size 

distribution is predominantly governed by the characteristics of the existing 

matrix which is related with the cleavage facet size. 

 

 

6.5.9 Active Cleavage Initiation First Facet Size Distribution 
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Regardless of whether particles are situated inside the grain or along the grain 

boundaries, the resulting facets generated upon cleavage transform a finite 

distance of the surrounding grain on the same cleavage plane into a cleavage 

facet. Consequently, the dimensions of these facets serve as a critical parameter 

governing the fracture mechanism within the material. Therefore, provided 

that the facet size can be accurately determined, it assumes greater significance 

than the grain size in governing the dynamics of the cleavage process and acts 

as a primary microstructural parameter. 

With respect to the association with local cleavage fracture stress, the 

correlation coefficients for both initiator and facet diameters remain 

suboptimal, as depicted in Figure 6-60 and Figure 6-61. However, it is 

noteworthy that the correlation between the first facet diameter and local 

cleavage fracture stress exhibits a marginally superior R-squared value of 0.24, 

as opposed to an R-squared value of 0.1 observed in the initiator diameter with 

local cleavage fracture stress result (with the McMeeking analysis conducted at 

n=0.1). This outcome intimates that the local cleavage initiation mechanism is 

not solely modulated by the initiator dimensions; rather, the size of the first 

facet serves as a significantly influential parameter. Consequently, it may be 

inferred that facet dimensions exert a greater impact on local cleavage initiation 

than do initiator dimensions by just comparing the R-squared values. In this 

study of 26 sharp-cracked specimens, the first facet diameter ranged from 20 

µm to 46 µm, with the majority of facet diameters falling between 20-40 µm in 

23 out of the 26 measurements. 

For many researchers [110]–[113], the correlation with initiator and the facet 

will determine the critical event of micro-crack nucleation [113], [114] or micro-

crack propagation. [115], [116] This thesis was carried out by assuming the 

critical event is an initiator sized micro-crack nucleation. From the evidence in 

this chapter, the critical event is more likely to be related with both the initiator 
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sized micro-crack and the adjacent facet. Consequently, the initiation of 

cleavage is most plausibly controlled by a synergistic interplay between a potent 

initiator and its corresponding facet. 

For the discussion of the relationship between particle size and grain size, it was 

also reported from other researchers [117] that in the cleavage initiation process, 

a critical particle size might exist for a given steel microstructure. The particle 

size and grain size were combined into one graph, Figure 6-62. It was suggested 

that in cleavage of a Ti-containing high strength low alloy steel mainly 

containing ferrite and pearlite, a one-to-one correspondence between the 

critical size of initiator and the critical size of the grain exists, thereby 

supporting the assertion in this thesis that a range of facet sizes is closely related 

to the range of active initiators. Unlike the approach that considers a singular 

value, namely the critical size, and identifies grain size as the crucial 

microstructural parameter, this thesis correlates the active size range of the 

initiator with the facet size, directly regarding the latter as the primary 

microstructural parameter in cleavage. 

 

 

 

 

6.5.10 Active Global Cleavage Initiator Size Distribution 

It can be seen from Figure 6-40, for all cleavage initiators (both inclusions and 

matrix related), 95% of initiators are sized below 3 µm. If inclusions alone are 

considered (Figure 6-41), 100% (16 out of 16) of inclusion initiators sizes are 

below 3 µm. 
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It is worth comparing inclusion size distribution with the general inclusion 

distribution of the material. Figure 5-5 (a) and Figure 5-5 (b) show the inclusion 

distribution from metallography analysis prepared from HT1 and HT2 samples 

cut from Charpy specimens in the longitudinal direction. In both HT1 and HT2 

conditions, the majority of inclusions found on polished surfaces are below 3 

µm. The smallest initiator was found to be a matrix related feature with a 

diameter of 0.6 µm, and smallest inclusion initiating fracture had a diameter of 

0.7 µm.  

An important point to be noticed here is that in all fractured surfaces of sharp-

cracked specimens, the largest initiator size on the fracture surface is 3.2 µm as 

a matrix related initiator, and the largest inclusion size is 2.5 µm. However, it is 

clear that in the polished metallographic specimen result, there is a distribution 

of inclusion sizes larger than 2.5 µm, to be precise, from 2.5 µm to 8 µm.  

Generally speaking, because the percentage of large-sized (3 µm and larger) 

inclusions is low within the material, the likelihood of sampling these inclusions 

can be very low compared to sampling inclusions smaller than 3 µm. 

Nevertheless, if the sampling effect can be neglected, with the condition that 

the fracture stress does not vary significantly and the probability of sampling 

inclusions of various sizes is assumed to be equal, then the absence of large-

sized inclusions perhaps implies that the very largest-sized inclusions are 

inactive in this cleavage process. 

Some supporting evidence can be found in other researcher’s work [108]. The 

fractographic analysis showed in their material that TiN particles act as the 

cleavage initiator. However, in the majority of the cleavage cases, the 

originating cleavage initiated from TiN sized from 2 to 6 μm, far less than the 

largest TiN size population of 12 μm. This work also shows that there is an 

‘active inclusion size range’ in the cleavage initiation process. 
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According to the weakest link theory [118], and the Weibull volume effect 

introduced from Equation (3-31), the larger the particles, the smaller the stress 

that is required to break it. However, in the research from Linaza [108], it is 

reported that the coarsest particles do not invariably act as the most deleterious 

entities in the material. The reason is very likely to be these particles may 

fracture at stress levels insufficient to instigate cleavage propagation across the 

particle-matrix interfaces.   

 

6.5.11 Local Cleavage Initiation Sites at Fracture Surfaces 

Figure 6-30 (e), 6-32 (e), and 6-37 (e) illustrate typical examples of localised 

cleavage initiation sites. Across these examples, it becomes evident that within 

a comparable fracture distance, an inclusion can function as a localised site for 

cleavage initiation. However, only those initiations that are capable of 

facilitating micro-crack propagation across the entire specimen will 

predominate in the overall cleavage mechanism and contribute to the whole 

sample failure. Such localized initiations sites serve as potential contenders in 

the global cleavage fracture initiation process, with the primary distinguishing 

factor between a dominant and a non-dominant initiation residing in the 

favourability of their respective conditions. 

If the inclusion sizes are outside of the active size range, the chance of global 

cleavage initiation will be largely decreased. However, it still can initiate local 

cleavage fracture. These can be found at the fracture surface below the ductile 

crack end, the wavy appearance of fracture surface are local cleavage initiation 

sites, they are believed to initiate at the almost the same time, leading to the 

fracture surface of an irregular topography or the undulating surface.  

 

6.5.12 Global Cleavage Initiator and Inclusion Elemental Analysis  
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6.5.12.1 Global Cleavage Initiator and its First Facet Size Relationship 

Firstly, from the first facets size alone, comparing the facet size where non-

inclusion initiated and inclusion initiated, there was no clear evidence showing 

the facets differed in size or nature.  

Secondly, based on the relationship between all initiator sizes and first facet 

sizes in Figure 6-63, the detailed relationship must be complex, with the fact 

that a range of initiator diameters can be observed at the same first facet 

diameter. Also, within the same initiator size, there exists a range of first facet 

sizes. However, a very weak correlation between the initiator and facet size is 

still conceivable in general. 

6.5.12.2 Inclusion Type and the J-integral Relationship 

In some recent works [109], researchers did find evidence that in a largely 

bainitic microstructure, the (Mg, Al, Ca) (O, S) oxides triggered fracture were 

related to the highest CTOD values, among all oxides, carbides, nitrides, and 

niobium-rich inclusions. The niobium-rich inclusions that triggered fracture 

were related with the lowest CTOD. Consequently, the research substantiated 

that niobium-rich inclusions exhibit a more detrimental effect. 

In this thesis, findings consistent with those reported in recent studies were not 

observed. The initiating inclusions identified were exclusively oxide inclusions, 

specifically calcium-based spherical oxide inclusions or titanium-based cubic 

inclusions. Furthermore, calcium and titanium were frequently found to co-

exist, with no significant distinction in their respective J-integral values. 

However, this research did observe in the only specimen (HT1-01) where 

inclusion decohesion was identified as the cause of initiation, that the J-integral 

value (and consequently, the CTOD value) was the highest among all specimens 

examined. The highest J-integral value, indicating the largest plastic 

deformation, suggests that cleavage fracture could potentially be delayed if 
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initiation is supplanted by inclusion decohesion instead of inclusion cracking. 

Many researchers believe that the relationship between inclusion decohesion 

and cracking is competitive. [119]–[121] So it may be feasible to consider 

enhancing low-temperature toughness by making inclusion decohesion more 

favourable at lower temperatures [122], if the quantity and size of inclusions 

remain relatively unchanged.  

 

6.5.12.3 Inclusion Decohesion and Inclusion Cracking Initiation 

Within all 16 inclusion related initiation events, the result of 15 cracked 

inclusion compared with only one decohered inclusion firstly indicates that for 

cleavage to initiate widely for the whole specimen to fracture, the probability of 

finding a cracked inclusion is significantly higher than finding a decohered 

inclusion as the global initiation site for the whole specimen. 

Second and more importantly, it may imply that inclusions are more likely to 

crack than to decohere in cleavage fracture at -120 °C, -100 °C, and -80 °C, 

which suggests that the interface strength between these inclusions and the 

matrix is greater than the stresses required to break the inclusion. Therefore, 

when the stress concentration progressively builds up at both the inclusion-

matrix interface and inclusion itself, inclusion cracking is more likely to occur 

due to its lower energy and stress required. 

For the specimen where initiation was from inclusion decohesion (HT1-01), the 

inclusion's chemical composition was primarily calcium and aluminium. The 

inclusion diameter, measuring 1.1 μm, was not different from that of the cracked 

inclusions. The first facet diameter of 24 μm was also similar to those in the rest 

of the specimens. The local cleavage fracture stress was calculated to be 2212 

MPa (McMeeking analysis of n=0.1). The chemical composition of the cleavage-
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initiating inclusion, as well as the inclusion size and first facet size, were the 

same as those of other initiating inclusions.  

This particular case is distinguished by examining Tables 6-3 to 6-5, which 

reveal that the stable crack extension is the largest across all specimens, 

measuring 70 μm. This value exceeds the average stable crack extension of 44 

μm, observed in specimens tested at -80°C, by 60%. 

Further examination of this specimen result indicates that the 𝐽 -integral 

registers the maximum value at 218 𝑘𝐽 ∙ 𝑚1 2⁄  and the corresponding 𝐾𝐽𝐶  is 

also the highest among all specimens at 212 𝑀𝑃𝑎 ∙ 𝑚1 2⁄ . The large amount of 

plastic deformation in the specimen, very likely facilitates decohesion as a mode 

of initiation, effectively serving as the dominant cleavage initiation site of crack 

formation. 

 

6.5.12.4 Inclusion Element Composition 

The EDX analysis was carried out by point analysis. The points were 

determined on the inclusion itself and the inclusion surrounding matrix, by 

comparing the element difference between inclusion and the matrix, the 

inclusion element was confirmed.  

For the role of titanium in steel deoxidation process, it was reported [123], that 

the presence of crystalline patches containing titanium were detected towards 

the edges of inclusions. As titanium monoxide formation requires strongly 

reducing conditions, it is reasonable to assume that the titanium-rich 

crystalline patches observed at the edges of inclusions are possibly 𝑇𝑖𝐶, 𝑁𝑏𝐶 

or (𝑇𝑖, 𝑁𝑏)(𝐶, 𝑁) .[124], [125] This was also be confirmed as EDX analysis 

results from Figure 6-14 (d). 
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A sufficient amount of aluminium was added to molten steel as a deoxidizing 

element, but this will produce solid particles of 𝐴𝑙2𝑂3 and these particles form 

aggregates of irregular shape termed “alumina clusters” by collision and 

coalescence. [126] These clusters in the final steel product can have a strong 

detrimental effect to the mechanical properties. 

Calcium added into steel is mainly to reduce the detrimental effect of 𝐴𝑙2𝑂3 

inclusions and improve the castability of molten steel. It is reported [127][128] 

that by adding calcium, the 𝐴𝑙2𝑂3 inclusions will be transformed into liquid 

calcium aluminate inclusions with low melting points and spherical 

morphology. These liquid inclusions are easily removable from the melt and the 

residual inclusions in the steel are less harmful than un-treated 𝐴𝑙2𝑂3 

inclusion to the mechanical properties.  

The modification of 𝐴𝑙2𝑂3  inclusion into calcium aluminates by adding  

calcium is reported to exhibit the following reaction sequence: 𝐴𝑙2𝑂3 → 𝐶𝑎𝑂 ∙

6𝐴𝑙2𝑂3 → 𝐶𝑎𝑂 ∙ 2𝐴𝑙2𝑂3 → 𝐶𝑎𝑂 ∙ 𝐴𝑙2𝑂3 → 𝐶𝑎𝑂 ∙ (𝐴𝑙2𝑂3)𝑥(𝑙𝑖𝑞𝑢𝑖𝑑)  [128] 

Inclusions of the 𝐶𝑎𝑂 − 𝑀𝑔𝑂 − 𝐴𝑙2𝑂3  system are very likely to be found in 

both HT1 and HT2 steel samples. This was reported owing to the reaction 

between [𝐶𝑎]  and 𝑀𝑔𝑂 − 𝐴𝑙2𝑂3  inclusions as listed by Equation 6-1 and 

Equation 6-2. [129] [130] 

[𝐴𝑙] +
3

2
(𝐶𝑎𝑂) =

3

2
[𝐶𝑎] +

1

2
(𝐴𝑙2𝑂3)                          Equation (6-1) 

𝑥[𝐶𝑎] + (𝑀𝑔𝑂 ∙ 𝐴𝑙2𝑂3) = [𝑥𝐶𝑎𝑂 ∙ (1 − 𝑥)𝑀𝑔𝑂 ∙ 𝐴𝑙2𝑂3] + 𝑥[𝑀𝑔] Equation (6-2) 

 

 

 

6.5.12.5 Inclusions That Do Not Initiate Cleavage 
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In Figure 6-37 (f) and Figure 6-37 (g) of HT2-21 site2, an inclusion is shown on 

the fracture surface, but there is no river pattern spreading from it, indicating 

that the inclusion is not responsible for either global or the local cleavage 

initiation. The EDX analysis of the two inclusions in HT2-21 site2 with 

equivalent diameters of 1.8 µm and 2.0 µm reveals the presence of calcium, 

aluminium, sulphur, and a small quantity of titanium. 

This demonstrates that not all inclusions will be active in initiating cleavage, 

despite the fact that inclusions are detrimental to the cleavage process. There 

are a number of other inclusions that behave similarly throughout the 

observation. 

Inclusions may not initiate cleavage fracture for many possible reasons. Among 

them all, one could be that the inclusion is not on the cleavage plane of the 

entire specimen which results in a stress concentration that could differ from 

that of inclusions located on the specimen's cleavage plane. (example seen from 

Figure 6-37 (f)) Which is to say, the stress concentration could be a lot less for 

the inclusions that are not on the cleavage plane. 

6.5.13 Local Cleavage Fracture Stress σ𝐹  and Effective Surface 

Energy 𝜸𝒑 

σ𝐹 is the calculated stress for an initiation site, where a penny-shaped crack 

was assumed and using a modified Griffith-type equation:  

 

 σ𝐹 = [
𝜋𝐸𝛾𝑝

(1−𝑣2)𝑑
]

1/2

 Equation (6-3) 

 

Where 𝑑 is the critical crack length.  
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              (If inclusion is considered, then d is inclusion diameter instead 

of radius) 

              𝛾𝑝 is effective surface energy. 

              𝐸 is Young's modulus taken as 210 GPa, and 𝑣 is Poisson’s ratio taken 

as 0.28. 

 

Based on the initiators' measured size, with the help of the modified Griffith 

equation stated in Equation (6-3) for a penny-shaped microcrack, the effective 

surface energy is calculated. It is assumed that the critical event of cleavage in 

these specimens was the fracture of these initiators, and the cracked or 

decohered initiator acted as a penny-shaped crack in the material. The diameter 

of the initiator can be regarded as critical crack length. The calculated 𝛾𝑝 

estimated from the general form Griffith equation can be found in Table 6-8 

and Table 6-11 for n=0.1 and n=0.2 conditions respectively. The effective 

surface energy for initiator sizes between 0.6-3.2 μm ranges within 5 𝐽/m2 to 

22 𝐽/m2  for the n=0.1 condition and 7 𝐽/m2  to 34  𝐽/m2  in the n=0.2 

condition. With a linear fit in the initiator diameter-local cleavage fracture 

stress plot (Figure 6-60), the slope gives the surface energy of 9.2 𝐽/m2 in the 

n=0.1 condition and the surface energy of 13.6 𝐽/m2 in the n=0.2 condition. 

This result can be seen as support for previous values of 7-14 𝐽/m2 deduced in 

the literature. [85] 

The calcium based spherical shape inclusion surface energy result is in the 

range from 7.4  𝐽/m2 to 33.5  𝐽/m2, the titanium based cubic shape inclusion 

surface energy is in the range from 9.7 𝐽/m2 to 24.2 𝐽/m2 and non-inclusion 

initiator surface energy result is in the range from 7.2 𝐽/m2 to 30.0 𝐽/m2 
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From the result of surface energy distribution, it appears that there may not be 

a strong difference in the calculated surface energy between these different 

types of initiators. 

6.5.14 Local Cleavage Fracture Stress Relationship to 

Microstructural Features  

The relationship between local cleavage fracture stress and the reciprocal 

square root of initiator diameter and the first facet diameter are shown in Figure 

6-60 to Figure 6-61. Generally, the scattered nature of the data can be seen; 

however, there is also a tendency of increasing local cleavage fracture stress 

with decreasing initiator sizes and facet sizes. The general trend can be 

represented by the slope. Thanks to the modified Griffith equation for a penny-

shaped microcrack (Equation 6-3), when the particle-matrix crack is 

considered critical, the slope gives a surface energy of 9.2 𝐽/m2  under 

condition of n=0.1 and surface energy of 13.6 𝐽/m2 under n=0.2 condition.  

Moreover, if the facet size is assumed to be the initiating micro-cracks and 

cracking of the facet considered as the critical event, the slope gives 203 𝐽/m2 

under n=0.1 condition and 300 𝐽/m2 under n=0.2 condition. The calculated 

surface energy result may be worth comparing with the data in the literature of 

around 120 𝐽/m2 [89].  
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6.6 Microscopic Cleavage Fracture Stress Test Discussion 

6.6.1 Local Cleavage Fracture Stress 𝛔𝐹  Compared with the 

Maximum Principal Stress 𝝈𝒚𝒚
𝒎𝒂𝒙  

Plotted in Figure 6-64 is the relationship between local cleavage fracture stress 

σ𝐹 and the maximum principal stress 𝜎𝑦𝑦
𝑚𝑎𝑥.  

It can be seen from both Figure 6-64 and Table 6-14 that six specimens 

exhibited measured local cleavage fracture stresses very close to the 

corresponding maximum principal stresses.  

Considering the ratio of σ𝐹/𝜎𝑦𝑦
𝑚𝑎𝑥, six data points yield a result higher than 93%, 

which is very close to the 'process zone' threshold of 95% of the maximum 

principal stress.[66] Only one specimen HT2-07, had a slightly larger difference 

between local cleavage fracture stress and maximum principal stress (σ𝐹 =

0.91𝜎𝑦𝑦
𝑚𝑎𝑥).  

6.6.2 Initiator Size and the first Facet Size Relationship with the 

Local Cleavage Fracture Stress 

In order to evaluate the size effect of initiation features during the cleavage 

process, the local cleavage fracture stress σ𝐹 is compared with the reciprocal 

square root of fractographic initiator size as well as facet size.  

From Figure 6-65 and Figure 6-66, it is observed that although the correlation 

of facet size with σ𝐹 is slightly stronger than that of initiator size with σ𝐹, the 

overall correlation of both initiator and first facet size with local cleavage 

fracture stress is relatively weak. 

From Figure 6-67, there is a weak correlation between the size of all-type 

initiators and the first facet size in seven blunt-notched specimens. 
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6.6.3 Local Cleavage Fracture Stress 𝛔𝑭  and the Effective Surface 

Energy 𝜸𝒑 

The calculated surface energy from each test is summarised in Table 6-15. The 

surface energy results for four inclusion related specimens were 8.0 𝐽/m2, 10.4 

𝐽/m2, 12.3 𝐽/m2, and 13.6 𝐽/m2, and the surface energy results for the three 

specimens with matrix related initiation were 4.3 𝐽/m2 , 9.6 𝐽/m2  and 13.3 

𝐽/m2.  

6.6.4 Fractography 

The blunt-notched specimens produced a high-constraint condition at the crack 

tip, increasing the likelihood of plane-strain conditions, where pure cleavage is 

more likely to occur. The high constraint minimizes the crack-tip plastic zone, 

reducing the amount of energy absorbed during crack propagation, thus 

favouring cleavage fracture over quasi-cleavage fracture. 

 

6.7 Comparison of Cleavage Fracture Between the Sharp-

cracked and Blunt-notched Specimens 

6.7.1 Stress-Condition Difference Between the Sharp-cracked and 

Blunt-notched Specimens 

Based on the Griffith-Owen analysis and the McMeeking analysis, when loading 

increases in blunt-notched specimens, the 𝐿/𝐿𝐺𝑌 will increase, which will lead 

to a larger maximum principal stress. Hence it is possible to increase the local 

cleavage fracture stress. This means the local stress-state ahead of the notch-

root will change and a larger stress is likely to occur ahead of the notch-root. 

However, in sharp-cracked specimens, according to the McMeeking analysis, 

the stress distribution ahead of the pre-crack tip stays the same. The load 
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increase will only increase the sampling distance for cleavage fracture ahead of 

the pre-crack tip. 

6.7.2 Fracture Surface Appearance 

As discussed before, in blunt-notched specimens, the local cleavage fracture 

stress at fracture is close to the maximum principal stress and the crack 

propagates perpendicular to the direction of the applied stress. It results in a 

generally flat, featureless appearance, with the cleavage facets meeting at a 90° 

angle. This can be compared with sharp-cracked specimens, when the cleavage 

path is not perpendicular to the direction of the applied stress, and the resulting 

fracture surface may have a more jagged or rough appearance. Additionally, the 

crack may branch and interact with other cracks in the material, leading to a 

more complex fracture surface. Some typical examples are illustrated in Figure 

6-16, Figure 6-32, Figure 6-36 and Figure 6-37, where their respective J-

integral values are 55.4 𝑘𝐽/𝑚2 , 64.9 𝑘𝐽/𝑚2 , 36.1 𝑘𝐽/𝑚2  and 86.2 𝑘𝐽/𝑚2 . 

These values were higher than the average of their corresponding sample 

populations. 

In conclusion, fractographic analyses of cleavage surfaces for specimen tested 

at -100 °C and -80 °C frequently reveal discrete zones of quasi-cleavage fracture, 

as documented in [131] The underlying reason for this observation is that a 

propagating cleavage crack may encounter intricate hindrances, such as highly 

disoriented grains, which are impervious to fracturing. Consequently, the 

cleavage crack is compelled to navigate around these impediments, resulting in 

the formation of isolated intact ligaments. These residual ligaments undergo 

tearing, necessitating a relatively high energy expenditure, when the crack 

openings widen sufficiently. This microscale process enhances fracture 

toughness and becomes increasingly prevalent at elevated temperatures. 

6.7.3 Effect of Temperature  
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Figure 6-68 gives the local cleavage fracture stress results for different test 

temperatures in sharp-cracked specimens (for n=0.1 and n=0.2) as well as for 

blunt-notched specimens. 

Based on the blunt-notched specimen test results obtained at –196 and -170°C, 

although the local cleavage fracture stress does not appear to have a strong 

dependency on temperature, the single valid failure stress obtained at the 

higher temperature makes this suggestion very tentative.  

However, as seen in Figure 6-68 average values from blunt-notched specimens 

and lower bound values from sharp-cracked specimens, the local cleavage 

fracture stress does indeed seem to be temperature independent. This is strong 

support for the widely held interpretation of the origin of the brittle to ductile 

transition with a decreasing yield stress with increasing temperature, combined 

with a temperature independent cleavage fracture stress. 

Work hardening exponent is assumed to have no effect on the stress 

distribution in the Griffiths and Owen analysis for blunt-notched specimens, 

resulting in an average local cleavage fracture stress of approximately 1985 MPa 

at -196 °C and -170 °C. For the actual work hardening exponent estimated at 

around n=0.15, analysis of the sharp-cracked specimen tests based on 

McMeeking FEA resulted in the lower bound local cleavage fracture stress 

values of 2060, 1961 and 2144 MPa, for -120 °C, -100 °C, and -80 °C test 

temperatures, respectively.  

The local cleavage fracture stress results from blunt-notched specimens at 

196 °C and -170 °C are comparable with the lower bound local cleavage fracture 

stress results from sharp-cracked specimens at -120 °C, -100 °C, and -80 °C. 

This shows that the local cleavage fracture stress does not appear to be affected 

by temperature changes ranging from –100 °C to -196 °C. 

6.7.4 Fracture Distance Analysis 
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In the present study, the majority of measured fracture distances in sharp-

cracked specimens are within 200 μm, but in blunt-notched specimens, 

cleavage fracture distances are all measured to be larger than 200 μm.  

Figure 6-69 gives the fracture distance comparison for sharp-cracked 

specimens and blunt-notched specimens. The measured fracture distances 

show the sampling distance ranging from 220 to 440 μm in blunt-notched 

specimens and 21 to 657 μm in sharp-cracked specimens.  

A red dashed line at 200 μm shows the difference between these different 

specimens. On the left side of the red dashed line (fracture distance < 200 μm), 

sharp-cracked specimen fracture distance values are concentrated in the high 

stress region. The concentration level is clearly higher than results on the right 

side of red dashed line (fracture distance > 200 μm). Compared with the blunt-

notched specimens, high stress facilitates sharp-cracked specimens cleavage 

initiating at the locations much closer to the pre-crack tip than the blunt-notch 

tip. 

One important point to note here is that on the right side of red dashed line, 

which is when the fracture distance exceeds 200μm, the local cleavage fracture 

stress results seen in sharp-cracked specimens can be very similar to blunt-

notched specimen values. This may suggest that the local stress condition in 

sharp-cracked specimens where the fracture distance exceeds 200μm and 

blunt-notched specimens ahead of notch root are similar. 

Figure 6-70 depicts the relationship between all types of initiators and the local 

cleavage fracture stresses, and Figure 6-71 shows the relationship between all 

facet sizes and the local cleavage fracture stresses. Since n=0.1 and n=0.2 give 

equivalent results, only the n=0.1 condition is shown for clarity. Initiators and 

facets located beyond 200μm exhibit the lowest local cleavage fracture stress. 

This phenomenon is attributed to the McMeeking analysis result, which reveals 
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that stress distribution varies with the distance from the tip of a ductile crack. 

Essentially, as the fracture distance increases, the local cleavage fracture stress 

decreases progressively until the material ultimately fractures. 

6.7.5 Surface Energy of the Cracked Inclusion 

The local cleavage fracture stress and the calculated surface energy of each 

cracked inclusion is summarized in Table 6-16 and Table 6-17. Based on the 

assumption that the critical event in the cleavage fracture process is the 

cracking of the inclusions, the calculated surface energy will be more accurate 

than calculated previously from all initiators. - In the study, four blunt-notched 

specimens exhibited cracked inclusions, with surface energy results calculated 

at 8.0 𝐽/m2, 10.4 𝐽/m2, 12.3 𝐽/m2, and 13.6 𝐽/m2, respectively. Conversely, 

fifteen sharp-cracked specimens were observed to contain cracked inclusions 

and the calculated surface energy result from sharp-cracked specimen with 

cracked inclusion initiation is in the range of 5.0-21.0 𝐽/m2  in the n=0.1 

condition and 7.4-33.5  𝐽/m2 in the n=0.2 condition. 

The reciprocal square root of cracked inclusion diameter and corresponding 

local cleavage fracture stress is plotted in Figure 6-72 and Figure 6-73. The 

slopes of these figures show a surface energy value of 10.6 𝐽/m2 from blunt-

notched specimens, 9.6 𝐽/m2 from sharp-cracked specimens using n=0.1 and 

14.0 𝐽/m2 from sharp-cracked specimens using n=0.2. 

 

 

6.8 Conclusions 

6.8.1. In sharp-cracked specimens, the inclusions found at cleavage initiation 

sites using EDX analysis showed the presence of calcium, aluminium and 

140 



 

 

titanium, with a size distribution of equivalent diameter from 0.7 to 2.5 μm and 

related first facet size distribution in the range from 20 to 46 μm in equivalent 

diameter. There appears to be no significant differences in the cleavage micro-

mechanism for calcium related spherical shape inclusions and titanium related 

cubic shape inclusions. 

6.8.2. The surface energy of all initiators in sharp-cracked specimens is 9.2 

𝐽/m2  in the n=0.1 condition and 13.6 𝐽/m2  in the n=0.2 condition. If only 

cracked inclusions are considered, the surface energy in sharp-cracked 

specimens is estimated at 9.6 𝐽/m2 in the n=0.1 condition and 14.0 𝐽/m2  in 

the n=0.2 condition. 

6.8.3. In sharp-cracked specimens, 21 out of 26 specimens have 𝜎𝐹/𝜎𝑀𝑎𝑥 

values greater than 85% for the McMeeking analysis of n=0.1 and 14 out of 26 

specimens have 𝜎𝛳𝛳/𝜎𝑀𝑎𝑥 values greater than 85% for the McMeeking analysis 

of n=0.2. 

6.8.4. In blunt-notched specimens, both non-metallic inclusions and non-

inclusion features were identified as cleavage initiation sites. The size of seven 

initiators was within 1.1 µm to 2.6 µm. And four inclusions sizes are within 1.6 

µm to 2.6 µm. 

6.8.5. In blunt-notched specimens, by assuming the initiator as penny-shaped 

micro-cracks, using a modified Griffith-type equation, the calculated surface 

energy gives a distribution from 4.3 𝐽/m2 to 13.6 𝐽/m2. 

6.8.6. In blunt-notched specimens, the FEM calculated local cleavage fracture 

stress σ𝐹 was very close to the maximum principal stress. The local cleavage 

fracture stress of one test was 91% of the maximum principal stress, and the 

other six tests were above 93% of the maximum principal stress.  

6.8.7. Overall results presented from both test-piece geometries provide very 

strong support both for a purely tensile stress-controlled failure criterion of 
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cleavage fracture, and for the temperature independence of the cleavage 

fracture stress. Although such important tenets for the interpretation of the 

brittle to ductile transition in ferritic steels have been accepted for several 

decades, this study has provided very clear experimental validation of these 

tenets. 
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Chapter Seven – Main Conclusions and Future 

Work 

7.1 Main Conclusions 

 

1. In the wide range of sharp-cracked specimens, blunt-notched specimens 

and Charpy specimens (failed in the lower shelf region), inclusions have 

been observed to initiate cleavage fracture. Chemical analysis has shown the 

inclusions at cleavage initiation sites to contain either calcium, sometimes 

combined with aluminium which appear to be spherical in shape or to have 

titanium and to be cubic in shape. 

2. For the majority of samples that failed by cleavage fracture, fracture 

initiation was caused by a cracked inclusion. Compared with decohered 

inclusions, cracked matrix and matrix related features, cracked inclusions 

appear to be the most detrimental feature to trigger cleavage fracture in the 

whole specimen for the studied steel material. 

3. The tensile stress control criterion is generally valid for prediction of 

cleavage fracture in both blunt-notched and sharp-cracked specimens. The 

cleavage fracture for the entire specimen to occur is most likely to be around 

the location where the maximum principal stress is anticipated. 

4. There was a weak tendency for the local cleavage fracture stress to rise in 

sharp-cracked specimens with the decrease of the cracked non-metallic 

inclusion size. But it was challenging to discern whether there is such a 

tendency in the blunt-notched specimens. 

5. The average local cleavage fracture stress value measured in blunt-notched 

specimens is 1985 MPa. If the lower bound value of measured local cleavage 

fracture stress from sharp-cracked specimens is considered, the result of 

2055 MPa is closely similar with the average value from blunt-notched 

specimens results. The local cleavage fracture stress in this steel appears to 
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be temperature independent.  

6. In the wide range of Charpy impact specimens, sharp-cracked specimens 

and blunt-notched specimens, although the detailed relationship is complex, 

for all types of initiators, the initiator size seems to have a weak correlation 

with the first facet size. 

7. Overall results demonstrated by the two distinct test-piece geometries offer 

compelling corroboration for a purely tensile stress-controlled failure 

criterion of cleavage fracture, and for the temperature independence of the 

cleavage fracture stress. Such important tenets for the interpretation of the 

brittle to ductile transition in ferritic steels have been widely accepted for 

numerous decades. However, this study has contributed significantly to the 

field by providing explicit experimental validation of these fundamental 

tenets. 

 

 

7.2 Future work 

 

1. The current fracture toughness tests were conducted at -120 °C, -100 °C, and 

-80 °C using 1T CT pre-cracked specimens, while the microscopic fracture 

stress tests were conducted at -196 °C, -170 °C, and -160 °C using notched 

specimens. There is no direct comparison between the two types of 

specimens at the same temperature, so future research of fracture toughness 

tests can be conducted at temperatures such as -196 °C, -170 °C, and -160 °C 

so that a direct comparison can be made. 

2. Griffiths and Owen and McMeeking FEM analyses from the 1970s are used 

in the current research. Although the fundamental principle of fracture 

mechanics has not changed in the past 50 years, this study would benefit 

from a specific Finite Element Analysis based on the material under 

investigation and the appropriate work hardening behaviour. 
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3. The most significant aspect of this study's fractography analysis is the 

presence of non-metallic inclusions at the cleavage initiation locations. 

However, non-inclusion features were also observed at some initiation sites; 

based on their appearance, these features are likely to be carbides or 

martensite-austenite constituents. The investigation can be enhanced by a 

qualitative examination of these characteristics. 
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Table 2-1. Summary of Mechanical properties of selected inclusions and the steel matrix. [35]–[38] 

𝑰𝒏𝒄𝒍𝒖𝒔𝒊𝒐𝒏 𝑻𝒚𝒑𝒆 𝑴𝒆𝒂𝒏 𝑳𝒊𝒏𝒆𝒂𝒓 𝑬𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 𝑪𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕  

𝜶 (𝟏𝟎−𝟔·°C) 

𝑬𝒍𝒂𝒔𝒕𝒊𝒄 𝑴𝒐𝒅𝒖𝒍𝒖𝒔 

𝑬 (𝑮𝑷𝒂) 

𝑷𝒐𝒊𝒔𝒔𝒐𝒏’𝒔 𝑹𝒂𝒕𝒊𝒐  

𝒗 

𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑎𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑠 𝐶𝑎𝑆 ∙ 2𝐴𝑙2𝑂3 5.0   

𝐶𝑎𝑆 ∙ 6𝐴𝑙2𝑂3 8.8   

𝐶𝑎𝑂 ∙ 𝐴𝑙2𝑂3 6.5   

12𝐶𝑎𝑂 ∙ 7𝐴𝑙2𝑂3 7.6   

𝐴𝑙𝑢𝑚𝑖𝑛𝑎 𝐴𝑙2𝑂3 8.0 390 0.25 

𝑁𝑖𝑡𝑟𝑖𝑑𝑒𝑠 𝑇𝑖𝑁 9.4 320 0.19 

𝑆𝑖𝑚𝑝𝑙𝑒 𝑜𝑥𝑖𝑑𝑒𝑠 𝐹𝑒𝑂 14.2   

𝐶𝑎𝑂 13.5 183 0.21 

𝑀𝑔𝑂 13.5 306 0.18 

𝑀𝑛𝑂 14.1   

𝑆𝑝𝑖𝑛𝑒𝑙𝑠 𝑀𝑛𝑂 ∙ 𝐴𝑙2𝑂3 8.0   

𝑀𝑔𝑂 ∙ 𝐴𝑙2𝑂3 8.4 271 0.26 

𝐹𝑒𝑂 ∙ 𝐴𝑙2𝑂3 8.6   

𝑆𝑢𝑙𝑝ℎ𝑖𝑑𝑒𝑠 𝐶𝑎𝑆 14.7   

𝑀𝑛𝑆 18.1 103 0.30 

𝑀𝑎𝑡𝑟𝑖𝑥  12.5 206 0.29 
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Figure 2-1. The schematic representation of M-A constituent types. [23] 
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Figure 3-1. Schematic diagram of CTOD definition. 

 

 

 

 

 

 

 

 

Figure 3-2. Schematic diagram of coordinates for crack tip deformation field 

and contour 𝛤 for evaluating path-independent line integral. 
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Figure 3-3. Schematic diagram of Stroh model as cleavage nucleation ahead of 

a dislocation pile-up. 

 

 

 

 

 

 

Figure 3-4. Cleavage fracture nucleation in a bcc metal suggested by Cottrell. 
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Figure 3-5. Cleavage fracture process in mild steel suggested by Smith. 
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Figure 3-6. Stress distribution below the notch root generated by finite 

element analysis. [64] 
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Table 4-1. Chemical Compositions of material used in this study with comparison of ASME standard. 

𝑬𝒍𝒆𝒎𝒆𝒏𝒕 [𝒘𝒕%] 𝑪 𝑺𝒊 𝑴𝒏 𝑷 𝑺 𝑪𝒖 + 𝑵𝒊
+ 𝑪𝒓 

𝑴𝒐 𝑽 + 𝑵𝒃 𝑪𝑬 

𝑩𝒂𝒐𝒘𝒖 𝑺𝒕𝒆𝒆𝒍 0.088 0.18 1.47 0.003 0.0002 0.37 0.19 0.063 0.40 

𝑨𝑺𝑴𝑬 𝑩𝑷𝑽𝑫 𝑹𝒆𝒒𝒖𝒊𝒓𝒆𝒎𝒆𝒏𝒕𝒔 ≤ 0.20 0.15
− 0.55 

0.90
− 1.50 

≤ 0.003 ≤ 0.003 ≤ 1.25 ≤ 0.30 ≤ 0.08 ≤ 0.48 
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Figure 4-1. SA.738 Gr. B steel plate rolling direction. 
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Figure 4-2. SA.738 Gr. B steel plate and sampling orientation. 
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Figure 4-3. SA.738 Gr. B steel plate and Charpy test, fracture stress, and 

fracture toughness sampling orientation. 
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Figure 4-4. Tensile specimen sampling orientation. 
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Figure 4-5. HT1 and HT2 heat treatment history. 
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Figure 4-6. Geometrical illustration of the inclusion distribution sampling 

method. 
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Figure 4-7. Charpy Specimen geometry. 

 

 

 

 

 

 

 

 

Figure 4-8. Charpy specimen geometry with drilling position for the 

thermocouple to be inserted. 
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Figure 4-9. Temperature-Time calibration curve used for Charpy impact test 

at -120°C. 
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Figure 4-10. Geometrical illustration of the tensile test specimen. 
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Figure 4-11. The dimensions of Compact Tension specimens.  
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Figure 4-12. Stress and plastic strain distribution ahead of pre-crack tip for 

𝜎0

𝐸
= 1/300 and N=0.1. (N is the work hardening exponent in McMeeking 

analysis) [91] 
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Figure 4-13. Stress and plastic strain distribution ahead of pre-crack tip for 

𝜎0

𝐸
= 1/300 and N=0.2. (N is the work hardening exponent in McMeeking 

analysis) [91] 
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Figure 4-14. Blunt-notched specimen geometry. 

 

 

 

 

Figure 4-15. Illustration of the four-point bending test setup. 
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Figure 4-16. Variation of the maximum principal stress below the notch root 

at various loads.[64] 
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𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑪𝑽𝑵 𝑫𝑻 𝑳𝑬 𝑪𝑨 𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑪𝑽𝑵 𝑫𝑻 𝑳𝑬 𝑪𝑨

𝑵𝒐. 𝒐𝑪 𝑱 𝒎𝒎 𝒎𝒎 % 𝑵𝒐. 𝒐𝑪 𝑱 𝒎𝒎 𝒎𝒎 %

HT1-1

-196

2.5 0.000 0.14 100.0 HT1-40
-90

299.0 5.252 2.15 0.0

HT1-2 3.0 0.000 0.12 100.0 HT1-41 298.5 3.437 1.98 0.0

HT1-3 2.0 0.000 0.14 100.0 HT1-13

-80

299.0 2.460 2.30 0.0

HT1-7

-120

5.0 0.063 0.12 99.1 HT1-14 236.0 4.571 2.53 26.2

HT1-8 5.0 0.000 0.12 99.3 HT1-15 298.5 1.651 2.20 0.0

HT1-9 5.0 0.059 0.14 98.4 HT1-19 297.0 1.640 2.50 0.0

HT1-52 7.5 0.011 0.23 98.7 HT1-20 297.0 2.665 2.26 0.0

HT1-53 7.5 0.001 0.15 99.2 HT1-21 246.0 2.286 2.32 21.0

HT1-54 5.0 0.038 0.17 98.0 HT1-25 299.0 2.628 2.28 0.0

HT1-10

-100

26.0 0.088 0.37 92.9 HT1-26 273.0 2.311 2.04 15.4

HT1-11 15.0 0.116 0.25 94.8 HT1-27 13.0 0.200 0.26 90.4

HT1-12 10.5 0.275 0.35 97.0 HT1-34

-70

298.5 3.529 1.79 0.0

HT1-16 8.5 0.188 0.16 95.1 HT1-35 298.5 3.644 2.28 0.0

HT1-17 15.0 0.188 0.27 95.9 HT1-36 283.5 3.006 2.19 14.8

HT1-18 8.0 0.090 0.17 96.5 HT1-43 298.5 1.403 2.25 0.0

HT1-38 19.5 0.265 0.31 91.9 HT1-44 258.0 3.617 1.92 20.1

HT1-39 11.5 0.157 0.22 94.8 HT1-45 272.5 2.606 2.04 19.6

HT1-46 6.0 0.010 0.14 100.0 HT1-22

-60

297.5 3.236 2.28 0.0

HT1-47 3.0 0.000 0.08 98.1 HT1-23 297.0 2.238 2.36 0.0

HT1-48 7.5 0.000 0.20 98.7 HT1-24 297.0 3.189 2.53 0.0

HT1-4

-90

298.0 2.711 2.54 0.0 HT1-31 299.0 1.979 2.35 0.0

HT1-5 56.5 0.427 0.72 83.5 HT1-32 299.0 4.243 2.44 0.0

HT1-6 25.0 0.157 0.27 91.5 HT1-33 298.5 3.659 2.21 0.0

HT1-28 12.0 0.088 0.23 91.9 HT1-49

-40

298.5 4.074 2.25 0.0

HT1-29 12.0 0.144 0.25 91.8 HT1-50 298.5 3.038 2.39 0.0

HT1-30 267.0 1.975 2.23 18.2 HT1-51 298.0 1.723 2.36 0.0

Table 5-1. HT1 Charpy Test Results Summary

*𝐷𝑇 is the ductile thumbnail, 𝐿𝐸 is lateral expansion and 𝐶𝐴 is cleavage area percentage 
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𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑪𝑽𝑵 𝑫𝑻 𝑳𝑬 𝑪𝑨 𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑪𝑽𝑵 𝑫𝑻 𝑳𝑬 𝑪𝑨

𝑵𝒐. 𝒐𝑪 𝑱 𝒎𝒎 𝒎𝒎 % 𝑵𝒐. 𝒐𝑪 𝑱 𝒎𝒎 𝒎𝒎 %

HT2-1

-196

2.0 0.023 0.00 100.0 HT2-40

-90

247.5 2.380 2.42 23.4

HT2-2 2.5 0.064 0.15 100.0 HT2-41 18.0 0.184 0.14 94.8

HT2-3 2.0 0.000 0.08 100.0 HT2-42 90.0 1.074 1.14 79.0

HT2-7

-120

5.0 0.000 0.18 99.4 HT2-13

-80

23.0 0.269 0.35 94.1

HT2-8 5.5 0.000 0.10 100.0 HT2-14 258.5 2.050 2.08 22.0

HT2-9 6.0 0.000 0.10 99.9 HT2-15 250.0 2.843 2.21 20.6

HT2-52 8.5 0.000 0.13 97.5 HT2-19 241.0 2.078 2.26 25.1

HT2-53 5.0 0.021 0.13 99.5 HT2-20 203.0 1.908 2.40 35.0

HT2-54 5.0 0.000 0.15 99.9 HT2-21 212.0 2.588 2.45 30.3

HT2-10

-100

12.5 0.106 0.17 94.6 HT2-25 261.0 3.406 2.13 18.4

HT2-11 7.5 0.076 0.27 95.6 HT2-27 298.5 3.164 2.35 0.0

HT2-12 19.0 0.154 0.22 93.3 HT2-34

-70

298.5 3.241 2.24 0.0

HT2-16 36.0 0.224 0.47 96.9 HT2-35 240.0 2.360 2.40 28.2

HT2-17 12.0 0.079 0.18 96.9 HT2-36 233.0 2.183 2.21 27.9

HT2-18 23.0 0.197 0.15 95.4 HT2-43 229.5 2.140 2.53 27.0

HT2-37 14.0 0.174 0.18 96.6 HT2-44 298.5 3.160 2.12 0.0

HT2-38 9.5 0.052 0.15 97.3 HT2-45 298.5 3.974 2.47 0.0

HT2-39 20.0 0.322 0.32 95.2 HT2-22

-60

297.0 3.052 2.33 0.0

HT2-46 8.0 0.021 0.25 99.4 HT2-23 297.0 3.157 2.36 0.0

HT2-47 10.0 0.143 0.17 96.2 HT2-24 297.0 3.787 2.44 0.0

HT2-48 6.0 0.038 0.27 99.8 HT2-31 299.0 2.665 2.33 0.0

HT2-4

-90

192.0 3.803 2.04 44.5 HT2-32 299.0 2.514 2.43 0.0

HT2-5 159.0 3.040 1.74 62.5 HT2-33 237.0 3.340 2.10 6.5

HT2-6 8.5 0.095 0.32 94.8 HT2-49

-40

299.0 5.539 2.46 0.0

HT2-28 12.0 0.136 0.30 93.5 HT2-50 299.0 3.213 2.36 0.0

HT2-29 9.5 0.000 0.10 91.0 HT2-51 299.0 3.457 2.30 0.0

HT2-30 32.0 0.273 0.29 92.3

Table 5-2. HT2 Charpy Test Results Summary

*𝐷𝑇 is the ductile thumbnail, 𝐿𝐸 is lateral expansion and 𝐶𝐴 is cleavage area percentage 
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Table 5-3. Detailed information of fracture initiation sites with initiation reason, initiation size, element composition and facet size from the 14 

brittle fracture Charpy impact specimens.  

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑻𝒆𝒔𝒕𝒑𝒊𝒆𝒄𝒆 I𝒏𝒊𝒂𝒊𝒕𝒊𝒐𝒏  

𝒓𝒆𝒂𝒔𝒐𝒏 

𝑪𝑽𝑵 𝑿𝟎 𝑫𝒖𝒄𝒕𝒊𝒍𝒆 𝒄𝒓𝒂𝒄𝒌 𝒈𝒓𝒐𝒘𝒕𝒉 𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 𝑭𝒂𝒄𝒆𝒕 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓  

°𝑪 No. (𝑱) (𝝁𝒎) (𝝁𝒎) (𝝁𝒎) (𝝁𝒎) 

-196 CH HT2-01 
Inclusion 

related 
2.0 229 23 1.9 38 

-120 CH HT1-07 Matrix cracking 5.0 229 63 N/A 38 

-100 CH HT1-10 Matrix cracking 26.0 365 88 N/A 46 

-100 CH HT1-18 
Inclusion 

related 
8.0 390 90 1.7 24 

-100 CH HT2-11 
Inclusion 

related 
7.5 428 76 2.3 51 

-100 CH HT2-12 Matrix cracking 19.0 636 154 N/A 44 
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-100 CH HT2-16 

Matrix related 

Possible M-A-C  36.0 545 224 1.6 30 

-100 CH HT2-18 

Matrix related 

Possible M-A-C  23.0 530 197 2.7 54 

-90 CH HT1-05 
Inclusion 

related 
56.5 693 427 1.6 42 

-90 CH HT1-06 
Inclusion 

related 
25.0 596 157 2.2 52 

-90 CH HT2-04 Matrix cracking 192.0 312 3803 N/A 40 

-90 CH HT2-30 Matrix cracking 32.0 413 273 N/A 33 

-90 CH HT2-41 
Matrix related 

Possible M-A-C 18.0 619 
184 

1.9 32 

-90 CH HT2-42 
Inclusion 

related 90.0 300 
1074 

1.8 34 

*X0 indicate the distance from end of ductile thumbnail to the cleavage initiation. M-A-C indicate potential martensite-austenite 

constituents. 

183 



Figure 5-1. Optical microscopy result of (a) HT1 condition and (b) HT2 condition.

(b)(a)

(a)
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-2. Secondary electron microscopy result of random sampled area with 

magnification of 1000x of HT1 condition (a), (b), (c) and HT2 condition (d), (e), (f).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-3. Secondary electron microscopy result of random sampled area with 

magnification of 3500x of HT1 condition (a), (b), (c) and HT2 condition (d), (e), (f).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-4 (A). Backscattered mode images of random sampled area of polished surfaces 

from HT1 condition and the ImageJ processed images.

(a) (b)

(c) (d)

(e) (f)

100 μm

100 μm

100 μm
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-4 (B). Backscattered mode images of random sampled area of polished surfaces 

from HT2 condition and the ImageJ processed images.
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100 μm
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Figure 5-5 (a). Size distribution of inclusions in HT1 and HT2 conditions of 

polished metallography samples. 
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Figure 5-5 (b). Combined size distribution of inclusions in both HT1 and HT2 
conditions from polished metallography samples. 
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Figure 5-6 (a). Inclusion chemical analysis result from polished metallography samples. 

(i) shows the SEM image of the inclusion with spectrum location, (ii) is the EDX 

spectrum result

(b)(a)

(a)

(i)

(ii)
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Figure 5-6 (b). Inclusion chemical analysis result from polished metallography samples. 

(i) shows the SEM image of the inclusion with spectrum location, (ii) is the EDX 

spectrum result

(b)(a)

(a)

(ii)

(i)
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Figure 5-7. Charpy impact energy values plot for HT1 condition.  
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Figure 5-8. Charpy impact energy values plot for HT2 condition. 
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Figure 5-9. Combined Charpy impact energy values plot for both HT1 and 

HT2 conditions. 
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Figure 5-10. Tanh fit curve to Charpy impact energy values of HT1 condition.  
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Figure 5-11. Tanh fit curve to Charpy impact energy values of HT2 condition. 
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Figure 5-12. Tanh fit curve to Charpy impact energy values of HT1 and HT2 

conditions. 
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT1-1 -196 2.5J 100% 0.14mm HT1-2 -196 3.0J 100% 0.12mm HT1-3 -196 2.0J 100% 0.14mm

HT1-7 -120 5.0J 99.1% 0.12mm HT1-8 -120 5.0J 99.3% 0.12mm HT1-9 -120 5.0J 98.4% 0.14mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT1-52 -120 7.5J 98.7% 0.23mm HT1-53 -120 7.5J 99.2% 0.15mm HT1-54 -120 5.0J 98.0% 0.17mm

HT1-10 -100 26.0J 92.9% 0.37mm HT1-11 -100 15.0J 94.8% 0.25mm HT1-12 -100 10.5J 97.0% 0.35mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE

HT1-16 -100 8.5J 95.1% 0.16mm HT1-17 -100 15.0J 94.8% 0.25mm HT1-18 -100 8.0J 96.5% 0.17mm

HT1-38 -100 19.5J 91.9% 0.31mm HT1-39 -100 11.5J 94.8% 0.22mm

No. °C CVN CA LE
HT1-46 -100 6.0J 100% 0.14mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE

HT1-47 -100 3.0J 98.1% 0.08mm HT1-48 -100 7.5J 98.7% 0.20mm HT1-4 -90 298.0J 0.0% 2.54mm

HT1-5 -90 56.5J 83.5% 0.72mm HT1-6 -90 25.0J 91.5% 0.27mm

No. °C CVN CA LE
HT1-28 -90 12.0J 91.9% 0.23mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE

HT1-29 -90 12.0J 91.8% 0.25mm HT1-30 -90 267.0J 18.2% 2.23mm HT1-40 -90 299.0J 0.0% 2.15mm

HT1-41 -90 298.5J 0.0% 1.98mm

No. °C CVN CA LE
HT1-13 -80 299.0J 0.0% 2.30mm

No. °C CVN CA LE
HT1-14 -80 236.0J 26.2% 2.53mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE

HT1-15 -80 298.5J 0.0% 2.20mm HT1-19 -80 297.0J 0.0% 2.50mm HT1-20 -80 297.0J 0.0% 2.26mm

HT1-21 -80 246.0J 21.0% 2.32mm

No. °C CVN CA LE
HT1-25 -80 299.0J 0.0% 2.28mm

No. °C CVN CA LE
HT1-26 -80 273.0J 15.4% 2.04mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE

HT1-27 -80 13.0J 90.4% 0.26mm HT1-34 -70 298.5J 0.0% 1.79mm HT1-35 -70 298.5J 0.0% 2.28mm

HT1-36 -70 283.5J 14.8% 2.19mm

No. °C CVN CA LE
HT1-43 -70 298.5J 0.0% 2.25mm

No. °C CVN CA LE
HT1-44 -70 258.0J 20.1% 1.92mm

205 



No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE

HT1-45 -70 272.5J 19.6% 2.04mm HT1-22 -60 297.5J 0.0% 2.28mm HT1-23 -60 297.0J 0.0% 2.36mm

HT1-24 -60 297.0J 0.0% 2.53mm

No. °C CVN CA LE
HT1-31 -60 299.0J 0.0% 2.35mm

No. °C CVN CA LE
HT1-32 -60 299.0J 0.0% 2.44mm

206 



No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT1-33 -60 298.5J 0.0% 2.21mm HT1-49 -40 298.5J 0.0% 2.25mm HT1-50 -40 298.5J 0.0% 2.39mm

Figure 5-13. Charpy Impact Test specimen fracture surfaces for HT1 condition

No. °C CVN CA LE
HT1-51 -40 298.0J 0.0% 2.36mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT2-1 -196 2.0J 100% 0.00mm HT2-2 -196 2.5J 100% 0.15mm HT2-3 -196 2.0J 100% 0.08mm

HT2-7 -120 5.0J 99.4% 0.18mm HT2-8 -120 5.5J 100.0% 0.10mm HT2-9 -120 6.0J 99.9% 0.10mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT2-52 -120 8.5J 97.5% 0.13mm HT2-53 -120 5.0J 99.5% 0.13mm HT2-54 -120 5.0J 99.9% 0.15mm

HT2-10 -100 12.5J 94.6% 0.17mm HT2-11 -100 7.5J 95.6% 0.27mm HT2-12 -100 19.0J 93.3% 0.22mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT2-16 -100 36.0J 96.9% 0.47mm HT2-17 -100 12.0J 96.9% 0.18mm HT2-18 -100 23.0J 95.4% 0.15mm

HT2-37 -100 14.0J 96.6% 0.18mm HT2-38 -100 9.5J 97.3% 0.15mm HT2-39 -100 20.0J 95.2% 0.32mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT2-46 -100 8.0J 99.4% 0.25mm HT2-47 -100 10.0J 96.2% 0.17mm HT2-48 -100 6.0J 99.8% 0.27mm

HT2-4 -90 192.0J 44.5% 2.04mm HT2-5 -90 159.0J 62.5% 1.74mm HT2-6 -90 8.5J 94.8% 0.32mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT2-28 -90 12.0J 93.5% 0.30mm HT2-29 -90 9.5J 91.0% 0.10mm HT2-30 -90 32.0J 92.3% 0.29mm

HT2-40 -90 247.5J 23.4% 2.42mm HT2-41 -90 18.0J 94.8% 0.14mm HT2-42 -90 90J 79.0% 1.14mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

HT2-13 -80 23.0J 94.1% 0.35mm HT2-14 -80 258.5J 22.0% 2.08mm HT2-15 -80 250.0J 20.6% 2.21mm

HT2-19 -80 241.0J 25.1% 2.26mm HT2-20 -80 203.0J 35.0% 2.40mm HT2-21 -80 212.0J 30.3% 2.45mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE

HT2-25 -80 261.0J 18.4% 2.13mm HT2-27 -80 298.5J 0.0% 2.35mm HT2-34 -70 298.5J 0.0% 2.24mm

HT2-35 -70 240.0J 28.2% 2.40mm HT2-36 -70 233.0J 27.9% 2.21mm

No. °C CVN CA LE
HT2-43 -70 229.5J 27.0% 2.53mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE No. °C CVN CA LE

HT2-44 -70 298.5J 0.0% 2.12mm HT2-45 -70 298.5J 0.0% 2.47mm HT2-22 -60 297.0J 0.0% 2.33mm

HT2-23 -60 297.0J 0.0% 2.36mm HT2-24 -60 297.0J 0.0% 2.44mm

No. °C CVN CA LE
HT2-31 -60 299.0J 0.0% 2.33mm
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No. °C CVN CA LE No. °C CVN CA LE No. °C CVN CA LE

No. °C CVN CA LE

HT2-32 -60 299.0J 0.0% 2.43mm HT2-33 -60 237.0J 6.5% 2.10mm HT2-49 -40 299.0J 0.0% 2.46mm

HT2-50 -40 299.0J 0.0% 2.36mm

Figure 5-14. Charpy Impact Test specimen fracture surfaces for HT2 condition

No. °C CVN CA LE
HT2 -51 -40 299.0J 0.0% 2.30mm
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Figure 5-15. Charpy impact energy variation with cleavage area percentage for 

HT1 and HT2 condition. 
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Figure 5-16. Charpy impact energy variation with lateral expansion for HT1 

and HT2 condition. 
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Figure 5-17. Charpy impact energy variation with ductile thumbnail extension 

for HT1 and HT2 condition. 
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Figure 5-18 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-01, tested at -196°C, with a red frame indicating the most probable 
initiation area. Test results: Charpy impact energy (CVN) of 2 J, fracture initiation 
distance (Xo) of 229 μm, specimen cleavage area of 100%, lateral expansion of 0 
mm.
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Figure 5-18 (b). Fracture initiation point of one side Charpy specimen CH HT2-01 
tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals inclusion related feature as the initiation, 
with the initiating feature’s equivalent diameter at 1.9 μm and the initial facet's 
equivalent diameter at 38 μm.
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Figure 5-19 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT1-07, tested at -120°C, with a red frame indicating the most probable 
initiation area. Test results: Charpy impact energy (CVN) of 5 J, fracture initiation 
distance (Xo) of 229 μm, specimen cleavage area of 99.1 %, lateral expansion of 0.12 
mm.

222 



Figure 5-19 (b). Fracture initiation point of one side Charpy specimen CH HT1-07 
tested at -120 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix cracking initiation mechanism, 
with the initial facet's equivalent diameter at 38 μm.

(iv)

(ii)

(iii)

(i)

Initiating 
Region

223 



Figure 5-20 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT1-10, tested at -100°C, with a red frame indicating the most probable 
initiation area. Test results: Charpy impact energy (CVN) of 26 J, fracture initiation 
distance (Xo) of 365 μm, specimen cleavage area of 92.9 %, lateral expansion of 0.37 
mm.
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Figure 5-20 (b). Fracture initiation point of one side Charpy specimen CH HT1-10 
tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix cracking initiation mechanism, 
with the initial facet's equivalent diameter at 46 μm.
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Figure 5-21 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT1-18, tested at -100°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 8 J, fracture initiation distance 
(Xo) of 390 μm, specimen cleavage area of 96.5 %, lateral expansion of 0.17 mm.
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Figure 5-21 (b). Fracture initiation point of one side Charpy specimen CH HT1-18 
tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals inclusion related feature as the initiation, 
with the initiating feature’s equivalent diameter at 1.7 μm and the initial facet's 
equivalent diameter at 24 μm.
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Figure 5-22 (a). Fracture initiation point of one side Charpy specimen CH HT2-11 
tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of the most 
probable initiation area. Fractographic analysis reveals inclusion related feature as 
the initiation, with the initiating feature’s equivalent diameter at 2.3 μm and the 
initial facet's equivalent diameter at 51 μm.
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Figure 5-22 (b). Fracture initiation point of the matching side of Charpy specimen 
CH HT2-11 tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of 
the most probable initiation area. Fractographic analysis reveals inclusion related 
feature as the initiation, with the initiating feature’s equivalent diameter at 2.3 μm 
and the initial facet's equivalent diameter at 51 μm.
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Figure 5-23 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-12, tested at -100°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 19 J, fracture initiation distance 
(Xo) of 636 μm, specimen cleavage area of 93.3 %, lateral expansion of 0.22 mm.
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Figure 5-23 (b). Fracture initiation point of one side Charpy specimen CH HT2-12 
tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix cracking initiation mechanism, 
with the initial facet's equivalent diameter at 44 μm.
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Figure 5-24 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-16, tested at -100°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 36 J, fracture initiation distance 
(Xo) of 545 μm, specimen cleavage area of 96.9 %, lateral expansion of 0.47 mm.
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Figure 5-24 (b). Fracture initiation point of one side Charpy specimen CH HT2-16 
tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix related initiation mechanism, 
with the initiating feature’s equivalent diameter at 1.6 μm and the initial facet's 
equivalent diameter at 30 μm.
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Figure 5-25 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-18, tested at -100°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 23 J, fracture initiation distance 
(Xo) of 530 μm, specimen cleavage area of 95.4 %, lateral expansion of 0.15 mm.
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Figure 5-25 (b). Fracture initiation point of one side Charpy specimen CH HT2-18 
tested at -100 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix related initiation mechanism, 
with the initiating feature’s equivalent diameter at 2.7 μm and the initial facet's 
equivalent diameter at 54 μm.
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Figure 5-26 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT1-05, tested at -90°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 56.5 J, fracture initiation distance 
(Xo) of 693 μm, specimen cleavage area of 83.5 %, lateral expansion of 0.72 mm.
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Figure 5-26 (b). Fracture initiation point of one side Charpy specimen CH HT1-05 
tested at -90 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals inclusion related feature as the initiation, 
with the initiating feature’s equivalent diameter at 1.6 μm and the initial facet's 
equivalent diameter at 42 μm.
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Figure 5-27 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT1-06, tested at -90°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 25 J, fracture initiation distance 
(Xo) of 596 μm, specimen cleavage area of 91.5 %, lateral expansion of 0.27 mm.
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Figure 5-27 (b). Fracture initiation point of one side Charpy specimen CH HT1-06 
tested at -90 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals inclusion related feature as the initiation, 
with the initiating feature’s equivalent diameter at 2.2 μm and the initial facet's 
equivalent diameter at 52 μm.
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Figure 5-28 (a). Overview of the fracture surface showcasing the ductile region of 
Charpy specimen CH HT2-04, tested at -90°C. Below the ductile region is the 

cleavage region, where the initiation of cleavage fracture is observed. Test results: 
Charpy impact energy (CVN) of 192 J, fracture initiation distance (Xo) of 312 μm, 
specimen cleavage area of 44.5 %, lateral expansion of 2.04 mm.

240 



Figure 5-28 (b). Fracture initiation point of one side Charpy specimen CH HT2-04 
tested at -90 °C; (i), (ii), (iii) and (iv) are sequential magnification of the most 
probable initiation area. Fractographic analysis reveals matrix cracking initiation 
mechanism, with the initial facet's equivalent diameter at 40 μm.
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Figure 5-29 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-30, tested at -90°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 32 J, fracture initiation distance 
(Xo) of 413 μm, specimen cleavage area of 92.3 %, lateral expansion of 0.29 mm.
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Figure 5-29 (b). Fracture initiation point of one side Charpy specimen CH HT2-30 
tested at -90 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix cracking initiation mechanism, 
with the initial facet's equivalent diameter at 33 μm.
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Figure 5-30 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-41, tested at -90°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 18 J, fracture initiation distance 
(Xo) of 619 μm, specimen cleavage area of 94.8 %, lateral expansion of 0.14 mm.
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Figure 5-30 (b). Fracture initiation point of one side Charpy specimen CH HT2-41 
tested at -90 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals matrix related initiation mechanism, 
with the initiating feature’s equivalent diameter at 1.9 μm and the initial facet's 
equivalent diameter at 32 μm.
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Figure 5-31 (a). Overview of the fracture surface on one side of the Charpy specimen 
CH HT2-42, tested at -90°C, with a red frame indicating the most probable initiation 
area. Test results: Charpy impact energy (CVN) of 90 J, fracture initiation distance 
(Xo) of 300 μm, specimen cleavage area of 79 %, lateral expansion of 1.14 mm.
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Figure 5-31 (b). Fracture initiation point of one side Charpy specimen CH HT2-42 
tested at -90 °C; (i), (ii), (iii) and (iv) are sequential magnification of the same red 
framed area. Fractographic analysis reveals inclusion related feature as the initiation, 
with the initiating feature’s equivalent diameter at 1.8 μm and the initial facet's 
equivalent diameter at 34 μm.
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Figure 5-32. Charpy impact energy relation with test temperatures for the 

fractography measured 14 Charpy specimens at temperature -196°C, -120°C, -

100°C and -90°C. 
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Figure 5-33. Charpy impact energy relation with ductile thumbnail extension 

for the fractography measured Charpy specimens of test temperature at -196°

C, -120°C, -100°C and -90°C. 
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Figure 5-34. Correlation between Charpy impact energy value and the initiator 

diameter. 
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Figure 5-35. Correlation between Charpy impact energy value and the first 

facet diameter. 
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Figure 5-36. Correlation between initiator diameter and first facet diameter in 

9 Charpy specimens that initiator was identified and measured. 
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𝑻𝒆𝒔𝒕 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 𝑳𝒐𝒘𝒆𝒓 𝒀𝒊𝒆𝒍𝒅 𝑺𝒕𝒓𝒆𝒔𝒔 𝑼𝑻𝑺 𝒏

°𝑪 𝑵𝒐. MPa MPa (Extensometer)

-196 HT1-01 921 952 N/A

-196 HT1-02 933 954 N/A

-196 HT1-03 931 949 N/A

-170 HT1-04 804 857 N/A

-160 HT1-07 771 828 N/A

-140 HT1-06 719 772 0.13

-140 HT1-08* 711 N/A N/A

-120 HT1-09 676 733 0.12

-120 HT1-10 636 736 0.16

-100 HT1-11 634 703 0.14

-100 HT1-12* 612 N/A N/A

-80 HT1-13 577 678 0.14

-80 HT1-14 581 673 0.15

-60 HT1-15 566 653 0.14

-60 HT1-16 560 655 0.16

Table 6-1. HT1 Tensile Tests Results Summary

* Indicate the test was ceased at the first longitudinal surface crack occurred to observe cracking.
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Table 6-2. HT2 Tensile Tests Results Summary

𝑻𝒆𝒔𝒕 𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 𝑳𝒐𝒘𝒆𝒓 𝒀𝒊𝒆𝒍𝒅 𝑺𝒕𝒓𝒆𝒔𝒔 𝑼𝑻𝑺 𝒏

°𝑪 𝑵𝒐. MPa MPa (Extensometer)

-196 HT2-01 934 951 N/A

-196 HT2-02 926 941 N/A

-196 HT2-03 922 950 N/A

-170 HT2-04 785 830 N/A

-160 HT2-07 750 814 N/A

-140 HT2-06 706 767 0.15

-140 HT2-08 696 769 0.15

-120 HT2-09 646 723 0.15

-120 HT2-10 628 722 0.15

-100 HT2-11 610 693 0.14

-100 HT2-12 588 692 0.15

-80 HT2-13 568 664 0.14

-80 HT2-14 568 663 0.15

-60 HT2-15 528 641 0.14

-60 HT2-16 541 639 0.14
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Table 6-3. Fracture Toughness Tests Results at -120 °C 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑻𝒆𝒔𝒕𝒑𝒊𝒆𝒄𝒆 𝑩 𝑾 𝒂𝟎 
(𝒄𝒐𝒎𝒑𝒍𝒊𝒂𝒏𝒄𝒆) 

𝒂𝟎  W- 
𝒂𝟎  

𝑷𝒎𝒂𝒙 𝑷𝑸 𝑷𝒎𝒂𝒙
/𝑷𝑸 

𝑲𝑸 J 𝑲𝑱𝒄 𝑪𝑻𝑶𝑫 

°𝑪 No. [𝒎𝒎] [𝒎𝒎] [𝒎𝒎] [𝒎𝒎] [𝒎𝒎] [𝒌𝑵] [𝒌𝑵] (𝑴𝑷𝒂 𝒎𝟏/𝟐) 𝒌𝑱𝒎𝟏/𝟐 (𝑴𝑷𝒂 𝒎𝟏/𝟐) [𝒎𝒎] 

-120 HT1-16 24.93 49.77 25.31 25.52 24.25 37.00 37.00 1.00 66.0 21.2 66.0 0.015 

HT1-20 25.03 49.87 25.26 25.55 24.32 31.16 31.16 1.00 54.9 15.1 55.7 0.011 

HT1-21 24.94 49.66 25.48 25.91 23.75 65.93 52.12 1.26 94.4 55.4 106.9 0.040 

HT1-22 24.97 49.63 25.50 25.87 23.76 47.82 47.82 1.00 86.7 39.1 89.7 0.028 

HT1-23 24.98 49.70 25.29 25.73 23.97 31.09 31.09 1.00 55.4 15.0 55.6 0.011 

HT1-24 24.98 49.70 25.46 25.68 24.02 44.42 44.42 1.00 80.0 32.4 81.7 0.023 

HT2-05 24.90 49.73 25.68 25.07 24.66 37.99 37.99 1.00 69.6 23.9 70.1 0.018 

HT2-06 24.90 49.73 25.03 25.42 24.31 45.22 45.22 1.00 79.5 32.4 81.7 0.024 

HT2-07 24.90 49.88 25.12 25.46 24.42 44.63 44.63 1.00 78.4 31.6 80.7 0.023 

HT2-08 24.92 49.80 25.11 25.55 24.25 49.43 49.43 1.00 87.0 40.6 91.4 0.030 

HT2-19 24.92 49.71 25.23 25.58 24.13 43.35 43.35 1.00 77.2 30.2 78.8 0.022 

HT2-22 25.01 50.00 24.93 25.60 24.40 43.08 38.52 1.12 66.3 24.1 70.4 0.018 
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Table 6-4. Fracture Toughness Tests Results at -100 °C and -80 °C 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑻𝒆𝒔𝒕𝒑𝒊𝒆𝒄𝒆 𝑩 𝑾 𝒂𝟎 
(𝒄𝒐𝒎𝒑𝒍𝒊𝒂𝒏𝒄𝒆) 

𝒂𝟎  W- 
𝒂𝟎  

𝑷𝒎𝒂𝒙 𝑷𝑸 𝑷𝒎𝒂𝒙
/𝑷𝑸 

𝑲𝑸 J 𝑲𝑱𝒄 𝑪𝑻𝑶𝑫 

°𝑪 No. [𝒎𝒎] [𝒎𝒎] [𝒎𝒎] [𝒎𝒎] [𝒎𝒎] [𝒌𝑵] [𝒌𝑵] (𝑴𝑷𝒂 𝒎𝟏/𝟐) 𝒌𝑱𝒎𝟏/𝟐 (𝑴𝑷𝒂 𝒎𝟏/𝟐) [𝒎𝒎] 

-100 HT1-01 24.95 49.59 25.68 25.99 23.60 77.36 47.38 1.63 87.1 217.6 211.7 0.164 

HT1-07 24.97 49.75 25.41 25.74 24.01 67.30 43.44 1.55 77.9 57.7 109.1 0.044 

HT1-18 25.02 49.95 25.36 25.66 24.29 63.07 36.56 1.73 64.7 38.6 89.2 0.029 

HT1-25 24.97 49.69 25.25 25.43 24.26 52.09 48.55 1.07 86.4 41.8 92.8 0.032 

HT1-26 24.96 49.75 25.26 25.58 24.17 67.67 45.63 1.48 81.1 59.4 110.6 0.045 

HT1-27 24.94 49.81 25.46 25.40 24.41 54.00 44.25 1.22 79.5 37.9 88.3 0.029 

HT2-01 24.95 49.77 25.26 25.50 24.27 68.78 46.84 1.47 83.2 64.9 115.7 0.050 

HT2-02 24.99 49.94 25.04 25.30 24.64 33.74 33.74 1.00 58.6 17.2 59.6 0.013 

HT2-03 24.96 49.87 25.14 25.30 24.57 54.94 47.18 1.16 82.8 40.3 91.1 0.031 

HT2-04 24.90 49.84 24.88 25.18 24.66 55.62 48.93 1.14 84.8 42.2 93.2 0.033 

HT2-09 24.94 50.00 25.94 26.10 23.90 46.25 44.60 1.04 82.0 36.1 86.3 0.028 

HT2-21 24.95 49.97 25.07 25.76 24.21 74.55 36.25 2.06 63.1 86.2 133.3 0.067 

-80 HT1-17 25.02 49.81 25.25 25.86 23.95 70.06 40.13 1.75 70.9 70.6 120.6 0.056 

HT2-24 24.96 49.74 24.65 25.03 24.71 74.63 58.33 1.28 99.9 105.8 147.6 0.086 

HT2-25 24.96 50.08 25.69 25.71 24.39 72.36 45.96 1.57 82.7 155.9 179.2 0.120 
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 Table 6-5. Detailed information of fracture initiation sites from 26 sharp-cracked specimens with initiation reason, chemical 

composition, fracture distance, initiation diameter, and facet diameter.  

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑻𝒆𝒔𝒕𝒑𝒊𝒆𝒄𝒆 I𝒏𝒊𝒂𝒊𝒕𝒊𝒐𝒏  
𝒓𝒆𝒂𝒔𝒐𝒏 

𝑪𝒉𝒆𝒎𝒊𝒄𝒂𝒍 
𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 

𝑲𝑱𝑪 𝑿𝟎 Stable 
crack 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒐𝒓 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 𝑭𝒂𝒄𝒆𝒕 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓  

°𝑪 No. (𝑴𝑷𝒂 𝒎𝟏/𝟐) (𝝁𝒎) (𝝁𝒎) (𝝁𝒎) 

-120 CT HT1-16 Inclusion 
cracking 

Ti, Nb, Al, Mg  66 30 3 1.5* 21 

-120 CT HT1-20 Matrix 
related 

Matrix composition 56 52 4 N/A 30 

-120 CT HT1-21 Matrix cracking  Matrix composition 107 657 14 N/A 32 

-120 CT HT1-22 Inclusion 
cracking 

Ca, Al  90 163 8 1.5 46 

-120 CT HT1-23 Inclusion 
cracking 

Ti, Nb, Ca 56 21 3 1* 34 

-120 CT HT1-24 Matrix cracking  Matrix composition 82 61 5 N/A 36 

-120 CT HT2-05 Inclusion 
cracking 

Ca, Al 70 256 10 2.2 35 

-120 CT HT2-06 Matrix related 
(Possible M-A-C)  

Matrix composition 82 79 6 0.6 21 

-120 CT HT2-07 Inclusion 
cracking 

Ti, Nb 81 25 4 1.7* 34 

-120 CT HT2-08 Inclusion 
cracking 

Ca, Al, Ti  91 87 8 2.5 28 

-120 CT HT2-19 Matrix related 
(Possible M-A-C) 

4wt% Carbon higher than 
surrounding matrix 

79 87 4 1.7 27 

-120 CT HT2-22 Inclusion 
cracking 

Ca, Al, Ti  70 147 6 1.6 39 
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𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝑻𝒆𝒔𝒕𝒑𝒊𝒆𝒄𝒆 I𝒏𝒊𝒂𝒊𝒕𝒊𝒐𝒏  
𝒓𝒆𝒂𝒔𝒐𝒏 

𝑬𝒍𝒆𝒎𝒆𝒏𝒕  
𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 

𝑲𝑱𝑪 𝑿𝟎 Stable 
crack 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 𝑭𝒂𝒄𝒆𝒕 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓  

°𝑪 No. (𝑴𝑷𝒂 𝒎𝟏/𝟐) (𝝁𝒎) (𝝁𝒎) (𝝁𝒎) 

-100 CT HT1-01 Inclusion 
decohesion 

Ca, Al 212 655 70 1.1 24 

-100 CT HT1-07 Inclusion 
cracking 

Ti, Nb  109 135 21 1.8* 26 

-100 CT HT1-18 Inclusion 
cracking 

Ca, Ti  89 432 8 1.7 38 

-100 CT HT1-25 Inclusion 
cracking 

Ca, Al, Ti 93 104 7 1.4 22 

-100 CT HT1-26 Inclusion 
cracking 

Ca, Al, Ti  111 160 19 0.7 28 

-100 CT HT1-27 Matrix related 
(Possible M-A-C) 

11wt% Carbon higher 
than surrounding matrix 

88 94 9 1.5 32 

-100 CT HT2-01 Inclusion 
cracking 

Ti, Nb 116 649 16 1.6* 34 

-100 CT HT2-02 Matrix related Matrix composition 
  

60 63 2 N/A 43 

-100 CT HT2-03 Matrix related 
(Possible M-A-C) 

5wt% Carbon higher than 
surrounding matrix 

91 53 9 1.1 26 

-100 CT HT2-04 Matrix Cracking Matrix composition  93 78 9 N/A 20 

-100 CT HT2-09 Matrix related 
(Possible M-A-C) 

Matrix composition 86 115 8 3.2 31 

-100 CT HT2-21 Inclusion 
cracking 

Ca, Ti  133 402 32 1.4 35 

-80 CT HT1-17 Inclusion 
cracking 

Ca, Al, Ti 121 295 34 2.1 29 

-80 CT HT2-25 Inclusion 
cracking 

Ca, Al, Ti 179 486 54 1.4 39 

*  Indicates the inclusion is cubic shape,  X0 is the fracture distance measured from end of ductile crack growth extensions to the cleavage initiation. 
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Table 6-6. CTOD, 𝑋0 values and the resulting local cleavage fracture stresses 

calculated using McMeeking FEM analysis. (n=0.1) 

Temperature  

(°𝑪) 

Specimen 

Number 

CTOD 

(μm) 

𝑿𝟎 

(μm) 

Yield 

stress 

(𝑴𝑷𝒂) 

𝝈𝑴𝒂𝒙 

(𝑴𝑷𝒂) 

𝛔𝐹  

(𝑴𝑷𝒂) 
𝛔𝐹/𝝈𝑴𝒂𝒙 

-120 

CT HT1-16 15.2 30 

647 

2497 2484 0.99 

CT HT1-20 10.9 52 2497 2271 0.91 

CT HT1-21 39.9 657 2497 1954 0.78 

CT HT1-22 28.2 163 2497 2200 0.88 

CT HT1-23 10.8 21 2497 2484 0.99 

CT HT1-24 23.4 61 2497 2478 0.99 

CT HT2-05 17.6 256 

647 

2497 1986 0.80 

CT HT2-06 23.9 79 2497 2420 0.97 

CT HT2-07 23.3 25 2497 2290 0.92 

CT HT2-08 29.9 87 2497 2459 0.98 

CT HT2-19 22.2 87 2497 2349 0.94 

CT HT2-22 17.7 147 2497 2090 0.84 

-100 

CT HT1-01 164.3 655 

611 

2358 2212 0.94 

CT HT1-07 43.6 135 2358 2303 0.98 

CT HT1-18 29.1 432 2358 1870 0.79 

CT HT1-25 31.6 104 2358 2285 0.97 

CT HT1-26 44.8 160 2358 2261 0.96 

CT HT1-27 28.6 94 2358 2285 0.97 

CT HT2-01 50.2 649 

611 

2358 1900 0.81 

CT HT2-02 13.3 63 2358 2145 0.91 

CT HT2-03 31.1 53 2358 2322 0.98 

CT HT2-04 32.6 78 2358 2340 0.99 

CT HT2-09 27.9 115 2358 2206 0.94 

CT HT2-21 66.6 402 2358 2071 0.88 

-80 
CT HT1-17 56.2 295 

574 
2216 1992 0.90 

CT HT2-25 120.4 486 2216 2078 0.94 

 

 

 

 

 

 

259 



Table 6-7. CTOD, 𝑋0 values and the resulting local cleavage fracture stresses 

calculated using McMeeking FEM analysis. (n=0.1) 

Temperature  

(°𝑪) 

Specimen 

Number 
R/b 

𝛔𝐹 𝝈𝒚⁄  

at 

fracture 

𝑿𝟎 

(μm) 

𝑿𝑴𝒂𝒙  

(μm) 

Plastic 

zone size 

𝑟𝑛𝑜𝑚𝑖𝑛𝑎𝑙  

(μm) 

Plastic 

zone size 

𝑟𝑡𝑟𝑢𝑒  

(μm) 

-120 

CT HT1-16 2.0 3.8 30 

52 

657 

163 

21 

61 

30 586 586 

CT HT1-20 4.8 3.5 22 406 418 

CT HT1-21 16.5 3.0 80 1197 1536 

CT HT1-22 5.8 3.4 56 1010 1083 

CT HT1-23 1.9 3.8 22 413 415 

CT HT1-24 2.6 3.8 47 861 898 

CT HT2-05 14.5 3.1 256 

79 

25 

87 

87 

147 

35 651 661 

CT HT2-06 3.3 3.7 48 849 898 

CT HT2-07 1.1 3.5 47 826 875 

CT HT2-08 2.9 3.8 60 1018 1124 

CT HT2-19 3.9 3.6 44 801 836 

CT HT2-22 8.3 3.2 35 591 667 

-100 

CT HT1-01 4.0 3.6 655 

135 

432 

104 

160 

94 

329 1145 6759 

CT HT1-07 3.1 3.8 87 915 1793 

CT HT1-18 14.8 3.1 58 631 1199 

CT HT1-25 3.3 3.7 63 1126 1300 

CT HT1-26 3.6 3.7 90 992 1845 

CT HT1-27 3.3 3.7 57 954 1176 

CT HT2-01 12.9 3.1 649 

63 

53 

78 

115 

402 

100 1043 2017 

CT HT2-02 4.7 3.5 27 518 535 

CT HT2-03 1.7 3.8 62 1033 1252 

CT HT2-04 2.4 3.8 65 1085 1310 

CT HT2-09 4.1 3.6 56 1013 1123 

CT HT2-21 6.0 3.4 133 600 2678 

-80 
CT HT1-17 5.2 3.5 295 

486 

112 859 2484 

CT HT2-25 4.0 3.6 241 1170 5487 
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Table 6-8. Effective surface energy calculated using the modified Griffith 

equation for a penny-shaped microcrack. (n=0.1)  

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(°𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 

𝑵𝒖𝒎𝒃𝒆𝒓 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 

𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

(𝝁𝒎) 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  

𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹    (𝑴𝑷𝒂) 

𝜸 

(𝑱/𝒎𝟐) 

-120 CT HT1-16 1.5 2484 12.9 

CT HT1-20 N/A 2271 N/A 

CT HT1-21 N/A 1954 N/A 

CT HT1-22 1.5 2200 10.1 

CT HT1-23 1 2484 8.6 

CT HT1-24 N/A 2478 N/A 

CT HT2-05 2.2 1986 12.1 

CT HT2-06 0.6 2420 4.9 

CT HT2-07 1.7 2290 12.4 

CT HT2-08 2.5 2459 21.0 

CT HT2-19 1.7 2349 13.0 

CT HT2-22 1.6 2090 9.7 

-100 CT HT1-01 1.1 2212 7.5 

CT HT1-07 1.8 2303 13.3 

CT HT1-18 1.7 1870 8.3 

CT HT1-25 1.4 2285 10.2 

CT HT1-26 0.7 2261 5.0 

CT HT1-27 1.5 2285 10.9 

CT HT2-01 1.6 1900 8.0 

CT HT2-02 N/A 2145 N/A 

CT HT2-03 1.1 2322 8.2 

CT HT2-04 N/A 2340 N/A 

CT HT2-09 3.2 2206 21.6 

CT HT2-21 1.4 2071 8.3 

-80 CT HT1-17 2.1 1992 11.6 

CT HT2-25 1.4 2078 8.4 
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Table 6-9. CTOD, 𝑋0 values and the resulting local cleavage fracture stresses 

calculated using McMeeking FEM analysis (n=0.2). 

Temperature  

(°𝑪) 

Specimen 

Number 

CTOD 

(μm) 

𝑿𝟎 

(μm) 

Yield 

stress 

(𝑴𝑷𝒂) 

𝝈𝑴𝒂𝒙 

(𝑴𝑷𝒂) 

𝛔𝐹  

(𝑴𝑷𝒂) 
𝛔𝐹/𝝈𝑴𝒂𝒙 

-120 

CT HT1-16 15.2 30 

647 

3300 3235 0.98 

CT HT1-20 10.9 52 3351 2717 0.81 

CT HT1-21 39.9 657 3351 2167 0.65 

CT HT1-22 28.2 163 3351 2556 0.76 

CT HT1-23 10.8 21 3351 3267 0.98 

CT HT1-24 23.4 61 3351 3041 0.91 

CT HT2-05 17.6 256 

647 

3300 2180 0.66 

CT HT2-06 23.9 79 3249 2944 0.91 

CT HT2-07 23.3 25 3249 3203 0.99 

CT HT2-08 29.9 87 3249 3106 0.96 

CT HT2-19 22.2 87 3249 2847 0.88 

CT HT2-22 17.7 147 3249 2329 0.72 

-100 

CT HT1-01 164.3 655 

611 

3116 2627 0.84 

CT HT1-07 43.6 135 3182 2841 0.89 

CT HT1-18 29.1 432 3182 2053 0.65 

CT HT1-25 31.6 104 3182 2841 0.89 

CT HT1-26 44.8 160 3182 2750 0.86 

CT HT1-27 28.6 94 3182 2841 0.89 

CT HT2-01 50.2 649 

611 

3116 2090 0.67 

CT HT2-02 13.3 63 3075 2566 0.83 

CT HT2-03 31.1 53 3075 3055 0.99 

CT HT2-04 32.6 78 3075 2994 0.97 

CT HT2-09 27.9 115 3075 2597 0.84 

CT HT2-21 66.6 402 3075 2383 0.77 

-80 
CT HT1-17 56.2 295 574 2927 2296 0.78 

CT HT2-25 120.4 486 2897 2468 0.85 
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Table 6-10. CTOD, 𝑋0 values and the resulting local cleavage fracture stresses 

calculated using McMeeking FEM analysis. (n=0.2) 

Temperature  

(°𝑪) 

Specimen 

Number 
R/b 

𝛔𝐹 𝝈𝒚⁄  

at 

fracture 

𝑿𝟎 

(μm) 

𝑿𝑴𝒂𝒙  

(μm) 

Plastic 

zone size 

𝑟𝑛𝑜𝑚𝑖𝑛𝑎𝑙  

(μm) 

Plastic 

zone size 

𝑟𝑡𝑟𝑢𝑒  

(μm) 

-120 

CT HT1-16 2.0 3.8 30 

52 

657 

163 

21 

61 

30 586 586 

CT HT1-20 4.8 3.5 22 406 418 

CT HT1-21 16.5 3.0 80 1197 1536 

CT HT1-22 5.8 3.4 56 1010 1083 

CT HT1-23 1.9 3.8 22 413 415 

CT HT1-24 2.6 3.8 47 861 898 

CT HT2-05 14.5 3.1 256 

79 

25 

87 

87 

147 

35 651 661 

CT HT2-06 3.3 3.7 48 849 898 

CT HT2-07 1.1 3.5 47 826 875 

CT HT2-08 2.9 3.8 60 1018 1124 

CT HT2-19 3.9 3.6 44 801 836 

CT HT2-22 8.3 3.2 35 591 667 

-100 

CT HT1-01 4.0 3.6 655 

135 

432 

104 

160 

94 

329 1145 6759 

CT HT1-07 3.1 3.8 87 915 1793 

CT HT1-18 14.8 3.1 58 631 1199 

CT HT1-25 3.3 3.7 63 1126 1300 

CT HT1-26 3.6 3.7 90 992 1845 

CT HT1-27 3.3 3.7 57 954 1176 

CT HT2-01 12.9 3.1 649 

63 

53 

78 

115 

402 

100 1043 2017 

CT HT2-02 4.7 3.5 27 518 535 

CT HT2-03 1.7 3.8 62 1033 1252 

CT HT2-04 2.4 3.8 65 1085 1310 

CT HT2-09 4.1 3.6 56 1013 1123 

CT HT2-21 6.0 3.4 133 600 2678 

-80 
CT HT1-17 5.2 3.5 295 

486 

112 859 2484 

CT HT2-25 4.0 3.6 241 1170 5487 
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Table 6-11. Effective surface energy calculated using the modified Griffith 

equation for a penny-shaped microcrack. (n=0.2)  

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(°𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 

𝑵𝒖𝒎𝒃𝒆𝒓 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 

𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

(μm) 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  

𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹    (𝑴𝑷𝒂) 

𝜸 

(𝑱/𝒎𝟐) 

-120 CT HT1-16 1.5 3235 21.8 

CT HT1-20 N/A 2717 N/A 

CT HT1-21 N/A 2167 N/A 

CT HT1-22 1.5 2556 13.6 

CT HT1-23 1 3267 14.8 

CT HT1-24 N/A 3041 N/A 

CT HT2-05 2.2 2180 14.5 

CT HT2-06 0.6 2944 7.2 

CT HT2-07 1.7 3203 24.2 

CT HT2-08 2.5 3106 33.5 

CT HT2-19 1.7 2847 19.2 

CT HT2-22 1.6 2329 12.1 

-100 CT HT1-01 1.1 2627 10.6 

CT HT1-07 1.8 2841 20.2 

CT HT1-18 1.7 2053 10.0 

CT HT1-25 1.4 2841 15.7 

CT HT1-26 0.7 2750 7.4 

CT HT1-27 1.5 2841 16.8 

CT HT2-01 1.6 2090 9.7 

CT HT2-02 N/A 2566 N/A 

CT HT2-03 1.1 3055 14.3 

CT HT2-04 N/A 2994 N/A 

CT HT2-09 3.2 2597 30.0 

CT HT2-21 1.4 2383 11.0 

-80 CT HT1-17 2.1 2296 15.4 

CT HT2-25 1.4 2468 11.9 
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Table 6-12. Detailed observations summary of fracture initiation sites from 7 blunt-notched specimens with initiation reason, 

chemical composition, fracture distance, initiation diameter, and facet diameter. 

𝑻𝒆𝒔𝒕  
𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(°𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏  
𝑵𝒖𝒎𝒃𝒆𝒓 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏  
𝑹𝒆𝒂𝒔𝒐𝒏 

𝑪𝒉𝒆𝒎𝒊𝒄𝒂𝒍 
𝑪𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  
𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹  (𝑴𝑷𝒂) 

𝑿𝒐 
(𝝁𝒎) 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒐𝒓 𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓  
(𝝁𝒎) 

𝑭𝒂𝒄𝒆𝒕 𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 
(𝝁𝒎) 

-196 

HT1-07 

Matrix related 
Possible M-A-C Matrix Composition 1956 305 1.8 34 

HT1-08 
Inclusion 
cracking Ca, Al 2039 320 1.8 20 

HT1-09 
Inclusion 
cracking Ca, Ti 1900 239 1.6 23 

HT2-07 

Matrix related 
Possible M-A-C Matrix Composition 1678 335 1.1 25 

HT2-08 
Inclusion 
cracking Ca, Al 1937 268 2.6 27 

HT2-09 
Inclusion 
cracking Ca, Al 1845 220 2.6 32 

-170 

HT2-04 
Matrix related 
Possible M-A-C Matrix Composition 1915 420 2.6 30 

*M-A-C indicates potential martensite-austenite constituents, Xo is the fracture distance measured from edge of notch root to the cleavage 

initiation. 
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Table 6-13. Summary of microscopic cleavage fracture stress test results and the maximum principal stress 𝝈𝒚𝒚
𝒎𝒂𝒙 

𝑻𝒆𝒔𝒕  
𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(°𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏  
𝑵𝒖𝒎𝒃𝒆𝒓 

𝑳𝒐𝒘𝒆𝒓 𝒀𝒊𝒆𝒍𝒅 𝑺𝒕𝒓𝒆𝒔𝒔  
𝝈𝒀𝑺

𝑳
 

(𝑴𝑷𝒂) 

𝑴𝒂𝒙𝒊𝒎𝒖𝒎  
𝑳𝒐𝒂𝒅 𝑷  

(𝒌𝑵) 

𝑵𝒐𝒎𝒊𝒏𝒂𝒍  
𝑺𝒕𝒓𝒆𝒔𝒔 
 𝝈𝒏𝒐𝒎  
(𝑴𝑷𝒂) 

   𝝈𝒏𝒐𝒎 /𝝈𝒀𝑺
𝑳  

(𝒎𝒂𝒙 𝟐. 𝟐𝟗𝟐) 

𝑳/𝑳𝑮𝒀 

(𝒎𝒂𝒙 𝟏. 𝟎𝟔𝟓) 
𝑺𝒕𝒓𝒆𝒔𝒔 𝑰𝒏𝒕𝒆𝒏𝒔𝒊𝒇𝒊𝒄𝒂𝒕𝒊𝒐𝒏 

𝑹𝑴𝒂𝒙 
= 𝝈𝒚𝒚

𝒎𝒂𝒙/𝝈𝒀𝑺
𝑳   

(𝒎𝒂𝒙 𝟐. 𝟔𝟐) 

𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑷𝒓𝒊𝒏𝒄𝒊𝒑𝒂𝒍  
𝑺𝒕𝒓𝒆𝒔𝒔 

          𝝈𝒚𝒚
𝒎𝒂𝒙 (𝑴𝑷𝒂) 

-196 HT1-07 928 29.0 1213 1.307 0.608 2.14 1984 
HT1-08 33.2 1388 1.496 0.696 2.24 2076 
HT1-09 29.2 1221 1.316 0.612 2.15 1993 
HT2-07 927 23.3 974 1.051 0.489 1.98 1835 
HT2-08 29.7 1242 1.339 0.623 2.18 2021 
HT2-09 28.7 1200 1.294 0.602 2.14 1984 

-170 HT2-04 785 38.4 1606 2.050 0.951 2.55 2002 
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Table 6-14. Local cleavage fracture stress 𝛔𝐹 derived from Griffith-Owen FEM analysis and comparison with maximum principal 

stress 𝝈𝒚𝒚
𝒎𝒂𝒙 

𝑻𝒆𝒔𝒕  
𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(°𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏  
𝑵𝒖𝒎𝒃𝒆𝒓 

𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆  
𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 

𝑿𝒐(𝝁𝒎) 

𝑳𝒐𝒄𝒂𝒍 𝑺𝒕𝒓𝒆𝒔𝒔  
𝑰𝒏𝒕𝒆𝒏𝒔𝒊𝒇𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝑹(𝑿𝟎) 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  
𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹  (𝑴𝑷𝒂) 

𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑷𝒓𝒊𝒏𝒄𝒊𝒑𝒂𝒍  
𝑺𝒕𝒓𝒆𝒔𝒔 

          𝝈𝒚𝒚
𝒎𝒂𝒙 (𝑴𝑷𝒂) 

𝛔𝐹  /𝝈𝒚𝒚
𝒎𝒂𝒙 

-196 HT1-07 305 2.11 1956 1984 99% 

 HT1-08 320 2.20 2039 2076 98% 

 HT1-09 239 2.05 1900 1993 95% 

 HT2-07 335 1.81 1678 1835 91% 

 HT2-08 268 2.09 1937 2021 96% 

 HT2-09 220 1.99 1845 1984 93% 

-170 HT2-04 420 2.44 1915 2002 96% 
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Table 6-15. Effective surface energy calculated using the modified Griffith 

equation for a penny-shaped microcrack.  

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  
(𝒐𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏  
𝑵𝒖𝒎𝒃𝒆𝒓 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏  
𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

(𝝁𝒎) 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  
𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹  (𝑴𝑷𝒂) 

𝜸 
(𝑱/𝒎𝟐) 

-196 FS HT1-07 1.8 1956 9.6 

FS HT1-08 1.8 2039 10.4 

FS HT1-09 1.6 1900 8.0 

FS HT2-07 1.1 1678 4.3 

FS HT2-08 2.6 1937 13.6 

FS HT2-09 2.6 1845 12.3 

-170 FS HT2-04 2.6 1915 13.3 
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Table 6-16. Effective surface energy calculated for only cracked inclusions 

as cleavage origin using the modified Griffith equation for a penny-shaped 

microcrack. (n=0.1 for McMeeking analysis) 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(𝒐𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 

𝑵𝒖𝒎𝒃𝒆𝒓 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 

𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

(𝝁𝒎) 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  

𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹    (𝑴𝑷𝒂) 

𝜸 

(𝑱/𝒎𝟐) 

-196 FS HT1-09 1.6 1900 8.0 

FS HT1-08 1.8 2039 10.4 

FS HT2-08 2.6 1937 13.6 

 FS HT2-09 2.6 1845 12.3 

-120 CT HT1-16 1.5 2523 12.9 

CT HT1-22 1.5 2234 10.1 

CT HT1-23 1 2523 8.6 

CT HT2-05 2.2 1956 12.1 

CT HT2-07 1.7 2255 12.4 

CT HT2-08 2.5 2421 21.0 

CT HT2-22 1.6 2058 9.7 

CT HT1-07 1.8 2390 13.3 

CT HT1-18 1.7 1940 8.3 

CT HT1-25 1.4 2371 10.2 

CT HT1-26 0.7 2346 5.0 

CT HT2-01 1.6 1888 8.0 

CT HT2-21 1.4 2058 8.3 

-80 CT HT1-17 2.1 2020 11.6 

CT HT2-25 1.4 2060 8.4 
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Table 6-17. Effective surface energy calculated for only cracked inclusion as 

cleavage origin using the modified Griffith equation for a penny-shaped 

microcrack. (n=0.2 for McMeeking analysis) 

𝑻𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆  

(𝒐𝑪) 

𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 

𝑵𝒖𝒎𝒃𝒆𝒓 

𝑰𝒏𝒊𝒕𝒊𝒂𝒕𝒊𝒐𝒏 

𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓 

(𝝁𝒎) 

𝑳𝒐𝒄𝒂𝒍 𝑪𝒍𝒆𝒂𝒗𝒂𝒈𝒆  

𝑭𝒓𝒂𝒄𝒕𝒖𝒓𝒆 𝑺𝒕𝒓𝒆𝒔𝒔  

𝛔𝐹    (𝑴𝑷𝒂) 

𝜸 

(𝑱/𝒎𝟐) 

-196 FS HT1-09 1.6 1900 8.0 

FS HT1-08 1.8 2039 10.4 

FS HT2-08 2.6 1937 13.6 

 FS HT2-09 2.6 1845 12.3 

-120 CT HT1-16 1.5 3285 21.8 

CT HT1-22 1.5 2595 13.6 

CT HT1-23 1 3318 14.8 

CT HT2-05 2.2 2147 14.5 

CT HT2-07 1.7 3153 24.2 

CT HT2-08 2.5 3058 33.5 

CT HT2-22 1.6 2293 12.1 

CT HT1-07 1.8 2902 20.2 

CT HT1-18 1.7 2097 10.0 

CT HT1-25 1.4 2902 15.7 

CT HT1-26 0.7 2808 7.4 

CT HT2-01 1.6 2062 9.7 

CT HT2-21 1.4 2352 11.0 

-80 CT HT1-17 2.1 2316 15.4 

CT HT2-25 1.4 2442 11.9 
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Figure 6-1. Engineering stress-strain curves for HT1 condition of tensile specimens tested at various 
temperatures
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Figure 6-2. Engineering stress-strain curves for HT2 condition of tensile specimens tested at 
various temperatures
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Figure 6-3. Tensile specimens lower yield strength under different temperatures
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Figure 6-4. Tensile specimens UTS under different temperatures
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Figure 6-5. Natural logarithm of the true stress-strain curves for HT1 condition of tensile specimens 
tested at various temperatures
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Figure 6-6. Natural logarithm of the true stress-strain curves for HT2 condition of tensile 
specimens tested at various temperatures
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Figure 6-7. Tensile specimens work hardening exponent (extensometer) under different 
temperatures
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No. °C LYS UTS No. °C LYS UTS No. °C LYS UTS

No. °C LYS UTS No. °C LYS UTS No. °C LYS UTS

HT1-1 -196 921MPa 952MPa HT1-2 -196 933MPa 954MPa HT1-3 -196 931MPa 949MPa

HT2-1 -196 934MPa 951MPa HT2-2 -196 926MPa 941MPa HT2-3 -196 922MPa 950MPa

n

n

n

n

n

n

N/A

N/A

N/A

N/A

N/A

N/A
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No. °C LYS UTS n No. °C LYS UTS n No. °C LYS UTS n

HT1-10 -120 636MPa736MPa 0.16 HT1-13 -80 577MPa 678MPa 0.14 HT1-14 -80 581MPa 673MPa 0.15

Figure 6-8. Tensile Test specimen fracture surfaces 

No. °C LYS UTS n
HT1-15 -60 566MPa 653MPa 0.14
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(iv)

(ii)

(iii)

(i)

Figure 6-9. Fracture surface morphology of Tensile specimen HT1-01 tested at -196°C; 

(i), (ii), (iii) and (v) are sequence magnification of the same typical area.
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(iv)

(ii)

(iii)

(i)

Figure 6-10. Fracture surface morphology of Tensile specimen HT2-03 tested at -196°C; 

(i), (ii), (iii) and (v) are sequence magnification of the same typical area.
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Figure 6-11. Load-displacement curves for all 27 tested sharp-crack specimens at -80 °C, -
100 °C and -120 °C
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Figure 6-12. 𝐾𝑄 data plot for HT1 and HT2 specimens tested at -120°C, -

100°C and -80°C. 
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Figure 6-13. 𝐾𝐽𝑐 data plot for HT1 and HT2 specimens tested at -120°C, -

100°C and -80°C. 
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2 mm

Figure 6-14 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-16, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 21.2 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.015 mm, local 
cleavage fracture stress of 2484 MPa (n=0.1), fracture initiation distance (Xo) of 30 
μm, and an average stable crack extension of 3 μm.

2 mm

(A)

(B)
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Figure 6-14 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-16, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 100x, (ii) 500x, (iii) 2500x, and (iv) 20000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.5 μm and the initial facet's equivalent diameter at 21 μm.
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Figure 6-14 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-16, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 100x, (ii) 1000x, (iii) 5000x, and (iv) 20000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.5 μm and the initial facet's equivalent 
diameter at 21 μm.
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Figure 6-14 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-16 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-15 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-20, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 15.1 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.011 mm, local 
cleavage fracture stress of 2271 MPa (n=0.1), fracture initiation distance (Xo) of 52 
μm, and an average stable crack extension of 4 μm.
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Figure 6-15 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-20, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 500x, (iii) 2000x, and (iv) 6500x are shown. Fractographic 
analysis reveals matrix related initiation mechanism, with the initial facet's 
equivalent diameter at 30 μm.
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Figure 6-15 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-20, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 500x, (iii) 2000x, and (iv) 6500x are shown. 
Fractographic analysis reveals matrix related initiation mechanism, with the initial 
facet's equivalent diameter at 30 μm.
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2 mm

2 mm

Figure 6-16 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-21, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 55.4 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.040 mm, local 
cleavage fracture stress of 1954 MPa (n=0.1) , fracture initiation distance (Xo) of 657 
μm, and an average stable crack extension of 14 μm.
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Figure 6-16 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-21, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 4500x are shown. Fractographic 
analysis reveals matrix cracking as the initiation mechanism, with the initial facet's 
equivalent diameter at 32 μm.
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Figure 6-16 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-21, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 3000x are shown. 
Fractographic analysis reveals matrix cracking as the initiation mechanism, with the 
initial facet's equivalent diameter at 32 μm.
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2 mm

2 mm

Figure 6-17 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-22, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 39.1 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.028 mm, local 
cleavage fracture stress of 2200 MPa (n=0.1), fracture initiation distance (Xo) of 163 
μm, and an average stable crack extension of 8 μm.
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Figure 6-17 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-22, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.5 μm and the initial facet's equivalent diameter at 46 μm.
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Figure 6-17 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-22, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 200x, (iii) 1000x, and (iv) 2000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.5 μm and the initial facet's equivalent 
diameter at 46 μm.
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Spectrum 

(iii)

Spectrum 

(i)

Figure 6-17 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-22 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-18 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-23, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 15.0 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.011 mm, local 
cleavage fracture stress of 2484 MPa (n=0.1), fracture initiation distance (Xo) of 21 
μm, and an average stable crack extension of 3 μm.
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Figure 6-18 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-23, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 2500x, and (iv) 25000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.0 μm and the initial facet's equivalent diameter at 34 μm.
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Figure 6-18 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-23, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 100x, (ii) 500x, (iii) 2000x, and (iv) 20000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.0 μm and the initial facet's equivalent 
diameter at 34 μm. 

(iv)

(ii)

(iii)

(i)

Initiating 
Inclusion

309 



Spectrum 

(iii)

Spectrum 

(i)

Figure 6-18 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-23 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-19 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-24, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 32.4 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.023 mm, local 
cleavage fracture stress of 2478 MPa (n=0.1), fracture initiation distance (Xo) of 61 
μm, and an average stable crack extension of 5 μm.
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Figure 6-19 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-24, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 500x, and (iv) 2000x are shown. Fractographic 
analysis reveals matrix cracking as the initiation mechanism, with the initial facet's 
equivalent diameter at 36 μm.
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Figure 6-19 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-24, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 150x, (iii) 500x, and (iv) 2000x are shown. 
Fractographic analysis reveals matrix cracking as the initiation mechanism, with the 
initial facet's equivalent diameter at 36 μm.
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2 mm

2 mm

Figure 6-20 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-05, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral (Jc) 
value of 23.9 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.018 mm, local 
cleavage fracture stress of 1986 MPa (n=0.1), fracture initiation distance (Xo) of 256 
μm, and an average stable crack extension of 10 μm.
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Figure 6-20 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-05, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 200x, (iii) 1000x, and (iv) 2500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 2.2 μm and the initial facet's equivalent diameter at 35 μm.
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Figure 6-20 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-05, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 150x, (iii) 1000x, and (iv) 2500x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 2.2 μm and the initial facet's equivalent 
diameter at 35 μm.
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Spectrum 

(iii)

Spectrum 

(i)

Figure 6-20 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-05 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-21 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-06, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 32.4 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.024 mm, local 
cleavage fracture stress of 2420 MPa (n=0.1), fracture initiation distance (Xo) of 79 
μm, and an average stable crack extension of 6 μm.
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Figure 6-21 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-06, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 5000x, and (iv) 20000x are shown. Fractographic 
analysis reveals matrix related initiation mechanism, with the initiating feature’s 
equivalent diameter at 0.6 μm and the initial facet's equivalent diameter at 21 μm.
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Figure 6-21 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-06, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 100x, (ii) 1000x, (iii) 5000x, and (iv) 20000x are shown. 
Fractographic analysis reveals matrix related initiation mechanism, with the 
initiating feature’s equivalent diameter at 0.6 μm and the initial facet's equivalent 
diameter at 21 μm.
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Spectrum 

(iii)

Spectrum 

(i)

Figure 6-21 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-06 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-22 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-07, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 31.6 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.023 mm, local 
cleavage fracture stress of 2290 MPa (n=0.1), fracture initiation distance (Xo) of 25 
μm, and an average stable crack extension of 4 μm.
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Figure 6-22 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-07, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 1000x, (ii) 5000x, (iii) 10000x, and (iv) 20000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.7 μm and the initial facet's equivalent diameter at 34 μm.
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Figure 6-22 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-07, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 500x, (ii) 1000x, (iii) 5000x, and (iv) 20000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.7 μm and the initial facet's equivalent 
diameter at 34 μm.
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Spectrum 

(iii)

Spectrum 

(i)

Figure 6-22 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-07 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-23 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-08, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 40.6 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.030 mm, 
local cleavage fracture stress of 2459 MPa (n=0.1), fracture initiation distance (Xo) 
of 87 μm, and an average stable crack extension of 8 μm.

(A)

(B)

326 



Figure 6-23 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-08, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 2.5 μm and the initial facet's equivalent diameter at 28 μm.
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Figure 6-23 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-08, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 2500x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 2.5 μm and the initial facet's equivalent 
diameter at 28 μm.
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Figure 6-23 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-08 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

2 mm

Figure 6-24 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-19, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 30.2 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.022 mm, local 
cleavage fracture stress of 2349 MPa (n=0.1), fracture initiation distance (Xo) of 87 
μm, and an average stable crack extension of 4 μm.
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Figure 6-24 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-19, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 500x, (iii) 1000x, and (iv) 5000x are shown. Fractographic 
analysis reveals matrix related initiation mechanism, with the initiating feature’s 
equivalent diameter at 1.7 μm and the initial facet's equivalent diameter at 27 μm.
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Figure 6-24 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-19, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 500x, (iii) 1000x, and (iv) 5000x are shown. 
Fractographic analysis reveals matrix related initiation mechanism, with the 
initiating feature’s equivalent diameter at 1.7 μm and the initial facet's equivalent 
diameter at 27 μm.

(iv)

(ii)

(iii)

(i)

Initiating 
Feature

332 



2 mm

2 mm

Figure 6-25 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-22, tested at -120 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 24.1 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.018 mm, local 
cleavage fracture stress of 2090 MPa (n=0.1), fracture initiation distance (Xo) of 147 
μm, and an average stable crack extension of 6 μm.
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Figure 6-25 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-22, test temperature of -120 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 8000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.6 μm and the initial facet's equivalent diameter at 39 μm.
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Figure 6-25 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-22, test temperature of -120 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 3500x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.6 μm and the initial facet's equivalent 
diameter at 39 μm.
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Figure 6-25 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-22 tested at -120 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.

(ii)

(iv)

336 



Figure 6-26 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-01, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 217.6 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.164 mm, 
local cleavage fracture stress of 2212 MPa (n=0.1), fracture initiation distance (Xo) 
of 655 μm, and an average stable crack extension of 70 μm.
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Figure 6-26 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-01, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 2500x, and (iv) 15000x are shown. Fractographic 
analysis reveals inclusion decohesion as the initiation mechanism, with the 
inclusion's equivalent diameter at 1.1 μm and the initial facet's equivalent diameter 
at 24 μm.
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(iii) (iv)

Figure 6-26 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-01, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 5000x, and (iv) 20000x are shown. 
Fractographic analysis reveals inclusion decohesion as the initiation mechanism, 
with the inclusion's equivalent diameter at 1.1 μm and the initial facet's equivalent 
diameter at 24 μm.
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Figure 6-26 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-01 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-27 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-07, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 57.7 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.044 mm, local 
cleavage fracture stress of 2303 MPa (n=0.1), fracture initiation distance (Xo) of 135 
μm, and an average stable crack extension of 21 μm.
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Figure 6-27 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-07, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 2000x, and (iv) 10000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.8 μm and the initial facet's equivalent diameter at 26 μm.
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Figure 6-27 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-07, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 2500x, and (iv) 10000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.8 μm and the initial facet's equivalent 
diameter at 26 μm.
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Figure 6-27 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-07 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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2 mm

Figure 6-28 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-18, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 38.6 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.029 mm, local 
cleavage fracture stress of 1870 MPa (n=0.1), fracture initiation distance (Xo) of 432 
μm, and an average stable crack extension of 8 μm.
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Figure 6-28 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-18, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 2500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.7 μm and the initial facet's equivalent diameter at 38 μm.
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Figure 6-28 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-18, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 2500x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.7 μm and the initial facet's equivalent 
diameter at 38 μm.
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Figure 6-28 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-18 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-29 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-25, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 41.8 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.032 mm, local 
cleavage fracture stress of 2285 MPa (n=0.1), fracture initiation distance (Xo) of 104 
μm, and an average stable crack extension of 7 μm.
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Figure 6-29 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-25, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 2000x, and (iv) 10000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.4 μm and the initial facet's equivalent diameter at 22 μm.
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Figure 6-29 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-25, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 2500x, and (iv) 20000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.4 μm and the initial facet's equivalent 
diameter at 22 μm.
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Figure 6-29 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-25 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-30 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-26, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. White frame indicating local 
cleavage area. Test results: Critical J-integral (Jc) value of 59.4 𝑘𝐽/𝑚2, crack tip 
opening displacement (CTOD) of 0.045 mm, local cleavage fracture stress of 2261 
MPa (n=0.1), fracture initiation distance (Xo) of 160 μm, and an average stable 
crack extension of 19 μm.
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Figure 6-30 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-26, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 100x, (ii) 1000x, (iii) 2500x, and (iv) 10000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 0.7 μm and the initial facet's equivalent diameter at 28 μm.
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Figure 6-30 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-26, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 100x, (ii) 500x, (iii) 2500x, and (iv) 10000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 0.7 μm and the initial facet's equivalent 
diameter at 28 μm.
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Figure 6-30 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-26 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-30 (e). Local fracture initiation area at side (A) of the sharp-cracked 
specimen CT HT1-26, test temperature of -100 °C. A sequential magnification of the 
white-framed area at (i) 100x, (ii) 250x, (iii) 1000x, and (iv) 2500x are shown. 
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Figure 6-31 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-27, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 37.9 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.029 mm, local 
cleavage fracture stress of 2285 MPa (n=0.1), fracture initiation distance (Xo) of 94 
μm, and an average stable crack extension of 9 μm.
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Figure 6-31 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-27, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 10000x are shown. Fractographic 
analysis reveals matrix related feature as the initiation, with the initiating feature’s 
equivalent diameter at 1.5 μm and the initial facet's equivalent diameter at 32 μm.
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Figure 6-31 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-27, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 500x, (iii) 2000x, and (iv) 10000x are shown. 
Fractographic analysis reveals matrix related feature as the initiation, with the 
initiating feature’s equivalent diameter at 1.5 μm and the initial facet's equivalent 
diameter at 32 μm.
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Figure 6-31 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-27 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-32 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-01, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. White frame indicating local 
cleavage area. Test results: Critical J-integral (Jc) value of 64.9 𝑘𝐽/𝑚2, crack tip 
opening displacement (CTOD) of 0.050 mm, local cleavage fracture stress of 1900 
MPa (n=0.1), fracture initiation distance (Xo) of 649 μm, and an average stable 
crack extension of 16 μm.
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Figure 6-32 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-01, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 20000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.6 μm and the initial facet's equivalent diameter at 34 μm.
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Figure 6-32 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-01, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 20000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.6 μm and the initial facet's equivalent 
diameter at 34 μm.
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Figure 6-32 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-01 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-32 (e). Local fracture initiation area at side (A) of the sharp-cracked 
specimen CT HT2-01, test temperature of -100 °C. A sequential magnification of the 
white-framed area at (i) 100x, (ii) 200x, (iii) 1000x, and (iv) 10000x are shown.
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Figure 6-33 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-02, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 17.2 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.013 mm, local 
cleavage fracture stress of 2145 MPa (n=0.1), fracture initiation distance (Xo) of 63 
μm, and an average stable crack extension of 2 μm.
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Figure 6-33 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-02, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals matrix related initiation mechanism, with the initial facet's 
equivalent diameter at 43 μm.
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Figure 6-33 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-02, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 500x, and (iv) 4000x are shown. 
Fractographic analysis reveals matrix related initiation mechanism, with the initial 
facet's equivalent diameter at 43 μm.
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Figure 6-34 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-03, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 40.3 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.031 mm, local 
cleavage fracture stress of 2322 MPa (n=0.1), fracture initiation distance (Xo) of 53 
μm, and an average stable crack extension of 9 μm.
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Figure 6-34 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-03, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 500x, (iii) 2500x, and (iv) 12000x are shown. Fractographic 
analysis reveals matrix related feature as the initiation, with the initiating feature’s 
equivalent diameter at 1.1 μm and the initial facet's equivalent diameter at 26 μm.
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Figure 6-34 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-03, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 350x, (iii) 1500x, and (iv) 10000x are shown. 
Fractographic analysis reveals matrix related feature as the initiation, with the 
initiating feature’s equivalent diameter at 1.1 μm and the initial facet's equivalent 
diameter at 26 μm.
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Figure 6-34 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-03 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-35 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-04, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 42.2 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.033 mm, local 
cleavage fracture stress of 2340 MPa (n=0.1), fracture initiation distance (Xo) of 78 
μm, and an average stable crack extension of 9 μm.
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Figure 6-35 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-04, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 500x, and (iv) 1000x are shown. Fractographic 
analysis reveals matrix cracking as the initiation mechanism, with the initial facet's 
equivalent diameter at 20 μm.
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Figure 6-35 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-04, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 500x, and (iv) 1000x are shown. 
Fractographic analysis reveals matrix cracking as the initiation mechanism, with the 
initial facet's equivalent diameter at 20 μm.
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Figure 6-36 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-09, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 36.1 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.028 mm, local 
cleavage fracture stress of 2206 MPa (n=0.1), fracture initiation distance (Xo) of 115 
μm, and an average stable crack extension of 8 μm.
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Figure 6-36 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-09, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 250x, (iii) 5000x, and (iv) 10000x are shown. Fractographic 
analysis reveals matrix related initiation mechanism, with the initiating feature’s 
equivalent diameter at 3.2 μm and the initial facet's equivalent diameter at 31 μm.
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Figure 6-36 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-09, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 250x, (iii) 1000x, and (iv) 5000x are shown. 
Fractographic analysis reveals matrix related initiation mechanism, with the 
initiating feature’s equivalent diameter at 3.2 μm and the initial facet's equivalent 
diameter at 31 μm.
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Figure 6-36 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-09 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-37 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-21, tested at -100 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. White frame indicating local 
cleavage area site1 and site2. Test results: Critical J-integral (Jc) value of 86.2 𝑘𝐽/𝑚2, 
crack tip opening displacement (CTOD) of 0.067 mm, local cleavage fracture stress 
of 2071 MPa (n=0.1), fracture initiation distance (Xo) of 402 μm, and an average 
stable crack extension of 32 μm.
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Figure 6-37 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-21, test temperature of -100 °C. A sequential magnification of the red-framed 
area at (i) 50x, (ii) 500x, (iii) 1500x, and (iv) 10000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.4 μm and the initial facet's equivalent diameter at 35 μm.
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Figure 6-37 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-21, test temperature of -100 °C. A sequential magnification of the 
red-framed area at (i) 50x, (ii) 500x, (iii) 1000x, and (iv) 10000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.4 μm and the initial facet's equivalent 
diameter at 35 μm.
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Figure 6-37 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-21 tested at -100 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-37 (e). Local fracture initiation area at side (A) of the sharp-cracked 
specimen CT HT2-21, test temperature of -100 °C. A sequential magnification of the 
white-framed area at (i) 100x, (ii) 250x, (iii) 1000x, and (iv) 5000x are shown.
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Figure 6-37 (f). Local cleavage area on side (B) of the sharp-cracked specimen CT 
HT2-21, illustrating regions where inclusions do not initiate cleavage, at a test 
temperature of -100°C. A sequential magnification of the white-framed area at (i) 

100x, (ii) 500x, (iii) 1000x, and (iv) 3500x are shown.
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Site2

Figure 6-37 (g). EDX analysis results of inclusions within the local cleavage area 
on side (B) of the sharp-cracked specimen CT HT2-21, tested at -100°C. Image (i) 

and (iii) display the inclusion along with the location of the spectrum, while (ii) 
and (iv) present the corresponding spectrum results.
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Figure 6-38 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT1-17, tested at -80 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 70.6 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.056 mm, local 
cleavage fracture stress of 1992 MPa (n=0.1), fracture initiation distance (Xo) of 295 
μm, and an average stable crack extension of 34 μm.
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Figure 6-38 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT1-17, test temperature of -80 °C. A sequential magnification of the red-framed 
area at (i) 100x, (ii) 500x, (iii) 1000x, and (iv) 2500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 2.1 μm and the initial facet's equivalent diameter at 29 μm.
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Figure 6-38 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT1-17, test temperature of -80 °C. A sequential magnification of the 
red-framed area at (i) 100x, (ii) 500x, (iii) 1000x, and (iv) 2500x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 2.1 μm and the initial facet's equivalent 
diameter at 29 μm.
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Figure 6-38 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT1-17 tested at -80 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-39 (a). Overview of fracture surfaces on a sharp-cracked specimen, 
designated CT HT2-25, tested at -80 °C. Red frames on matching halves (A) and (B) 
denote the most probable fracture initiation areas. Test results: Critical J-integral 
(Jc) value of 155.9 𝑘𝐽/𝑚2, crack tip opening displacement (CTOD) of 0.120 mm, 
local cleavage fracture stress of 2078 MPa (n=0.1), fracture initiation distance (Xo) 
of 486 μm, and an average stable crack extension of 54 μm.
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Figure 6-39 (b). Fracture Initiation at side (A) of the sharp-cracked specimen CT 
HT2-25, test temperature of -80 °C. A sequential magnification of the red-framed 
area at (i) 100x, (ii) 800x, (iii) 2000x, and (iv) 5000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.4 μm and the initial facet's equivalent diameter at 39 μm.
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Figure 6-39 (c). Fracture Initiation at matching side (B) of the sharp-cracked 
specimen CT HT2-25, test temperature of -80 °C. A sequential magnification of the 
red-framed area at (i) 25x, (ii) 250x, (iii) 1000x, and (iv) 5000x are shown. 
Fractographic analysis reveals inclusion cracking as the initiation mechanism, with 
the inclusion's equivalent diameter at 1.4 μm and the initial facet's equivalent 
diameter at 39 μm.
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Figure 6-39 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of sharp-cracked specimen CT HT2-25 tested at -80 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-40. Size distribution of initiators in all 26 specimens that initiation 

sites were identified. 

 

Figure 6-41. Size distribution of inclusions in all 17 specimens which has an 

inclusion as initiator. 
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Figure 6-42. Load-displacement curves for blunt-notched specimens HT1-07/HT1-08/
HT1-09/HT2-07/HT2-08/HT2-09 at -196 °C and HT2-04 tested at -170 °C 
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Figure 6-43 (a). Overview of the fracture surface on one side of the blunt-notched 
specimen FS HT1-07, tested at -196°C, with a red frame highlighting the most 

probable initiation area. Test results: Local cleavage fracture stress of 1956 Mpa, 
fracture initiation distance (Xo) of 305 μm.
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Figure 6-43 (b). Fracture initiation point of one side blunt-notched specimen FS 
HT1-07 tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
same red framed area. Fractographic analysis reveals matrix related feature as the 
initiation, with the initiating feature’s equivalent diameter at 1.8 μm and the initial 
facet's equivalent diameter at 34 μm.
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Figure 6-43 (c). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT1-07 tested at -196 °C; A sequential magnification of the initiation 
area at (i) 150x, (ii) 500x, (iii) 1200x, and (iv) 3500x are shown. Fractographic 
analysis reveals matrix related feature as the initiation, with the initiating feature’s 
equivalent diameter at 1.8 μm and the initial facet's equivalent diameter at 34 μm.
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Figure 6-44 (a). Overview of the fracture surface on one side of the blunt-notched 
specimen FS HT1-08, tested at -196°C, with a red frame highlighting the most 

probable initiation area. Test results: Local cleavage fracture stress of 2039 Mpa, 
fracture initiation distance (Xo) of 320 μm.
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Figure 6-44 (b). Fracture initiation point of one side blunt-notched specimen FS 
HT1-08 tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
same red framed area. Fractographic analysis reveals inclusion cracking as the 
initiation mechanism, with the inclusion's equivalent diameter at 1.8 μm and the 
initial facet's equivalent diameter at 20 μm.
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Figure 6-44 (c). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT1-08 tested at -196 °C; A sequential magnification of the initiation 
area at (i) 120x, (ii) 350x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.8 μm and the initial facet's equivalent diameter at 20 μm.
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Figure 6-44 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of blunt-notched specimen FS HT1-08 tested at -196 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-45 (a). Fracture initiation point of one side blunt-notched specimen FS 
HT1-09 tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
most probable initiation area. Fractographic analysis reveals inclusion cracking as 
the initiation mechanism, with the inclusion's equivalent diameter at 1.6 μm and the 
initial facet's equivalent diameter at 23 μm.
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Figure 6-45 (b). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT1-09 tested at -196 °C; A sequential magnification of the initiation 
area at (i) 150x, (ii) 500x, (iii) 2500x, and (iv) 10000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 1.6 μm and the initial facet's equivalent diameter at 23 μm.
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Figure 6-45 (c). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of blunt-notched specimen FS HT1-09 tested at -196 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-46 (a). Overview of the fracture surface on one side of the blunt-notched 
specimen FS HT2-07, tested at -196°C, with a red frame highlighting the most 

probable initiation area. Test results: Local cleavage fracture stress of 1678 Mpa, 
fracture initiation distance (Xo) of 335 μm.
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Figure 6-46 (b). Fracture initiation point of one side blunt-notched specimen FS 
HT2-07 tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
same red framed area. Fractographic analysis reveals matrix related feature as the 
initiation, with the initiating feature’s equivalent diameter at 1.1 μm and the initial 
facet's equivalent diameter at 25 μm.
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Figure 6-46 (c). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT2-07 tested at -196 °C; A sequential magnification of the initiation 
area at (i) 120x, (ii) 500x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals matrix related feature as the initiation, with the initiating feature’s 
equivalent diameter at 1.1 μm and the initial facet's equivalent diameter at 25 μm.
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Figure 6-47 (a). Overview of the fracture surface on one side of the blunt-notched 
specimen FS HT2-08, tested at -196°C, with a red frame highlighting the most 

probable initiation area. Test results: Local cleavage fracture stress of 1937 Mpa, 
fracture initiation distance (Xo) of 268 μm.
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Figure 6-47 (b). Fracture initiation point of one side blunt-notched specimen FS 
HT2-08 tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
same red framed area. Fractographic analysis reveals inclusion cracking as the 
initiation mechanism, with the inclusion's equivalent diameter at 2.6 μm and the 
initial facet's equivalent diameter at 27 μm.
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Figure 6-47 (c). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT2-08 tested at -196 °C; A sequential magnification of the initiation 
area at (i) 100x, (ii) 200x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 2.6 μm and the initial facet's equivalent diameter at 27 μm.

(iv)

(ii)

(iii)

(i)

Initiating 
Inclusion

414 



Spectrum 

(iii)

Spectrum 

(i)

Figure 6-47 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of blunt-notched specimen FS HT2-08 tested at -196 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-48 (a). Overview of the fracture surface on one side of the blunt-notched 
specimen FS HT2-09, tested at -196°C, with a red frame highlighting the most 

probable initiation area. Test results: Local cleavage fracture stress of 1845 Mpa, 
fracture initiation distance (Xo) of 220 μm.
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Figure 6-48 (b). Fracture initiation point of one side blunt-notched specimen FS 
HT2-09 tested at -196 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
same red framed area. Fractographic analysis reveals inclusion cracking as the 
initiation mechanism, with the inclusion's equivalent diameter at 2.6 μm and the 
initial facet's equivalent diameter at 32 μm.
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Figure 6-48 (c). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT2-09 tested at -196 °C; A sequential magnification of the initiation 
area at (i) 200x, (ii) 500x, (iii) 1000x, and (iv) 10000x are shown. Fractographic 
analysis reveals inclusion cracking as the initiation mechanism, with the inclusion's 
equivalent diameter at 2.6 μm and the initial facet's equivalent diameter at 32 μm.
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Figure 6-48 (d). Cleavage initiation point (i) and (iii) from matching halves of 
fracture surfaces of blunt-notched specimen FS HT2-09 tested at -196 °C with their 
corresponding EDX spectrums (ii) and (iv) respectively.
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Figure 6-49 (a). Overview of the fracture surface on one side of the blunt-notched 
specimen FS HT2-04, tested at -170°C, with a red frame highlighting the most 

probable initiation area. Test results: Local cleavage fracture stress of 1915 Mpa, 
fracture initiation distance (Xo) of 420 μm.
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Figure 6-49 (b). Fracture initiation point of one side blunt-notched specimen FS 
HT2-04 tested at -170 °C; (i), (ii), (iii) and (iv) are sequential magnification of the 
same red framed area. Fractographic analysis reveals matrix related feature as the 
initiation, with the initiating feature’s equivalent diameter at 2.6 μm and the initial 
facet's equivalent diameter at 30 μm.
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Figure 6-49 (c). Fracture initiation point of the matching side of blunt-notched 
specimen FS HT2-04 tested at -170 °C; A sequential magnification of the initiation 
area at (i) 100x, (ii) 250x, (iii) 1000x, and (iv) 3500x are shown. Fractographic 
analysis reveals matrix related feature as the initiation, with the initiating feature’s 
equivalent diameter at 2.6 μm and the initial facet's equivalent diameter at 30 μm.
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Figure 6-50. Initiation Site Locations in relation to FEM Stress Distribution. 

(the seven red dots represent the result of each test) 
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Figure 6-51. Local cleavage fracture stress σ𝐹 relation with fracture distance 

of all seven blunt-notched test specimens. (Fracture distance is measured as 

the distance from the end of notch root edge to cleavage initiation point) 
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Figure 6-52. 𝐽𝐶  relation with stable crack extension 𝛥𝑎 
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Figure 6-53. 𝐽𝐶  relation with Fracture Distance Xo (Distance from end of 

ductile crack growth to cleavage initiation point) 
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Figure 6-54. Fracture distance 𝑋0 relation with stable crack extension 𝛥𝑎 
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Figure 6-55. Fracture distance 𝑋0 relation with the true plastic zone size. 
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Figure 6-56. Modified McMeeking FEM stress distribution of n=0.1 and 

n=0.2.  
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Figure 6-57. McMeeking FEM stress distribution of n=0.1 and n=0.2 with red 

dots represent the result of each test within the limit of the analysis. 
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Figure 6-58. Local cleavage fracture stress σ𝐹  plotted with maximum 

principal stress 𝜎𝑦𝑦
𝑚𝑎𝑥 for sharp-cracked specimens results of n=0.1. 
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Figure 6-59. Local cleavage fracture stress σ𝐹 plotted with maximum 

principal stress 𝜎𝑦𝑦
𝑚𝑎𝑥 for sharp-crack specimens results of n=0.2. 
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 Figure 6-60. Local cleavage fracture stress σ𝐹 vs the reciprocal square root 

of the diameter of initiators. (n=0.1 and n=0.2) 
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 Figure 6-61. Local cleavage fracture stress σ𝐹 vs the reciprocal square root 

of the diameter of initiating facet. (n=0.1 and n=0.2) 

 

 

 

 

 

 

 

 

 

434 



 

 

 

 

 

 

Figure 6-62. Variation of local cleavage fracture stress with grain size and 

particle size. [117] 
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Figure 6-63. Correlation between initiator size and first facet size in 26 

specimens that initiation was identified. 
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Figure 6-64. Local cleavage fracture stress σ𝐹 plotted with 𝜎𝑦𝑦
𝑚𝑎𝑥 for seven 

blunt-notched specimens results. 
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Figure 6-65. Local cleavage fracture stress σ𝐹 vs the reciprocal square root of 

initiator diameter measured from fracture surfaces. 
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Figure 6-66. Local cleavage fracture stress σ𝐹 vs the reciprocal square root of 

facet diameter measured from fracture surfaces. 
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Figure 6-67. The relationship between all type initiators diameter and first 

facet diameter in seven blunt-notched specimens. 
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Figure 6-68. Local cleavage fracture stress σ𝐹 relation with test temperature 

for blunt-notched specimens and sharp-cracked specimen of both results from 

n=0.1 and n=0.2. 
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Figure 6-69. Local cleavage fracture stress σ𝐹 relation with fracture distance 

comparison for sharp-cracked specimens of n=0.1 and n=0.2 conditions and 

blunt-notched specimens.  
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Figure 6-70. Local cleavage fracture stress σ𝐹 vs the reciprocal square root of 

the diameter of all type initiators for sharp-cracked specimens under 

condition of n=0.1. Distinguish fracture distance of 200μm. 
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 Figure 6-71. Local cleavage fracture stress σ𝐹 vs the reciprocal square root of 

the diameter of the initiating facet for sharp-cracked specimens under 

condition of n=0.1. Distinguish fracture distance of 200μm. 
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Figure 6-72. Local cleavage fracture stress σ𝐹 vs the reciprocal square root of 

the diameter of cracked inclusions for blunt-notched specimens and sharp-

cracked specimens with n=0.1. 
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Figure 6-73. Local cleavage fracture stress σ𝐹 vs the reciprocal square root of 

the diameter of cracked inclusions for blunt-notched specimens and sharp-

cracked specimens with n=0.2. 
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