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Summary 

   This work simulated the thermo-mechanical processing of large-scale forging product 

made of 34CrNiMo6 steel to evaluate the effect of different processing condition 

parameters and cooling rates on the variation of microstructure and the final mechanical 

properties. Through this investigation we tried to achieve the required mechanical 

properties for deep sea applications, which were a minimum Charpy impact value of 38J at 

temperature of -20 °C according to ABS specifications and a minimum surface hardness of 

302 HB according to First Subsea specification design.  

   Initially, a series of single and multi-hit plane strain compression tests were performed to 

evaluate the hot-deformed microstructure in thermo-mechanical processing, with particular 

attention paid to the effect of austenitising temperature and deformation conditions of 

temperature, strain and strain rate. The hot working process conditions were: austenitising 

temperatures of 1260 °C and 1100 °C; deformation temperature range of 1260 °C ς 900 °C; 

strain rates of 0.1, 0.5 and 1 s¯¹; to a total strain of 0.8 were used in order to understand and 

optimize the hot deformation process parameters. Furthermore, an austenitising 

temperature of 1260 °C and deformation temperature of 1000 °C with strains of 0.4, 0.6, 

and 0.8 and strain rates of 0.1, 0.5, and 1 ǎѐц ǿƛǘƘ ŜŀŎƘ ǎǘǊŀƛƴ ǿŜǊŜ ŀƭǎƻ ƛƴǾŜǎǘƛƎŀǘŜŘΦ The 

flow stress constitutive equations of the work hardening/dynamic recovery (DRV) curves 

and dynamical recrystallisation (DRX) curves were also established for 34CrNiMo6 steel. 

   The exponential law, power law and hyperbolic sine law types of ZenerςHollomon 

equations were utilised to calculate the hot activation energy of deformation (Qdef). In 

addition the constitutive equations were used for modelling and generalising the DRV and 

DRX flow curves of 34CrNiMo6 steel, using the method proposed by Avrami. Secondly, a 

heat treatment process using different austenitising temperatures and different cooling 

rates was also investigated to achieve the required aims, in which many tests were 

performed through controlling the temperatures, soaking times, and cooling rates to study 

the effect of the heat treatment parameters on the grain size and transformation behaviour 

of austenite.  
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   Additionally, to attempt to refine the austenite grain size and to increase the austenite 

phase percentage within the microstructure, multiple heat treatment paths were also used. 

A double normalizing, double quenching, and single tempered process were used in all 

possible combinations to investigate their influence on the final microstructure in an 

attempt to identify the most effective heat treatment cycle with an effective sequence for 

the heat treatment operations. According to the obtained results, a microstructural 

characterization of the studied material was conducted using techniques such as optical 

microscopy (e.g. Polyvar) and scanning electron microscopy (SEM). Moreover, some 

mechanical tests such as Charpy impact and hardness testing were performed. The linear 

intercept method was used to calculate grain size diameter. 

   The obtained results of the hot deformation simulation with the PSC tests showed that 

there are many parameters which need to be controlled throughout the process. 

Understanding the microstructure variation at different temperatures and cooling rates is 

the best way to achieve the required mechanical properties. Using an austenitising 

temperature of 1100 °C gives better equiaxed grains and higher recrystallisation 

percentages than using an austenitising temperature of 1260 °C. Moreover, the smallest 

grain sizes were obtained at an austenitising temperature of 1100 °C and strain rate of 0.5 

ǎѐц ǿƛǘƘ ŀƭƭ ǘŜǎted deformation temperatures. Also, the results showed that reducing the 

austenitising temperature has an effect on the mechanical properties, especially fracture 

toughness, accordingly starting with a small austenite grain size before heat treatment will 

help to obtain the required mechanical properties. On the other hand, the presence of 

banding in almost all optical deformed microstructures, represented by dark lines parallel to 

the direction of deformation, and also the existence of some types of non-metallic 

inclusions had a negative effect on these required properties. 

   Generally, in the case of using very low cooling rates with these deformation conditions 

the toughness requirements will not be achieved. First, this may be attributed to the 

presence of non-uniform microstructures resulting from the variation in grain size 

distributions (i.e. bimodal distribution), which usually causes scattering in the measured 

data, especially when one test sample is usedΦ Second, it may also be attributed to the lower 

hardenability of 34CrNiMo6 steel, as we could not get a high percentage of martensite 

within the microstructure of the tested samples. The results of the tests show that to 
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achieve a higher percentage of martensite in the sampling position, the cooling rate should 

be higher than 1.2 Cꜛ/s for a large section billet with diameter of 480 mm. However, using a 

multiple heat treatment process consisting of double normalizing, double quenching and 

single tempering in different orders gave values of high toughness and good hardness within 

the required specifications. Moreover, the obtained microstructures were more uniform 

with less variation in grain size distributions (i.e. unimodal distribution) compared to the 

single heat treatment, which usually helps to reduce the scattering in data. 
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1. Chapter 1 Introduction 

1.1  Background of the work  

   Forging iron to a specific shape can be dated back to the 12th century[1]. Typically this was 

done by a blacksmith making simple iron forgings by hammering hot small parts to make 

wrought products. Today forging is used to produce many types of products for various 

applications, ranging from small simple components to eventual complicated structural 

components; for instance, companies that work in offshore oil and gas industries use large 

sections. Furthermore, these industries require materials for their products that are totally 

reliable and can resist the most aggressive environments. In general metal forming 

processes, such as forging of steels, aim to produce a near-net shape product with good 

material properties; these properties are a direct result of the final microstructure, which in 

turn is determined by a series of deformation steps and heat treatments within a process 

route. One of the major issues in the microstructure of large scale forging is strain 

penetration, which becomes less inside large scale forgings. This means the penetration of 

plastic deformation will be different from the surface to the core of the metal, which causes 

differences in grain size between the central and surface zones. Moreover, a large variation 

in cooling rates between the surface and centre leads to large variation in microstructure, 

which in turn produces a large variation in transformed microstructure and the properties 

leading to a complicated design strategy. 

   34CrNiMo6 steel[2] is a heat treated low alloy engineering steel with high strength (See 

Tables 1.1 and 1.2) and hardenability, containing nickel, chromium and molybdenum. It also 

has good toughness properties with CVN (Charpy V-notch) at a very low temperature. 

According to a number of international standards organizations (e.g., Standard of steel SR 

EN 10083) the AISI 4340 steel is considered one of the 34CrNiMo6 steel grades when the 

steel is classified by their composition (See Appendix E). Knowing that materials grade 

comparison usually be to the nearest available grade and might sometimes have slight 

variations in actual chemistry. Compared with the AISI 4340 steel, the 34CrNiMo6 steel has 

additional elements of 0.004 %Al, 0.07 %V, 0.13 %Cu and 0.01 %Sn. A typical heat treatment 

for this steel involves two stages, quenching and tempering. 
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   The steel usually obtains its high strength by quenching to a full martensitic microstructure 

and the tempering process is used to improve ductility and toughness. This steel, which is 

used in subsea oil and gas, nuclear, renewable energy and aerospace applications, is 

subjected to extreme environmental conditions and complex dynamic loading cycles. The 

supply of materials with properties within the specifications has depended on experience 

and an intelligent supply chain. These days, even the most adept suppliers are struggling to 

produce efficient, cost-effective materials that meet all market demands within increasing 

specifications at an ever increasing size. The First Subsea Company works in partnership 

with Somers Forge Ltd which undertakes the process of forging and heat treatment of cast 

material supplied by Sheffield Forgemasters. A mooring system, which is one of the First 

Subsea company products, was used to anchor an offshore platform in the Gulf of Mexico. A 

failure in a seabed mooring shackle in this system led to the company client base becoming 

very worried about the quality of manufacture of long-term mooring systems. Forged and 

cast steel subsea mooring system components and accessories are required to meet the 

relevant chain specifications, but these are limited when dealing with large scale products. 

Unfortunately, these specifications do not provide a consistent and accurate representation 

of toughness throughout larger geometry parts, which has led to a re-examination of the 

metallurgical test criteria demanded by end customers according to standard chain 

specifications. These mooring components need to exhibit high levels of strength and 

toughness over an extended period. Accordingly, many tests were carried out to verify the 

mechanical properties according to standard specifications, but the results obtained were 

not consistent throughout the forging, and often did not confirm these required 

specifications. The failure of the as forged material to achieve the required specification of 

mechanical properties, especially toughness and ultimate tensile strength, has an effect on 

company business in issues such as company reputation, product quality and an increase in 

production cost. Consequently, this project proposes to treat these issues through testing 

and investigation in an attempt to improve the forging and heat treatment routes. This will 

be done through determining the most important parameters that define the metallurgical 

uniformity of large scale forging products. These parameters lead to understanding, 

optimisation, and control of the microstructure throughout the whole process chain. All of 

these proposed investigations will potentially provide the company with technical support 

and a good knowledge of best practice in the manufacturing process. 
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1.2 Definition of the Problem 

   One of the most important issues for the producing company is to supply their customers 

with products which conform to certified specifications, because any failure to meet the 

specification would be dangerous, costly, and affect the company's reputation. 34CrNiMo6 

low alloy steel was used to produce a large scale forging of offshore mooring connectors 

όŘƛŀƳŜǘŜǊ җ пур mm) for use in deep seas. A number of incidents happened with these 

products, leading to the company becoming very concerned about the quality of products 

supplied for use in special applications which should be subject to standard specifications. 

Several tests were carried out to verify the standard specifications for these products and as 

a result of these tests many billets were rejected.  

   The problem, according to the company database which represents the whole production 

of large scale forged and heat treated billets for several years, is shown in Figure 1.1. From a 

total of 37 billets that were tested just 19 billets were accepted after the heat treatment 

process, which represents a percentage of 51.4 %, while the other 18 billets were rejected, a 

percentage of 48.6 %. This means nearly 50 % of the total production was rejected. 

Moreover, according to the company data, the main mechanical properties which caused 

the rejection of billets as shown in Figure 1.2 were toughness, UTS, and a mixture of both. 

As illustrated in the Pareto diagram, toughness is the main cause of rejection with a 

percentage of 55.6 %, whilst the UTS came second with 27.7 %. Presence of both problems 

was represented as a percentage of 16.7 % of the rejected billets. 

 

Figure  1-1 Quantity and percentage of billets accepted and rejected after heat 
treatment process. 

 



4 

 

 

Figure  1-2 Main mechanical properties which caused rejection after heat treatment. 

3.1 Mechanical properties and specifications of 34CrNiMo6 steel 

   According to the specification design of the producing company, the maximum surface 

hardness of the material must be > 302 HB. Tables 1.1 and 1.2 illustrate the mechanical 

properties required according to ABS certification for offshore Mooring Chain and 

accessories, and DNV OS-E302 Rules. The manufacture of the producer company 

component (mooring connectors- Series 1, 2 and 3) requires steel that satisfies Grade R4. 

Table  1-1 Mechanical properties described in the ABS specification. 

Grade 

Min 
Yield 
Stress 

(N/mm²) 

Min 
Tensile 

Strength 
(N/mm²) 

Min 
Elongation 

(%) 

Min 
Reduction 
of Area (%) 

Min. Charpy V-notch Energy (J) 

Temp 
(°C) 

Base Weld 

Average 
Energy 

(J) 

Single 
Energy 

(J) 

Average 
Energy 

( J) 

Single 
Energy 

(J) 

R4 580 860 12 50 -20 50 38 36 27 

 

Table  1-2 Mechanical properties described in the DNV OS-E302 specification. 

Grade 

Min 
Yield 

Strength  
(N/mm²) 

Min 
Tensile 

Strength  
(N/mm²) 

Min 
Elongation 

(%) 

Min 
Reduction 

of Area 
(%) 

Charpy V-Notch impact tests 
Energy (J) Min Average 

Temp 
(°C) 

Average 
for  Base 

Metal 

Average 
at Flash 
Weld 

R4 580 860 12 50 -20 50 36 
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1.3 Thesis overview  

   Literature which provides the details of the necessary background to this project is 

reviewed in Chapter 2. Included in this overview are: phase transformation characteristics 

accruing at high temperature, selected required mechanical properties and various heat 

treatment processes with influencing factors. The need to understand the thermo-

mechanical process and the factors influencing it such as strain, strain rate, holding time and 

temperature, effects on material microstructure evolution and constitutive behaviour under 

hot working conditions and some of the experimental techniques used are explained in 

Chapter 3 to characterize the microstructures and mechanical properties of 34CrNiMo6 

steel. In addition, this chapter will also briefly describe specimen preparation, the 

techniques used to characterize the processed microstructures using different analytical 

techniques such as optical microscopy (Polyvar) and scanning electron microscopy (SEM), 

and some mechanical properties tests required to verify the results.  

   In Chapter 4 the experimental results of isothermal deformation processes (single-hit) in 

terms of flow behaviour of the 34CrNiMo6 steel obtained from a plane compression testing 

simulator machine are presented. Furthermore, the flow stress constitutive equations of the 

work hardening dynamical recovery (DRV) curves as well as dynamical recrystallisation (DRX) 

curves are established for 34CrNiMo6 steel and the exponential, power law and hyperbolic 

sine law types of ZenerςHollomon equations used to calculate the hot activation energy of 

deformation (Qdef). In addition the constitutive equations are used for modelling and 

generalised the dynamic recovery (DRV) and dynamic recrystallisation (DRX) of these flow 

curves. In Chapter 5 the experimental results of plane strain compression (PSC) testing 

(single-hit) in terms of microstructure evolution are presented. Those microstructures were 

investigated over a temperature range of 1260 °C ς 900 °C, strain rates of 0.1, 0.5 and 1 s¯¹, 

and strains of 0.4, 0.6 and 0.8 in order to understand and optimize the hot deformation 

process parameters that determine microstructure parameters and thus the final 

mechanical properties. For a more realistic appraisal, non-isothermal deformation processes 

(multi-hit) were performed in the same range of real deformation temperatures to try to 

simulate the real forging process. The results of these experiments in terms of 

microstructures and stress strain curves are presented in Chapter 6.  
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   The experimental results of heat treatment processes, including normalizing, hardening, 

and tempering processes with different temperatures and cooling rates, are presented in 

Chapter 7. Chapter 8 analyses and discusses the major results provided in Chapters 4, 5, 6 

and 7. Summaries of the principal observations, some conclusions of this project, and 

suggestions for future work are presented in Chapters 9 and 10. 
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2. Chapter 2 Literature Review 

2.1 Introduction 

   Some industries such as offshore oil and gas industry requires materials that can withstand 

the most aggressive environments and are totally reliable. These materials should meet 

strict yield strength, tensile strength, and hardness specifications without losing toughness. 

The key factors in providing higher strength and toughness of such steels, may be obtained 

by the addition of alloying elements, thermo--mechanically controlling austenite grain 

diameter, accelerated cooling, and usually a careful combination of these factors. 

   This chapter covers an assessment of the theoretical aspects of this working including a 

review of the physical metallurgy of steels, bainite and martensite reactions, and a general 

overview of the metallurgy of hot working including follow stress, recrystallisation and 

typical forging conditions. Some related heat treatments of steel, isothermal and continuous 

cooling transformation also is given in this chapter, followed by theoretical aspects of 

hardenability. 

2.1.1 Austenite 

   Austenite is a solid solution of carbon in iron called gamma ()ɹ which has a face-centre 

cubic (FCC) crystal structure. Austenite has a high solubility for carbon, where the maximum 

solubility reaches 2.1 % at temperature of 1148 °C. In plain carbon steel, austenite phases 

usually exist above the eutectoid temperature of 727 °C. Steels are classified according to 

their carbon content and the amount of alloying additions, where most of the carbon steels 

contain less than 1 % C[3]. Figure 2.1 shows the formation of austenite in pearlite as a 

function of time, where not all of the cementite is dissolved as the austenite grows into the 

pearlite. The cementite continues in the form of spheroidized particles, and dissolves only 

with longer holding times at temperature[4]. 
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Figure  2-1 Formation of austenite (light patches) in pearlite as a function 
of time. Light micrographs[5]. 

2.1.2 Austenite decomposition 

   The austenite starts to decompose during cooling to room temperature, where it 

disappears to form a particular microstructure. There are several factors affecting austenite 

decomposition such as chemical composition, austenite grain size, and cooling path[6]. The 

decomposition of austenite according to the carbon content and very slow cooling rates will 

be explained in the following.    

2.1.3 Eutectoid transformations of austenite 

      There are three types of microstructure which can be obtained from austenite when 

cooled very slowly from the austenite zone, depending on the carbon content. As illustrated 

in Figure 2.2, the entire microstructure will transform to proeutectoid ferrite and pearlite if 

the carbon content is less than 0.76 %, to pearlite alone if the carbon percentage is equal 

0.76 %, or to proeutectoid cementite and pearlite if the carbon content is more than 0.76 %. 
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Figure  2-2 The lower left-hand part of the iron-carbon equilibrium diagram[7]. 

   The most common of these microstructures is proeutectoid ferrite and pearlite, especially 

widespread in medium carbon steel products. Nucleation of proeutectoid pearlite is 

initiated at either the austenite grain boundaries or within coarse austenite grains at 

inclusions. Sometimes the nucleation of proeutectoid pearlite increases at inclusions at the 

expense of nucleation at grain boundaries. That occurs when the austenite grain size 

increases, thus the total austenite surface area will decrease which results in a decrease in 

the number of nucleation sites at the austenite grain boundaries[8]. According to Dubé and 

Aaronson later, the resulting morphologies based on optical microscopy when austenite 

transforms to ferrite in plane carbon steel are classified to four morphologies[9].   

   Allotriomorphic is the term used when the shape which is crystalline in internal structure 

is not reflected in the form of microstructural appearance. Allotriomorphic ferrite as seen in 

Figure 2.3 is nucleate heterogeneously at the austenite grain boundary where at least two 

austenite grains are in contact. The orientation between allotriomorph and contact 

austenite grains will be random with one grain but more coherent with the other[10].  

   Idiomorphic ferrite is equiaxed morphology nucleated intragranularly at non-metallic 

inclusions such as precipitates of vanadium nitride(VN), manganese sulphide (MnS), as well 

as titanium oxide[11, 12]. 
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   Widmanstätten ferrite (WF) is shaped as elongated laths or plates divided into two types, 

primary Widmanstätten ferrite, which nucleates directly from the austenite grain 

boundaries and grows towards the centre of the grains, and secondary Widmanstätten 

ferrite which grows from allotriomorphic ferrite formed in austenite grain boundaries. 

   Acicular ferrite takes the shape of fine plates when viewed in three dimensions nucleated 

entirely within the austenite grains from inclusions such as oxide, or silicate particles. These 

plates usually form at a temperature a bit higher than that used for upper bainite. Acicular 

ferrite has a chaotic ordering and interlocking structure that contributes to improving 

strength and toughness[13].    

  
Figure  2-3 Schematic illustration of the Grain boundary allotriomorphic ferrite, 
idiomorphic ferrite as well as acicular ferrite [14, 15]. 

   The austenite normal orientation relationship with ferrite is represented with Kurdjumovς

Sachs relationship. Where, normally the nucleate has a random orientation relationship 

with two neighbouring austenite grains as below[9]:    

ρρρ᷆ ρρπ 

ộρρπỚ ộ᷆ρρρỚ 

Where {110} is a plane of ferrite phase and {111} is a plane of austenite phase, these planes 

are habit planes. The boundaries between the planes are aligned according to the 

Kurdjumov-Sachs relation. While the <111> is a ferrite nucleus direction and <110> is an 

austenite nucleus direction in the habit plane. Movement of curved austenite/ferrite grain 

boundaries decreases at low deformation temperature, thus the interfaces become more 

coherent[16]. Figure 2.4 shows the composition of alternating an immobile (0 1 1)Ŭ||(1 1 

1)ɔ terrace plane and a mobile lateral ledge. 
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Figure  2-4 TƘŜ ƭŜŘƎŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ŀ ǇŀǊǘƛŀƭƭȅ ŎƻƘŜǊŜƴǘ ʰκʴ ƛƴǘŜǊŦŀŎŜ ŎƻƴƴŜŎǘƛƴƎ 
ferrite and austenite by KurdjumovςSachs (KςS) orientation relationship[17]. 

2.2 Bainite reaction   

      When the steel is cooled from the austenite zone, bainite will be one of the 

microstructures that is produced from decomposition of austenite, and that occurs when 

the diffusion rate is faster than the rate required for the formation of pearlite, but slower 

than the rate required to form martensite. In general, bainite is a mixture of ferrite and 

cementite and the bainitic transformation occurs either isothermally or during continuous 

cooling. The bainite formation temperature range for an iron carbon alloy of eutectoid 

composition is between about 215 °C - 540 °C which is usually located below the pearlite 

reaction temperature range of about 540 °C - 727 °C and above the martensite start 

temperature. As seen in Figure 2.5, bainite begins to form first from the austenite grain 

boundaries toward the centre by the lengthening of sub-units and sheaves.  

   Bainite microstructure consists of two main phases; ferrite and cementite forms as plates 

or needles depending on the transformation temperature[18]. If a portion of steel alloy has 

transformed to bainite it is not possible to transform it to pearlite without reheating back to 

austenite, and vice versa. The structure of bainite changes as the transformation 

temperature is changed. According to that, bainite occurs in two main morphologies or 

forms, upper bainite and lower bainite. Figure 2.6 illustrates the difference in morphology 

between upper and lower bainite in respect to the precipitation of carbides particles[19]. It 

is believed that the transition between lower and upper bainite happens over a narrow 

range of temperatures. The difference in structure between upper and lower bainite can be 

interpreted in terms of the rate at which carbides can precipitate from ferrite and the speed 

of carbide precipitation from supersaturated ferrite into austenite[20].  
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Figure  2-5 The microstructural features pertinent in the kinetic 
explanation of a bainitic microstructure [21]. 

2.2.1 Upper bainite 

   Upper bainite is formed just below the temperature required for pearlite formation in the 

range of 540 °C-400 °C[22]. The morphology of upper bainite, which is consisted of long 

ferrite laths, is close to Widmanstatten ferrite at high temperature. The bainitic ferrite laths 

for both (upper bainite and Widmanstatten ferrite) are represented in the Kurdjumov-Sachs 

relationship with the parent austenite, but this relationship becomes less accurate as the 

temperature decreases[23]. Moreover, the  density of dislocation in the upper bainite is 

higher than in the Widmanstatten ferrite specially at low deformation temperature where it 

increases (dislocation) with decreasing deformation temperature[24]. Upper bainite consists 

of ferrite plates or laths and is usually separated by the cementite (carbide) precipitated 

between them. These carbides precipitate from austenite which is enriched in carbon. The 

platelets of ferrite in the upper bainite structure, which is usually nucleation at the austenite 

grain boundaries, grow in clusters called sheaves adjacent to each other in almost the same 

crystallographic orientation.   
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Figure  2-6 Schematic representation of upper and lower bainite 

formation mechanism[25]. 

   Upper bainite ferrite has a carbon concentration of less than 0.03 % which is much lower 

than the carbon in parent austenite, therefore when the upper bainite plates grow the 

remaining austenite becomes enriched with carbon. The partition between ferrite and 

austenite occurs due to carbon diffusivity which is high enough at the upper bainite 

formation temperature (540 °C-400 °C); carbon precipitation occurs at the lath boundaries 

of the austenite when a critical carbon concentration is reached, not within the laths 

themselves[26]. In addition, the concentration of carbon in the residual austenite will be 

reduced because of precipitation of the carbide particles between upper bainite which 

stimulates the formation of a further quantity of ferrite[27].  

   There are two types of heterogeneous phase transformations for steel microstructure that 

can be categorized into two major types; reconstructive and displacive transformation[28]. 

Reconstructive transformation involves breakdown of bonds and rearrangement of the 

lattice via diffusion which is relatively sluggish; an example for this transformation is the 

allotriomorphic ferrite and pearlite transformation[29]. This type of transformation 

minimises the strain energy caused by partition produced during transformation. Displacive 

transformation involves the movement of the atoms in a disciplined manner to deform the 

lattice in order to change the crystal structure and no diffusion takes place. The rate of this 

transformation is usually rapid. The bainite phase transformation is intermediate between 
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pearlite and martensite phase transformations so, according to the above, upper bainite 

exhibits transition features of both reconstructive pearlite and displacive martensite 

transformations[30]. Moreover, Bhadeshia mentioned that in the absence of incoherence 

interface on grain boundaries to start the process of transformation, there is a low 

probability that this secondary ferrite is formed by reconstructive transformation[27].  

   The amount of cementite formed between lath boundaries is usually based on the amount 

of carbon concentration in the steel. For low carbon steels, the carbide is typically presented 

as intermittent stringers or small particle of cementite between lath boundaries, whereas in 

steels with high carbon contents these stringers become longer or continuous between 

adjacent laths[31]. To have a very good toughness and avoid brittle cementite within 

bainitic steel, silicon concentration to about 1.5 wt% should be added to prevent the 

precipitation of cementite from austenite, because silicon is insoluble in cementite[32]. 

Figure 2.7 shows two light microscope images for upper bainite formed after holding the 

4360 steel at temperatures of 495 °C and 410 °C. As can be seen, the bainite appears dark 

because it has low reflectivity and the individual ferritic crystals have an acicular shape. The 

other light phase is martensite which appears as a result of uncompleted of bainitic 

transformation during the isothermal hold[33]. 

 
Figure  2-7 Upper bainite in 4360 steel isothermally transformed after hold at (a) 495 °C and (b) 410 

°C.[34] 

2.2.2 Lower bainite 

   In carbon steels lower bainite usually forms just below the temperature required to form 

upper bainite and above the martensite start (Ms) temperature. The microstructure as well 

as the crystallographic features of lower bainite are similar to those in upper bainite. The 
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main difference between these two structures is that in lower bainite the fine particles of 

cementite exist within the bainitic laths or plates and are also dispersed inside plates. These 

carbides exist inside plates rather than between bainite subunits (Fig. 2.6 and 2.8). The 

reason for that is attributed to the slower diffusion related to the transformation 

temperature reduction which gives a chance for part of the carbon content to precipitate 

within the supersaturated ferrite[20]. Furthermore, the microstructure of lower bainite is 

similar in appearance to that of tempered martensite; the major difference is tempered 

martensite shows many crystallographic variants of carbides, while only a single variant 

shows in lower bainite[26]. The plates or lathes of lower bainite have a higher dislocation 

density compared to upper bainite, but considerably less than a similar composition of 

martensite. 

   The carbides in ferrite plates or lathes of the lower bainite should appear dark after 

etching, but because it is very fine it cannot be resolved under a light microscope. In terms 

of mechanical properties, lower bainite has hardness and strength approaching that of 

bartensite but with toughness often better than that which can be obtained in 

martensite[35]. Lower bainite, similar to upper bainite, consists of a non-lamellar aggregate 

of ferrite but differs in carbides, containing two types instead of one. These carbide particles 

which precipitate to form enriched austenite have two types; cementite (orthorhombic) or 

-ʁcarbide (hexagonal), depending on the transformation temperature. Results of some 

studies suggest that in hypoeutectoid bainitic-ǎǘŜŜƭ ǘƘŜ ƛƴƛǘƛŀƭ ŎŀǊōƛŘŜ ƛǎ ŜǇǎƛƭƻƴ όʶύ ǿƘƛŎƘ ƛǎ 

later substituted by cementite by holding at the constant transformation temperature. The 

-ʁcarbide converts to cementite at a rate of increase depending on both the steel 

composition and the increase in temperature[36]. Some alloying elements such as silicon 

ŀƴŘ ƴƛŎƪŜƭ ŜƴƘŀƴŎŜ ǘƘŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƻŦ ʶ-carbide in lower bainite and retard the formation 

of cementite. Furthermore, during the process of tempering lower bainite ǘƘŜ ƳŜǘŀǎǘŀōƭŜ ʶ-

carbide will be transformed to martensite. 

   The crystallography of the lower bainitic steel plates or lathes depends on the 

transformation temperature as well as on the carbon amount. Furthermore, the 

phenomenological theory used for martensite can be also used for the same situation 

occurring in lower bainite to provide an acceptable matching between both of theory and 

experiment. Some researchers, for example, Bowles and Kennon, showed that the habit 
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plane is affected by changing the transformation temperature, where the habit plane at low 

transformation temperature becomes closer to martensite transformation. As seen in Figure 

2.9, at 400 °C the habit plane was near (111)ʰ while at transformation temperature of 100 °C 

the habit plane was much closer to (110).h Therefore, the martensite reaction at low 

temperature could be used for lower bainite[37]. 

 
Figure  2-8 Microstructure of lower bainite. (a) 0.8 % carbon steel 
transformed in 30 sec at 300 °C, (b) two surface composite micrograph, (c), 
and (d) Thin-foil EM showing the carbide precipitation.[38] 

   Chemical composition has a significant influence on the formation of upper and lower 

bainite. Some data was collected from other researchers via Harry Bhadeshia about the 

formation of microstructure in respect of both the formation temperature and the chemical 

composition. These data are important because they can be used to give an idea of the type 

of microstructure that can be obtained for the steel used in this study. With Fe, 7.9 %Cr, 1.1 

%C alloy steel which has large carbon concentration, just lower bainite was found, whereas 

in a types of high purity of Fe, 0.16-0.81 %C alloy steels just upper bainite was found when 

C<0.4 %. Moreover, in a Fe, 2 %Si, 1 %Mn, 0.34 %C alloy steel upper bainite only was 

formed, while at a high carbon  content  (C>0.59 w%) both of upper and lower bainite 

phases can be found during examination[39]. In this research, the experiments that were 

done on 34CrNiMo6 steel at low cooling rate found only upper bainite. 
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Figure  2-9 Stereographic projection showing the change of bainite habit planes with 
temperature of formation for bainite. (Bowles and Kennon. J. Aust Inst Metals.vol5.1960)[40]. 

2.3 Martensite 

   Martensite in carbon steels is the diffusionless, shear type transformation of bct structure 

formed when austenite is rapidly cooled to room temperature. Rapid cooling is used to 

avoid diffusion dependent transformations. Martensite is a very hard and brittle phase and 

is not commercial at this status, but when combined with other phases such as ferrite can 

be used in many industrial applications. Other applications of martensite include the large 

forging products made of 34CrNiMo6 steel which are produced from tempered martensite 

microstructure. The two major microstructural morphologies of the martensite formed in 

steel are lath and plate. Moreover, the main factors that influence the amount of 

martensite in the microstructure are carbon content, alloying, and austenitic grain size.  

martensite is only formed where austenite is present, but this transformation does not only 

happen in steel; it also occurs in many nonferrous systems such as Cu-Al and Au-Cd and in 

oxides such as SiO2 and ZrO2[41, 42]. 

2.3.1. Martensite transformation characteristic 

Martensite in steel is produced in the condition that the cooling rate used is fast sufficiently 

ǘƻ ƳŀƪŜ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ŎŀǊōƻƴ ŀǘƻƳǎ ƛƴ ǎƻƭǳǘƛƻƴ ƛƴ ǘƘŜ C// ʴ-Fe remain in solution in the 

.// ʰ-Fe phase. Put simply, martensite is a supersaturated solid solution of interstitial 

ŎŀǊōƻƴ ŀǘƻƳǎ ƛƴ ʰ-iron. Martensite is a non-equilibrium phase, so it will not appear on the 

Fe-Fe3C equilibrium diagram, but the transformation from austenite to martensite phases is 

represented on the isothermal transformation diagram. Martensite starts to form when the 
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quenched steel reaches the required temperature for the transformation which is 

represented by a horizontal line in the TTT diagram designated Ms, and the percentage of 

martensite transformation increases as the temperature drops in the direction of the room 

temperature. Moreover, the transformation ends at martensite finish temperature, 

designated Mf, which is also called M90% because the transformation of martensite in 

practice is not 100 % below Mf temperature as some retained austenite will be left[43, 44].  

   The Ms temperature changes depending on the steel composition and the transformation 

of an austenitic microstructure in most commercial steels takes places continuously with 

decreasing temperature during uninterrupted cooling. Krauss[45] indicates in his book that 

the retained austenite content in Fe-C alloys containing 1.2 -1.4 % of carbon is reached up to 

30- 40 %, where this percentage was measured by using x-ray diffraction techniques at 

room temperature. Even in alloys containing as little as 0.3-0.4 % carbon, some small 

amount of austenite is retained. Furthermore, austenite stabiliser elements increase the 

amount of retained austenite at any given carbon level and temperature.  

   Martensite transformation also is named as an athermal transformation. This means in 

practice that martensite formation is started virtually as soon as Ms temperature is reached 

and if the cooling is stopped at a particular temperature before the whole transformation is 

complete, no further transformation to martensite will occur. That is because martensite 

transformation is independent of time and the driving force for the reaction is temperature 

change[46, 47], unlike isothermal transformation which is variable in time, e.g. pearlite 

formation occurs continuously when the austenite is held at a constant temperature below 

A1. However, in some Fe-Ni alloys the martensite isothermal growth characteristic is 

exhibited. Porter[43] indicated that a good treatment for martensite transformation was 

given by Christian and Nishiyama. They mention that the formation of martensite is a 

random process (see Fig. 2.10), and the martensite is commonly shaped like a lens. 

Observations showed that the initial ferrite lens spans an entire grain diameter and then 

these martensite lenses form a coherent interface with the surrounding austenite. The 

velocity of the transformation of martensite is really fast where the grain may form within a 

time of 10-7 s. 
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Figure  2-10 Progress of athermal 
martensitic transformation in a 
Fe-1.8C alloy after cooling to: (a) 
24°C; (b) -60 °C; and (c) -100 °C. 
Nital etch. Magnification, 500X, 
shows here at 74 %[48]. 

2.3.2 Morphology of martensite 

   According to the major morphologies, martensite is divided into two main types, lath and 

plate. The names of these two morphologies originally come from the three dimensional 

shapes of the individual units of martensite. Besides shape, these types of martensite are 

different in common arrangement of crystals, substructure, and habit planes. Plate 

martensite, which has needle-shaped crystals or a thin lenticular, is usually found in high-

carbon steels and carbon-free iron alloys. These neighbouring plates, as can be seen in 

Figure 2.11, are not parallel to each another. Lath martensite is usually massive and has 

nearly the same orientation, and the crystal with a shape like interconnected plates can be 

found in low and medium carbon steels[49]. In respect to the carbon content, the lath 

martensites have great industrial significance, because the most hardenable steels have low 

or medium carbon content. Plate martensite is important in some heat treated applications 

such as tool steels and the high carbon case structures of carburized steels. The plate 

dimensions are limited by the dimension of the austenite grain, which means that small 

martensite grains will give a fine plate needles structure. This structure is called 
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structureless martensite and is the most desirable microstructure[50]. Figure 2.12 shows a 

TEM of lath martensite in a Fe-0.2 %C alloy. 

 

Figure  2-11 Plate martensite formed in an austenitic single crystal of a Fe-33.5Ni alloy by cooling to -
196 °C. Plates are visible only because of surface relief generated by martensitic transformation[51]. 
 

 

Figure  2-12 Lath martensite in a 
Fe-0.2 C alloy. Two packets, each 
with two variants of laths, are 
shown. Transmission electron 
micrograph[52]. 

2.3.3 Retained austenite 

   During quenching eutectoid steel to room temperature to produce martensitic 

microstructure through transforming the austenite to martensite, a small amount of the 

untransformed part is termed retained austenite. The transformation of austenite occurs 
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after the temperature falls below the martensite start temperature (Ms), and should be 

finished when the temperature goes below martensite finish temperature (Mf). The quantity 

or amount of retained austenite obtained in quenched steel is affected by austenite 

chemical composition, especially the carbon content, as seen in Figure 2.13. By increasing 

the percentage of carbon, the amount of retained austenite will be increased[53]. The effect 

will be more significant in hypereutectoid steels than hypoeutectoid steels where the 

carbon content is less than 0.76 %. The reason for that is due to the strong effect of 

austenite chemical composition on the variation of Ms temperature. The most alloying 

elements which exist as solid solution in austenite, such as austenite stabilizer and ferrite 

stabilizer, decrease the martensite start temperature and therefore the percentage of 

retained austenite at room temperature will increase when the Ms temperature is reduced.  

 

Figure  2-13 Influence of carbon content of the austenite on the volume percent of 
retained austenite in plain carbon steels quenched to room temperature[54]. 

   Furthermore, the austenitising temperature and thus the austenite grain size also has an 

influence on the amount of retained austenite[55], it is known that increasing the 

austenitising temperature leads up to increase in the austenite grain size. According to new 

experimental data published by Hong-Seok and Bhadeshia[56], where the Fisher model 

based on the geometrical partition was used, a relationship between the Ms temperature 

and the grain size of austenite was proved. They reported that the cube of the austenite 

grain size is proportional to the percentage of martensite content that was formed in the 

initial stage of the transformation. Figure 2.14 displays the variation of Ms temperature as a 

function of the austenite grain size for steel with composition in weight percentage (0.125 
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%C, 5.02 %Ni, 2.27 %Mn). The smaller austenite grain size leads to a decrease in the 

martensite start (Ms) temperature, thus a higher percentage of retained austenite is 

obtained. Either by tempering or by subzero treatment which include cooling the steel 

below a temperature of -70 °C, the retained austenite is transformed to martensite, where 

in the former bainite or martensite is formed depending on tempering temperature and 

holding time at that temperature[57]. 

 
Figure  2-14 Variation of Ms as a function of the austenite grain size for the steel 
with chemical content in wt% ( 0.125 %C, 5.0 2%Ni, 2.27 %Mn)[56]. 

2.4 Metallurgy of hot working 

   Hot working refers to processes where metals are plastically deformed above their 

recrystallisation temperature, which  according to some references is ~0.6 Tm, where Tm is 

the melting point in K[58]. Work is carried out in this temperature range so that large 

deformations are possible at relatively high strain rates, which can be successively 

duplicated considering that the metal remains soft and ductile[59]. Under the correct 

conditions, recrystallisation will occur, either during or after deformation, with resultant 

differences in the final microstructure and properties. Furthermore, occurrence of 

recrystallisation during metal deformation is important because recrystallisation prevents 

the materials from strain hardening, which ultimately keeps the hardness and strength low 

and ductility high [60]. 
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2.4.1 The flow stress curve   

   The response of a metal to hot deformation is described well by the flow stress curve. 

Flow stress is described as the instant value of yield stress or true stress needed to preserve 

plastic deformation at a certain strain to keep the metal flowing. The data used to draw flow 

stress curves are usually calculated from load-displacement data recorded during 

experiments, using Equations 2.1 for true stress and 2.2 for true strain: 

ʎ                                                                              2-1 

where P is the instantaneous load (N) and A is the instantaneous cross sectional area (m2) 

over which the load is acting; 

ʀ ÌÎ                                                                        2-2 

   where L is the instantaneous length and L0 is the initial length. Equation 2.2 can also be 

expressed in terms of the instantaneous and initial areas[61]. The flow stress is a function of 

two main related factors; material factors such as composition, microstructure, and grain 

size, and process factors including strain rate, deformation temperature as well as strain. 

Hot working behaviour of alloys, which is generally reflected in flow curves, can be 

expressed under dynamic recrystallisation (DRX) as well as dynamic recovery (DRV) as 

illustrated in Figure 2.15.  

   The flow stress curve starts with work hardening, where a significant increase in stress 

with increasing strain can be observed. After that the curve shows a small decrease in the 

rate of work hardening, as indicated by the change in gradient up to the maximum peak 

value of stress. Once a maximum value of stress has been achieved it is then followed by 

either a constant steady state flow stress (DRV), or a reduction in flow stress, to a steady 

state value (DRX). These two distinct types of behaviour in this region depend on the 

material, temperature as well as strain rate, and could be attributed to different dynamic 

mechanisms[58]. Furthermore, Jonas[62] and his co-workers mentioned in their study that 

in at low strains value in all studied metals there was evidence of dynamic recovery. In some 

metals like h -Fe and Al (high stacking fault energy materials), the dominant restorative 

process, which balances work hardening and maintains a constant steady state flow stress, 
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is dynamic recovery at large strains. bŜǾŜǊǘƘŜƭŜǎǎΣ ƛƴ ƳŜǘŀƭǎ ƭƛƪŜ ʴ- Fe, Ni and Cu, which 

usually has low or medium stacking fault energy materials dynamic recrystallisation is the 

proven mechanism. In another study Luton and Sellars[63] explain that the flow curves of a 

dynamically recrystallised materials might be characterised by single or multiple peaks (i.e. 

several oscillations). 

 

Figure  2-15 Typical flow curves during hot deformation. 

   Stress is also a function of the Zener-Hollomon parameter (Z), which is also known as the 

temperature compensated strain rate parameter. This parameter, which is represented by 

Equation 2.3, is usually used to describe creep strain at elevated temperature for metals like 

steel. 

: ʀÅØÐ                                                                             2-3 

where T is the absolute temperature, ʀ is the strain rate, Qdef is the activation energy for 

plastic flow and R is the universal gas constant (8.314 JK-1mol-1). A study was done by Yang 

and his co-workers[64] investigating the Zener-Hollomon parameter in the hot deformation 

behaviour of 20CrMnTi steel. They mentioned that the peak flow stress increased with 

decreased deforming temperature, while with increasing deformation temperature as well 

as decreasing strain rate, flow stress decreases. Furthermore, the higher temperature and 

lower strain rate facilitated recrystallisation. They also concluded that the three factors of 

equivalent strain rate, temperature and equivalent strain are all significant influencing 

factors, with the order of influence being equivalent strain rate > deformation temperature 

> equivalent strain. In other words, the strain rate as well as deformation temperature are 

the most sensitive and main factors for technical control.  
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   Majid and et al.[65], and Mirzadeh et al.[66] studied the behaviour of a medium carbon 

microalloyed steel by hot compression test, using two different chemical compositions. 

However, both materials were tested under almost the same conditions of the deformation 

temperature and strain rate ranges. The majority of the flow curves for the studied steels at 

a high Z exhibited typical dynamic recrystallization behaviour with a single peak stress, 

whereas, at a low Z (very low strain rates 0.0001 - 0.01 sҍ1), multi peak dynamic 

recrystallization behaviour was observed. Excluded from that, in the Mirzadeh study some 

samples showed typical dynamic recovery behaviour at a deformation temperature of 

850°C. Moreover, Sajadifar and his co-workers[67] studied dynamic recrystallization 

behaviour and hot deformation characteristics in 4340 steel. Axisymmetric compression 

tests were conducted under conditions of the temperature range of 900 ς 1200°C and strain 

rate range of 0.01 ς м ǎҍм ǘƻ ǎǘǊŀƛƴ ƻŦ лΦфΦ ¢ƘŜ ǊŜǎǳƭǘǎ ǎƘƻǿ ǘƘŀǘ ŀƭƭ ǘƘŜ Ŧƭƻǿ ŎǳǊǾŜǎ ŜȄƘƛōƛǘŜŘ 

typical dynamic recrystallization behaviour with a single peak stress before reaching a 

steady state. The peak stress decreases with decrease in Z value (increase in deformation 

temperature and decrease in strain rate). Moreover the study proposed that the 

development of dynamic recrystallization grain structures could be associated by an 

extensive migration of grain boundaries. 

   Grain size also affects the flow behaviour of a material; the grain boundaries are obstacles 

to dislocation movement and so act as a strengthening mechanism. Consequently a fine-

grained material will have a higher flow stress than a coarse-grained material. This 

relationship has been quantified by the Hall-petch equation: 

„ „
Ѝ

                                                                       2-4 

ǿƘŜǊŜ ˋy ƛǎ ǘƘŜ ȅƛŜƭŘ ǎǘǊŜǎǎΣ ˋi is the friction stress, k is the strengthening coefficient and D is 

the average grain diameter[68]Φ ¢ƘŜ ŎƻŜŦŦƛŎƛŜƴǘ ƪ ƛǎ Ŝǉǳŀƭ ǘƻ ǘƘŜ ǎƭƻǇŜ ƻŦ ŀ Ǉƭƻǘ ƻŦ ˋy versus 

(D)-1/2, ŀƴŘ ˋi is the intercept of this slope, i.e. the yield stress when no additional 

strengthening mechanisms are active, and is a function of temperature and strain[69]. 

Equation 2.4 can also be expressed in terms of the dislocation density. The strengthening 

arises from stress intensification at the grain boundary due to the elastic interaction 

between dislocations in the pile up, leading to increased stress in the adjacent grain[70]. 

There is a relationship between flow stress behaviour and both the initial grain size and 
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deformation conditions (Z). When the temperature increases, Z becomes low (Eq. 2.3), a 

reduction in flow stress occurs which facilitates dynamic softening and the grain size will 

increase. When strain rate increases, Z becomes higher and the flow stress will decrease, 

which facilitates work hardening, and the grain size will decrease. For a constant 

temperature, the flow stress of a material increases with increasing strain rate. This 

relationship can be expressed by the general equation proposed by Sellars & Tegart[71]: 

ʀ !ÓÉÎÈɻʎ  ÅØÐ                                                        2-5 

which abbreviates ǘƻ 9ǉǳŀǘƛƻƴ нΦр ŀǘ ƭƻǿ ǎǘǊŜǎǎŜǎ όʰˋ ғ лΦуύ ŀƴŘ ǘƻ 9ǉǳŀǘƛƻƴ нΦс ŀǘ ƘƛƎƘ 

ǎǘǊŜǎǎŜǎ όʰˋ Ҕ мΦнύ ŀǎ ŦƻƭƭƻǿǎΥ  

ʀ !ʎ ÅØÐ                                                                         2-6 

ʀ ! ÅØÐɼ ʎ ÅØÐ                                                            2-7 

ǿƘŜǊŜ !Σ !ΩΣ !ΩΩΣ ƴΣ ƴΩΣ ʰ ŀƴŘ ʲ ŀǊŜ ŀƭƭ ǘŜƳǇŜǊŀǘǳǊŜ-independent constants, and Q is the 

ŀŎǘƛǾŀǘƛƻƴ ŜƴŜǊƎȅΦ ¢ƘŜ Ŏƻƴǎǘŀƴǘǎ ƴΩΣ ʰ ŀƴŘ ʲ ŀǊŜ ǊŜƭŀǘŜŘ ōȅ ʰ Ґ ʲκƴΩΣ ŀƴŘ ʲ ŀƴŘ ƴΩ Ŏŀƴ ōŜ 

determined from experimental data. These equations allow the activation energies of 

dynamic restorative processes to be determined, and confirm that dynamic recovery is 

dominant in aluminium whilst dynamic recrystallisation occurs in metals such as copper, at 

high strains[72].  

   There are other factors such as alloy content and the formation of precipitates which can 

influence dislocation mobility and hence affect the flow behaviour of a material. Solid 

solution strengthening can arise due to the formation of substitutional or interstitial solid 

solutions. This leads to changes in the yield stress and flow stress with changes in alloy 

composition[73]. Precipitation strengthening can be due to particle coherence or due to 

dispersion hardening, both of which lead to an increase in the flow stress. Coherent 

particles lead to strains in the matrix around them, hindering dislocation movement. 

Dispersion hardening results from the presence of a distribution of fine undeformable and 

incoherent particles. Each dislocation when passing a particle will form a loop (Orowan 

looping) around this particle, leading to a back stress to the dislocation source, and strain 

hardening[74].  
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2.4.2 Recrystallisation  

   The improvement of microstructure during thermomechanical processing is actually 

depends upon recrystallization. The energy that is stored within the metals during 

deformation in the form of different crystalline defects, such as dislocations, boundaries and 

deformation bands, will release through recovery, recrystallisation and grain growth. 

Accordingly, recrystallisation can be defined as the formation of new strain-free grains 

within some areas of the sample and the next growth driven by the stored energy of 

deformation. Recrystallisation may occur during deformation, which is termed dynamic, or 

after deformation (e.g. during cooling or a subsequent heat treatment), which is termed 

static. The former takes place when the staking fault energy is low for recovery and 

adequate stored energy residues to nucleate recrystallisation during deformation, while the 

latter takes place on holding a deformed structure at temperature for a period of time. 

Generally, recrystallization is usually accompanied by a decrease in hardness and strength 

and at the same time an increase in ductility. 

2.4.2.1 Dynamic recrystallisation 

   In metals that recover slowly, generally those with low stacking fault energy (SFE), 

dynamic recrystallisation might occurs as soon as a critical deformation condition is 

achieved[75], as summarised in Figure 2.16.  

 
Figure  2-16 The flow curves for steel in the austenitic condition, with work hardening, slow 
dynamic recovery and dynamic recrystallisation, adapted from Sellars[75]. 
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   The new dynamically recrystallised grains generally start nucleation at the ancient grain 

boundaries, and new grains are subsequently nucleated within the boundaries of the 

growing grains. This process continues like so until a thickening band of recrystallised grains 

is formed. Moreover, nucleation usually occurs at high angle grain boundaries, as 

demonstrated in Figure 2.17. In contrast to dynamic recovery, in hot working of steels in the 

austenitic condition, the flow curves for a dynamically recrystallising material generally can 

be recognized by a broad peak due to the softening effect of recrystallisation[76]. 

  Another study on an interstitial free (IF) steel, by Tsuji et al.[77] concluded that dynamic 

recrystallisation was difficult to distinguish from the stress-strain curves alone, because 

there was no obvious drop, as in the flow stress during the dynamic recrystallisation of 

austenite. Sandstrom and Lagneborg[78] showed the dynamically recrystallised grain size to 

be a function of initial grain size as well as strain rate. The effect of different ratios of initial 

grain size to recrystallised grain size is shown in Figure 2.17. A comparatively large initial 

grain size will result in a necklace structure, with layers of recrystallised grains forming on 

the boundary, while a fine initial grain size will lead to the structure as shown in Figure 

2.17e. 

 
Figure  2-17 Schematic representation showing, the progress of dynamic recrystallisation in a 
material with initial grain sizes (a)-(d) large (e) small[79]. 

   As dynamic recrystallization take place new grains will initiate within the previous grain 

boundaries, and as the process of deformation is continuous this leads the dislocation 

density in the new recrystallised grains to increase, as a result the driving force for grain 

growth will be reduced. Furthermore, the nucleation of new grains will also help to halt the 

growth of recrystallising grains. In other meaning, dynamic recrystallisation spreads by a 
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process of repeated nucleation and limited growth. The two curves shown schematically in 

Figure 2.18 illustrate the two different types of dynamic recrystallisation behaviour. Weiss 

et al. [80] mention in their study that this can be due to differences in the initial grain size 

for constant values of Z, or a function of Z for a fixed initial grain size. Figure 2.19 illustrates 

the two mechanisms in two distinct ranges of operating conditions. As can be seen from the 

figure, high values of Z or a relatively fine initial grain size will result in a single peak, 

whereas low values of Z or a relatively coarse initial grain size will result in stress oscillation. 

Moreover, both the peak stress and the steady state stress are functions of the strain 

rate[78]. 

  
Figure  2-18 The influence of temperature on the 
stress-strain curves for 0.68%C steel, deformed in 
axisymmetric compression, Ⱡ=1.3x10-3 s-1, (Petkovic et 
al. 1975)[76]. 

Figure  2-19 The conditions for single and 
multiple peak dynamic recrystallisation, 
(after Sakai et al. 1983)[81]. 

   In hot working temperature and strain are considered to be the main parameters that 

control the microstructure. However, the initial structure, which is represented in 

segregation of chemical composition and grain size inhomogeneity, also has influence on 

dynamic recrystallisation. During, the casting of large ingots, which are used as forged 

material for large scale products, the structure usually consists of undesirable 

characteristics. The microstructure, precipitation and segregation that develop during 

casting have a direct effect on the final microstructure. In general segregation defined as a 

process where solidified alloy has non-uniformity of composition and concentrations of 

elements are not equal in the entire alloy. This usually occurs because of partition of solutes 

in alloys between solid and liquid during freezing. Moreover, the effects of microscopic 

segregation become apparent in the forging in the region of individual grains and grain 

boundaries[82]. 
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   The final grain size usually could be justified through the parameters that affect the 

nucleation and growth processes. Many factors including a fine initial grain size as well as a 

high strain will result to a small grain size within the final microstructure. Moreover, the 

initial grain size has a significant effect on the kinetics of recrystallisation as a result of the 

change that usually happen within the grain boundary surface area, which is considered the 

main place of nucleation[83]. In some cases, such as in large scale products, the grain size 

usually does not be consistent within a whole billet. As the different grain sizes within the 

billet recrystallize at various rates, the shape as well as size of final grains inside sample 

might also be various[84]. Furthermore, the growth rate during recrystallisation is not 

constant through the microstructure. The variation in driving force is thought to be the 

prime reason with regard to this variation in growth rate, where the driving force might vary 

throughout the metals because of microstructural inhomogeneity[85].  

   Figure 2.20 illustrates a microstructure where the deformed grains, have variation of 

stored energy in different grains. Even if supposed that the nucleation will be relatively 

uniform, growth will take place rapidly within the high-stored energy grains, which will lead 

the microstructure in Figure 2.20a to become as presented in Figure 2.20b. However, the 

growth rate of the grains will decreases during recrystallisation by way of consuming the 

higher stored energy areas as well as by collision of new recrystallised grains with their 

neighbours inside the original grains[86]. 

 

 
Figure  2-20 showing in (a) the variation of stored energy in different grains (areas of higher 
stored energy appeared darker), (b) inhomogeneous grain growth results during 
recrystallisation[86]. 
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   P. Wray[87] studied the influence of chemical content as well as the initial grain size on 

the dynamic recrystallisation of austenite within some different base carbon steels. The 

results of this work indicated that the rate of recrystallization will increase in presence of 

fine grain structure. He reasoned that was probably as a result of existence of a larger 

number of grain corners, edges, as well as surfaces per unit volume. However, in some 

studied steels the impeding influence of grain growth at temperatures over 1200°C 

overcomes the normal temperature reliance of the recrystallisation rate, where the rate of 

dynamic crystallization decreased above this temperature. He suspected that the reason for 

this is due to the impeditive precipitate. In the situation of coarse grain structure the 

opposite influence will be obtained, where recrystallization rate become slower as the grain 

size increased. 

   Furthermore, the outcomes of the research on the effect of composition on dynamic 

recrystallisation indicated that the beginning of dynamic recrystallisation is delayed and the 

rate of recrystallisation decreases with increasing solute content. For instance, Figure 2.21 

illustrates the effect of Mn amount on the dynamic recrystallisation behaviour of a 0.05 %C, 

0.25 %Si based alloy. As can be seen from the figure, the solute addition (Mn) delays the 

beginning as well as impedes the rate of recrystallisation. The study also showed that the 

delaying influence of manganese increases with increasing strain rate. Generally, the rate of 

dynamic recrystallisation is reduced by the addition of solutes in an arrangement of 

increasing effectiveness of Carbon, Nickel, Manganese, Silicon, and Phosphorus. 

Nevertheless, P has the strongest influence probably due to grain boundary segregation. 

Whereas, in the case of austenite the delay of beginning of dynamic recrystallisation, the 

solute additions in arrangement of increasing effectiveness  is Nickel, Manganese, Silicon, 

and Phosphorus. In addition, the effectiveness of addition of any of these solutes 

individually also depends upon the base content. Figure 2.22 presents the Influence of two 

different Si amounts on the dynamic recrystallisation behaviour of 0.05 %C, 0.8 - 1.4 %Mn 

steel. In the case of Mn, increased Si amount delays the beginning as well as impedes the 

rate of recrystallisation, but the influence of Si is stronger at a low Mn content than at high 

level, which means that the effectiveness of Si may depend on the amount of Mn. 
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 Figure  2-21 The delay in beginning as well as the 
retardation of rate of dynamic recrystallisation as a 
result of the addition of Mn to 0.05 %C, 0.25 %Si 
steels, C, E, V, and W [87]. 

Figure  2-22 Influence of increased Si 
percentage amount on recrystallisation in 
0.05 %C, 0.8-1.4 %Mn steels E and U [87]. 

2.4.2.2 Static recrystallisation 

   Static recrystallisation is triggered by the stored energy that was present in the material 

after deformation. It occurs after deformation, or during intervals between deformations. 

The process of static recrystallisation comprises two parts, namely a nucleation and growth 

process of new free dislocation density grains from previously deformed grains. Nucleation 

can occur at a number of different inhomogeneities within the structure, depending 

primarily on the material characteristics. Grain boundaries, the deformation zones around 

hard particles and features of the deformation structure such as transition bands or shear 

bands, which are good sources of stored energy, and areas of high misorientation are the 

most significant nucleation sites[88]. Nucleation is followed by growth of the grains to 

impingement with their neighbours; any further growth is coarsening of the recrystallised 

structure. The rate of grain growth is a function of boundary mobility and the driving 

pressure, which is in turn a function of the stored energy (dislocation density). Hence, the 

rate of growth is related to the amount of recovery prior to recrystallisation. Recent work by 

Lauridsen[89] about kinetics of individual grains during recrystallisation has shown that the 

growth rate varies from grain to grain, probably due to the inhomogeneous distribution of 

dislocations within the recrystallising structure. 
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   One characteristic of static recrystallisation is the minimal amount of strain (critical strain), 

which is needed before the static recrystallisation occurs. For instance, the critical strain 

required to initiate static recrystallisation in C-Mn steel is 7% or less over the temperature 

range 900 - 1000 °C[90]. Moreover, the newly evolved grain diameter is directly related to 

the amount of deformation, deformation temperature, original austenite grain diameter, 

and the kinetics of static recrystallisation. Static recrystallisation occurs after the 

dislocations are rearranged and nucleation sites provided for recrystallisation slowly 

progress, then grain growth of statically recrystallised grains can occur within a very short 

period time. For static recrystallisation, the fraction recrystallised, f, at any given time, 

between deformation intervals is expressed by the Avarami Equation[91, 92]: 

Ὢ ρ ÅØÐ ὧ                                                         2-8 

where t is the time from leaving the deformation tool, tx is the time for some specified 

fraction of recrystallisation, k is Avarami coefficient, generally found to have a value of 

approximately 2, and the constant ὧ ÌÎ ρ Ὢ  under the condition of t/tx=1 where fx is 

the time fraction recrystallisation at tx. By substituting these values in the Avarami Equation 

2.8 gives: 

Ὢ ρ ÅØÐ πȢφωσ                                                         2-9 

where t50 is the time required for 50% recrystallisation, i.e. fx=0.5. This equation is used to 

describe the form of the recrystallisation curve.  

   Some authors, including T. Gladman[93], summarized the factors which control the rate of 

static recrystallisation as following: 

¶ The level of strain and the initial grain size strongly influence the recrystallisation kinetics. 

Work by Barraclough & Sellars[94] showed that an increase in strain or a decrease in initial 

grain size both lead to shorter recrystallisation times (see Figures 2.23 and 2.24) and a 

decrease in the recrystallised grain size. This is to be expected, as greater strains result in a 

higher driving force for recrystallisation, due to the increase in stored energy. Consequently, 

the number of nuclei and the nucleation and growth rates will increase, which means in 

other words increasing the rate of recrystallisation.  Furthermore, a reduction in the initial 
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grain size increases the grain boundary area per unit volume, thus enhancing the number of 

possible nucleation sites. Humphreys & Hatherly[95] also mentioned that for a specific level 

of strain, the stored energy in a fine grained material will be greater than that of a coarser 

ƎǊŀƛƴŜŘ ƳŀǘŜǊƛŀƭΣ ŦƻǊ ƭƻǿ ǎǘǊŀƛƴǎ όʶ  лΦрύΦ ¢Ƙƛǎ ƭŜŀŘǎ ǘƻ ǘƘŜ ǎŀƳŜ ǇǊŜǾƛƻǳǎ ǊŜǎǳƭǘ ƻŦ ƛƴŎǊŜŀǎŜ 

in the number of nuclei and increase in the nucleation rates. 

¶ Furthermore, the temperature also has an effect on static recrystallisation, where both the 

nucleation and growth stages are thermally activated processes. In general, a higher 

temperature results in a faster recrystallisation rate. 

¶ The temperature compensated strain rate (Z) value also has some bearing on the rate of 

static recrystallisation and on the recrystallised grain size. Jonas and his colleagues[58] 

concluded that an increase in Z, by decreasing deformation temperature and  increasing 

strain rate, gives a higher level of stored energy. As a result, the recrystallised grain size will 

be reduced and recrystallisation will accelerate. However, Barraclough & Sellars[94] 

concluded that such changes in strain rate and deformation temperature (Z) have a 

relatively small influence compared to alterations to strain magnitude and initial grain size. 

 

¶ Humphreys & Hatherly[96] also mentioned the influence of solutes, both deliberate 

additions and impurities, on recrystallization kinetics. Elements in solution can retard the 

movement of subgrain boundaries by the mechanism of solute drag, affecting the rate of 

recrystallisation. This occurs due to atoms within grains having a different energy to those in 

the region of a boundary. Consequently, solute atoms can be attracted to a grain boundary, 

so forming an area of enrichment. The solute atoms will cause a reduction the mobility of 

the grain boundary, and this reduction becomes greater with the presence of higher 

concentrations. If the concentration of solutes at the boundary became low enough, the 

boundary can break away and return to the expected velocity. Furthermore, they mention 

that the solute drag at high temperatures becomes less effective. The concentration of 

solute atoms may also have a substantial influence on recrystallisation temperature; e.g. 

0.004% Fe in high purity aluminium may increases the recrystallisation temperature by 

around 100 °C[97]. 
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Figure  2-23 Effect of strain on static 
recrystallisation curves for specimens of original 
ƎǊŀƛƴ ǎƛȊŜ мсл ˃Ƴ ŘŜŦƻǊƳŜŘ ŀǘ млрлϲ/ ŀƴŘ м ǎ-

1[94]. 

Figure  2-24 Influence of original grain size on 
static recrystallisation curves for samples 
deformed under conditions of an equivalent strain 
of 0.5 at 1050°C and strain rate of 1 s-1[94]. 

 

   These factors which enhance the rate of recrystallisation have been incorporated into a 

general equation. Sellars and Whiteman[90] (using results from a number of different 

authors) stated that the kinetics of static recrystallisation depend on variations in 

dislocation density, which produce the driving force, as well as on grain size (do) and 

subgrain size since nucleation take place preferentially at grain boundaries. Moreover, the 

dislocation structures in turn depend on temperature-compensated strain rate (Z) and 

strain. Accordingly, they found that the effects of these variables on the time to 95% 

recrystallisation t0.95 Ŏŀƴ ōŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ōŜƭƻǿ ǿƘŜƴ ʶ ʶc: 

ὸ ὃ ὤ Ⱦ ‐  Ὠ ÅØÐ                                              2-10 

ǿƘŜǊŜ !  ƛǎ ŀ ŎƻƴǎǘŀƴǘΣ vrex is the activation energy for recrystallisation and independent of 

strain. The recrystallised volume fraction for any isothermal holding after any deformation 

condition can be determined, and when full recrystallisation is achieved, the grain diameter 

can be calculated. 

From similar considerations, they proposed the following equation for the recrystallised 

grain size drex as following: 

Ὠ ὃ ÌÎ
Ⱦ

‐  Ὠ
Ⱦ
                                              2-11 

ŦƻǊ ǎǘǊŀƛƴǎ  ǘƘŜ ŎǊƛǘƛŎŀƭ ǎǘǊŀƛƴΦ ¢ƘŜ ǾŀƭǳŜǎ ƻŦ ǘƘŜ Ŏƻƴǎǘŀƴǘǎ ǎǳŎƘ ŀǎ !  ŀƴŘ ʲ ǾŀǊȅ ŦƻǊ ŘƛŦŦŜǊŜƴǘ 

grades of steel, and were evaluated for a range of microalloyed steels[98]. 
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2.5 Isothermal and Continuous Cooling Transformation 

   Both types of transformation diagram - isothermal transformation (IT) and continuous 

cooling transformation (CCT) - are useful, and help in selecting the optimum steels which 

have the desirable microstructure and in designing a suitable heat treatment route to reach 

the required final properties. By using these diagrams, microstructures such as ferrite and 

pearlite can be produced, or the production of hardened microstructures such as 

martensitic microstructure avoided[99]. 

2.5.1 Isothermal Transformation Diagram 

   The isothermal transformation (IT) diagram, or as it is called time temperature 

transformation diagram, represents the kinetics of transformation of austenite as a function 

of time and at a constant temperature. This diagram is used to determine the beginning and 

completion of isothermal transformations of alloyed steels when cooled rapidly from 

austenite zone to a required temperature, which is lower than the eutectoid temperature, 

and then left it to transform isothermally. Moreover it is used to determine what 

percentage of the phase transformation could be achieved at a constant temperature. A 

large series of experiments, where the specimens are held for various times at various 

temperatures, should be performed to build up a complete TTT diagram. The samples are 

placed in the furnace and austenitised to a temperature higher than the eutectoid 

temperature. As soon as the austenitising is complete, the samples are rapidly cooled by 

quenching in a liquid salt bath to a given temperature below the eutectoid temperature.  

   The samples are held for different time intervals before quenching in water to room 

temperature. The microstructure after each transformation is examined in order to quantify 

the percentage of microstructure changes of the new phases[100]. As a result of 

transformation, the austenite, if held for a short time and cooled rapidly, will change 

completely to martensite, while if held for a long period of time the microstructure will 

transform to ferrite, cementite, pearlite, or bainite according to both of cooling rate and 

composition of the steel. A fine grained microstructure such as fine pearlite can be obtained 

at lower temperature compared to coarse pearlite, because the transformation which is 

controlled by the rate of nucleation occurs sooner and the grain growth is reduced.  
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   Pearlite forms at a higher temperature than bainite, which forms at low temperature. Each 

type of steel with specific chemical composition has its own diagram. The main important 

factors affecting TTT diagrams are the composition of steel, austenite grain size, and 

heterogeneity of austenite grains. For instance, increasing carbon wt% and alloying 

elements will cause a decrease in the A3 line which means that the incubation period for 

transforming the austenite to pearlite will increase, thus the C curve of the TTT diagram will 

move to the right[101]. Figure 2.25 represents Fe-Fe3C metastable equilibrium diagram and 

TTT diagrams for hypoeutectoid steel containing 0.5 %C, and eutectoid steel (0.8 %C) with 

different phases at different temperatures and soaking times. 

   The presence of a proeutectoid ferrite phase coexisting with the pearlite is one of the 

differences between hypoeutectoid steel and eutectoid steel in the TTT diagram, which 

means that there will be another curve for proeutectoid transformation to be added. Also, 

there is a difference in A3 and Ms temperature lines, where A3 and Ms are higher in the 

case of hypoeutectoid steel because of lower carbon content. Another difference, as shown 

in Figure 2.25 (b, c), is the distance between the nose curve and the vertical temperature 

line, where the nose in the case of the hypoeutectoid steel is more closed which mean less 

time for transformation in comparison with the eutectoid steel. 

   Moreover, several studies [56, 102, 103] have documented a clear effect of prior austenite 

grain size on the Ms temperature in ferrous systems. The types of steels with different 

chemical compositions that have been tested proved a large dependence on Ms as a 

function of the austenite grain size. A smaller austenite grain size, which results from 

decreased austenitising temperature, leads to a reduction in the martensite start (Ms) 

temperature. In contrast, a slight increase in the austenite grain size will result in higher Ms 

values (See Fig. 2.14).  
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Figure  2-25 Relationship to (a) Fe-C diagram, (b) Isothermal transformation diagram of 
eutectoid steel, and (c) Isothermal transformation diagram of steel containing 0.5 % 
carbon [104]. N = normalising, FA = full annealing, and S = spheroidizing heat 
treatments 

   Figure 2.26 represents the isothermal transformation diagram of AISI 4340 steel, which is 

closed grade to the 34CrNiMo6 steel with slight variations in actual chemical composition 

(See section 1.1) and indicates the transformation phases for different temperatures and 

different times[105]. As can be seen from the diagram the addition of alloying elements 

such as Ni, Cr and Mo to this steel which contains 0.04 %C produced a significant change to 

the IT diagram that was shown in Figure 2.25.  The rates of transformation now have two 

curves with two maximum noses: one is the pearlite nose at temperature of about 650°C 

and the other is bainite nose at about 440°C. These two curves are separated by a bay at 

about 540°C, where the transformation is extremely delayed. The transformation over the 

entire temperature range between A3 and Ms is delayed by pushing the whole diagram to 

the right and decreasing Ms, and as consequence, the hardenability is increased[106]. 

      Another example IT diagram, which is also close to the 34CrNiMo6 steel is  28NiCrMo7 

steel[107] with chemical composition of 0.30%C, 0.46%Mn, 0.241% Si, 2.06%Ni, 1.44%Cr, 

лΦот҈aƻΣ лΦло҈tΣ лΦнл҈/ǳΣ лΦлнр҈{Σ лΦлм± ƛǎ ǎƘƻǿƴ ƛƴ ŦƛƎǳǊŜ нΦнтΦ Comparing the IT 

curves for the 4340 and 28NiCrMo7 steels, in general the two curves are considered similar 

in terms of shape. However, it can be seen that the 4340 steel IT curve is pushed a little 

more to the right than the 28NiCrMo7 steel IT curve. Moreover, the whole IT curve of 4340 

steel was also moved down, causing a decrease in the A1, A3, Ms and Mf compared to the 

28NiCrMo7 steel IT curve. This may be due to the high percentage of carbon (0.42%) in 4340 

steel, which is one of the most important elements affecting the IT curves. 
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Figure  2-26 Isothermal transformation diagram of AISI 4340 steel (0.42 %C, 0.78 
%Mn, 1.79 %Ni, 0.80 %Cr, 0.33 %Mo). Grain size 7-8. Austenitised at 843°C [108]. 

 

           
Figure  2-27 IT diagram of 28 NiCrMo 7 steel (0.30 %C, 0.46 %Mn, 0.241 %Si, 2.06 %Ni, 
1.44 %Cr, 0.37 %MoΣ лΦло ҈tΣ лΦнл ҈/ǳΣ лΦлнр ҈{Σ лΦлм±ύ !ǳǎǘŜƴƛǘƛǎed at 850°C[107]. 

2.5.2 Continuous Cooling Transformation Diagram 

            As mentioned in the previous section, the isothermal transformation diagram 

represents the kinetics of transformation of austenite as a function of time at a constant 

temperature where an alloy must be rapidly cooled from a temperature higher than 

eutectoid temperature and kept at an elevated temperature for some time to complete the 

transformation. This is impractical in real applications, especially with large scale products 

where the temperature within the part being heat treated will vary from the surface to the 

centre, and from the middle to the sides. The continuous cooling transformation (CCT) 
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diagram, which represents the transformation process of austenite phase during continuous 

cooling from the austenite zone to room temperature with various cooling rates where the 

temperature is constantly changing, is usually used for most industrial heat treatment[109].   

In this research all heat treatment tests were done by continuous cooling transformation. 

Figure 2.28 shows the relationship of continuous cooling transformation and isothermal 

transformation diagrams with end-quench hardenability test (Jominy specimen) data and 

four cooling rates for eutectoid carbon steel[110]. As indicated, the TTT diagram was 

modified to be valid for the constantly changing transformation temperature that occurs in 

the CCT diagram by shifting the curves to longer times and lower temperatures[111]. The 

main difference when the TTT and CCT diagrams are interpreted is that the TTT diagram is 

read from left to right at a constant temperature whereas the CCT diagram is read along the 

cooling curves from the top left to the bottom right[112].  

      The bottom part of Figure 2.28 shows the Jominy end-quench test specimen which is 

used to calculate or measure hardenability i.e. the ability of the steel to transform partly or 

entirely to martensite. The maximum cooling rate will be in the quenched end of the 

specimen as represented by curve A (100% martensite), and the cooling rate will decrease at 

given distances from the end as represented by curves B, C, and D. In other words, with 

decreasing cooling rate or increasing distance from the quenching end of the Jominy 

specimen, the austenite transforms to microstructures containing increasingly greater 

quantities of bainite, ferrite and pearlite. Moreover, the hardness decreases as the cooling 

rate decreases where the martensite is also replaced with pearlite or bainite, and vice versa. 

Through a comparison between the TTT and the CCT diagrams there are a several features 

in the CCT diagram which have no counterpart in the TTT diagrams especially in alloy steels. 

These features include the following [112]: 

¶ A depression of the Ms temperature at slow cooling rates.  

¶ The tempering of martensite that takes place on cooling from the Ms temperature to 

about 200°C.  

¶ A great variety of microstructures.  

   The reason for reduction of the Ms temperature when the cooling rate decreases in alloy 

steel is due to the rejection of carbon into austenite during the transformation of the 

microstructure to ferrite or bainite, where the untransformed enriched austenite with 
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carbon has a lower Ms temperature. However, the tempering of martensite on cooling is 

referred to as autotempering especially in low carbon steels with high Ms temperatures, 

where in this range of temperatures (Ms to 200°C) carbon has adequate mobility to form 

the carbides characteristic of tempered martensite. The variety of microstructures refers to 

the increase in fineness and intermixing of the austenite transformation products as 

transformation progresses at sequentially lower temperatures on cooling[104]. 

 

Figure  2-28 CT diagram (continuous line) for steel with German designation 42CrMo4 
(0.38%C, 0.99%Cr and 0.16%Mo). IT diagram is also shown (dashed line)[113]. 

            When using the CCT diagram for practical heat treatments, the cooling curves will not 

be linear but will depend on the heat transfer emitted from the specimen to cooling media 

and the rate of emission of latent heat during transformation [112].  

2.5.2.1 Microstructure evolution   

   Using different cooling rates gives various combinations of phases. For instance, by using a 

very slow cooling rate (e.g., furnace cooling), as in the process of full annealing, coarse 

pearlite will be result, while by using a faster cooling rate, which can be obtained by cooling 
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in air as in the normalising process, the result will be finer pearlite. By further reducing the 

cooling rate (e.g., oil quenching) a combination of bainite and martensite can be obtained. If 

the cooling rate was more than the martensite critical cooling rate (e.g., water quenching), 

the microstructure will become fully martensite. As can be seen in the medium carbon steel, 

the critical cooling rate is reduced even by the presence of carbon. The alloying elements 

that are mainly effective in rendering steels heat-treatable are Cr, Ni, Mo, Mn, Si, and W. 

These elements must be in solid solution with the austenite at the time of quenching[114]. 

   Figure 2.29[115] indicates several cooling curves superimposed on the CCT diagram of 

4340 (~ 34CrNiMo6) alloy steel; these curves represent transformation behaviour and how 

various cooling rates such as quenching, normalizing, and full annealing can produce 

different final microstructures. For this type of steel the critical cooling rate is 8.3 °C/sec; 

higher than this cooling rate all the austenite microstructure will transform to martensite at 

room temperature. Quenched martensite is extremely hard as well as strong but it is also 

very brittle, so it will break under stresses. Moreover, it has almost no ductility, and its 

hardness is dependent on the percentage of carbon content. The highest hardness of 

martensite in some cases can achieve up to 700 HB. For eutectoid steel, some austenite, 

called retained austenite, will remain in the microstructure and this amount increases with 

increased carbon content. The strength of the martensite is also reduced as the amount of 

retained austenite increases. The tempering process is typically used to address this 

weakness, where the tempering process helps to increase ductility and toughness. 

   At intermediate rates of cooling, besides the martensite, the diagram shows the 

dominance of bainite formation. From the figure this intermediate rate will be in the range 

of less than 8.3°C/sec and more than 0.3°C/sec. By decreasing the cooling rate, the 

percentage of bainite will increase and martensite percentage will decrease in the 

microstructure[114]. Generally, the structure of bainite, like pearlite, consists of dislocation-

rich ferrite and cementite. However, bainitic steels are commonly harder compared to the 

pearlitic ones, because the bainitic structure is a finer structure. bainite microstructure 

usually exhibits a desirable combination of strength and ductility compared with pearlite. 

Davenport and Bain[116] originally described the bainite microstructure as being similar in 

appearance to tempered martensite. As can be seen in Figure 2.30[117] bainite is an 

intermediate of pearlite and martensite in terms of hardness. By further reducing the 
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cooling rate in Figure 2.29 to less than 0.3°C/sec, besides the martensite and bainite phases, 

some austenite also will begin to transform to ferrite and pearlite, which results in a greater 

decrease in hardness. tŜŀǊƭƛǘŜ Ŏƻƴǎƛǎǘǎ ƻŦ ŎŜƳŜƴǘƛǘŜ όCŜо/ύ ŀƴŘ ŦŜǊǊƛǘŜ όʰύΣ ǿƘŜǊŜ ǘƘe Fe3C is 

ƘŀǊŘŜǊ ŀǎ ǿŜƭƭ ŀǎ ƳƻǊŜ ōǊƛǘǘƭŜ ŎƻƳǇŀǊŜŘ ǘƻ ʰΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ 

cementite within a steel alloy will lead to obtain a stronger and harder microstructure, when 

other microstructural elements remain constant. The strength (tensile and yield) as well as 

the hardness increases with increasing carbon concentration (or equivalently as the 

percentage of cementite). In contrast, both the ductility and toughness will decrease by 

increasing the cementite content; this is due to the brittleness of cementite. The thickness 

ƻŦ ʰ ŀƴŘ CŜо/ ŀƭǎƻ Ƙŀǎ ŀƴ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ōŜƘŀǾƛƻǳǊ ƻŦ ǘƘŜ ƳŜǘŀƭǎΦ ¢ƘŜ 

microstructure that consists of fine pearlite is always harder as well as stronger than that 

with coarse pearlite, whereas coarse pearlite is more ductile. 

 
Figure  2-29 CCT diagram for 4340 medium carbon steel with several cooling curves 

representing the final microstructure and its dependency on the transformations that 

take place during of cooling (Adapted from H. E. McGannon [118])[115]. 

   Figure 2.30[117] presents the CCT chart of the 34CrNiMo6 steel with chemical 

composition 0.35%C, 0.55%Mn, 0.25%Si, 1.55%Ni, 1.55%Cr, 0.20%Mo, 0.025%P, and 

0.015%S. Moreover, several cooling curves showing the phases ratios for each one and the 

hardness values of the microstructures produced by those cooling rates are also illustrated 
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in the figure. Popescu et al.[117] mention that the main heat treatment features of 

34CrNiMo6 steel are low quenching temperature, high bainitic hardenability and good 

temperability, due to the high proportions of martensite and bainite in the quenched 

structure. Furthermore the results showed that the greater the distance from the quenched 

end, the lower the proportion of martensite (simultaneously the higher the proportion of 

bainite) and the lower the hardness. 

 
Figure  2-30 CCT diagram of 34CrNiMo6 steel (0.35 %C, 0.55 %Mn, 0.25 %Si, 1.55 %Ni, 
1.55 %Cr, 0.20 %Mo, 0.025 %P, 0.015 %S) Austenitised at 830°C for 15 mins[117]. 

 

   Furthermore, Figure 2.31 [119] illustrates the CCT diagram for steel VCNMO150, which 

also, according to standard designations, is one of the 34CrNiMo6 steel grads (See appendix 

E) with a chemical composition of 0.34%C, 0.4%Si, 0.65%Mn, 1.5%Cr, 0.23%Mo, 1.5%Ni. The 

curve represents the austenite transformation continuously as a function of cooling rates 

and hardness. Another example of a CCT curve for medium carbon steel, to compare with 

4340 steel, is steel VCNMO150. The critical cooling rates for all the phases are less in steel 

VCNMO150 due to differences in the percentages of the elements, which in turn affect the 

CCT curve. For this kind of steel (steel VCNMO150) the critical cooling rate, where the 

austenite will transform to martensite, is higher than 2.5°C/sec, while the bainite 

transformation will be in the range between 2.5°C/sec and 0.15°C/sec. These ranges of 

cooling rates for transformation are approximately close to the ranges that were obtained in 

our experiments. By decreasing the cooling rate to less than 0.15°C/sec, the ferrite and 

pearlite phases will start to appear in the microstructure at the expense of martensite and 

bainite. 
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Figure  2-31 shows the CCT diagram for steel VCNMO150 (0.34 %C, 0.4 %Si, 0.65 
%Mn, 1.5 %Cr, 0.23 %Mo, 1.5% Ni)[119].  

2.5.2.2 Impact of tempering 

   By tempering hard quenched plain carbon steels, which have poor ductility, the hardness 

is decreased and the ductility increased. During tempering the martensite decomposes to 

ŦŜǊǊƛǘŜ ŀƴŘ ŀ ƳŜǘŀǎǘŀōƭŜ ǇƘŀǎŜ ƻŦ ʶ-carbide. On further heating, stable carbide (cementite) 

is formed and eventually the ferrite matrix recrystallizes. Moreover, the retained austenite, 

if it is present after quenching, will decompose during tempering to give a carbide and 

ferrite. The final stage of tempering is the growth of the ferrite grains. The tempered 

martensite is not quite as hard, but becomes tougher, i.e., less likely to break and more 

malleable, and thus more suitable for engineering applications[120].  

   The effect of alloying elements added to steel usually depends upon the affinity of those 

elements for carbon. With the addition of elements such as Si, Ni, and Mn, which have a 

relatively weak affinity for carbon, the microstructural changes that occur on tempering are 

similar to those found in plain carbon steels. Nevertheless, these elements may affect the 

kinetics of the tempering reactions. If alloying elements like Cr, Mo, Ti, V, and Ni, which have 

a relatively strong affinity for carbon, are added to steel, they may significantly modify the 

tempering process. Iƴ ǘƘƛǎ ŎŀǎŜ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʶ-carbide and cementite are retarded and 
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may even be prevented. Other alloy carbides, e.g. Mo2C, Cr7C3, V4C3, TiC, and NbC, are then 

formed at the expense of cementite, where in the end complex carbides of the type M23C6 

and M6C may replace the simple alloy carbides. Tempering alloy steels that contain strong 

carbide formers may increase the hardness, for the reason that the alloy carbides are 

initially precipitated in a very fine coherent dispersion. This phenomenon is known as 

secondary hardening, which is a form of precipitation hardening[121]. 

   Xue and Baker[122] have studied the mechanical properties of Fe-0.1C-1.5Mn-0.05V steels 

with varying Al contents in the tempered condition. The steels were solution treated at 

1200°C for 2h, quenched into water and tempered at 600 or 650 °C for 1h. Tempered 

martensite was observed in all samples after tempering. The study showed that the 

precipitation of VC was at a minimum in the steel containing 0.13% Al. They also suggested 

that the precipitation of VC or V (C, N) was retarded at level of 0.1-0.15% Al. Moreover, at 

this level of Al (0.1-0.15%), the tensile strength and ductile-brittle transition temperature 

decreased to their minimum values and also the hardness become lower. However, they 

considered that a smaller amount of VC or V(C, N) precipitation gives benefits of increased 

toughness.  

   Bainitic ferrite usually contains only slight excesses of carbon in solid solution and the 

carbon in transformed sample usually exists as cementite particles (M3C). In the case of 

martensite the strength falls dramatically as a result of precipitation of the carbon during 

tempering process, due to the effectiveness of carbon in solid solution strengthening. 

However, this does not occur in the case of tempering of bainite where the carbon amount 

is mainly existent as coarse carbides, which causes a slightly effect to strength. 

Consequently, the tempering response of bainite is expected to be somewhat insensitive to 

the overall carbon concentration. The most important changes within strength usually 

happen when the bainitic microstructure coarsens or even recrystallisation occurs, forming 

equiaxed grains of ferrite. During tempering the actual change or transition from Fe3C to 

the equilibrium carbide might happen through some of other transition carbides. As 

illustrated in Figure 2.32,  Baker and Nutting[123] concluded that during the tempering of 

bainite in the Fe-2.12 %Cr, 0.94 %Mo, 0.15 %C alloy steel, the  M2C carbide particles, which 

usually has a needle shape, were the first alloy carbide formed, which precipitate 

independently of the cementite. 
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Figure  2-32 Shows an updated classic version for the carbide stability diagram by 
Baker-Nutting for 2.25 Cr and 1 Mo steel (after Nutting, 1998)[124].   

   A study was done by T. Okuno[125] about the influence of microstructure on the 

toughness of AISI H13, H10, and H19 steels. The study investigated the microstructural 

contributions to the toughness of hot work tool steels, which tempered after quenching at 

various cooling rates. The CCT diagram of H 13 is shown in Figure 2.33. The martensite 

microstructure was produced by oil quenching, while the upper bainite structure occurred 

at the cooling rate of 15 min. The study found that toughness can be improved by 

refinement of the laths of martensite and bainite and the effective grain size. This can be 

achieved by reduction of the volume fraction as well as the size of retained carbides, 

suppression of the dense dispersion of fine carbides like MC and M2C in matrix, and 

retardation of the preferential precipitation of carbides along grain boundaries of prior 

austenite and bainite.  

   Furthermore, he concluded that decreasing the quenching rate leads to gradual increase in 

the width of bainite laths as well as leading to modification of the morphology of bainite 

from lath to granular type together with increase in volume fraction of upper bainite. 

Decreasing the cooling rate also results in deterioration of toughness. 
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Figure  2-33 Continuous cooling transformation diagram of H13 steel[125]. 

2.6 Non-metallic inclusions   

   Clean steel is demanded by all customers, which means producing high quality steel with a 

desirable composition. One of the main issues during steel making is the presence of non-

metallic inclusions, which should be eliminated or at least minimized to a desirable amount. 

Non-metallic inclusions significantly influence the ingot structure, which is the raw material 

for thermomechanical processes such as forging; hence they subsequently influence the 

final mechanical properties. Non-metallic inclusions are defined as chemical compounds, 

both metallic elements like manganese or aluminium and non-metals like oxygen or sulphur. 

Non-metallic inclusions found in steel are oxides, e.g., Al2O3, sulphides, e.g. MnS, nitrides, 

e.g. VN, carbides, e.g. VC, and sometimes complexes of these, e.g. Al2O3*CaS[126]. They are 

formed at several different stages of the steel making process, i.e. melting, deoxidation, 

solidification and cooling. 

   The old method classifies sources of inclusions into exogenous inclusions and indigenous 

inclusions. Exogenous inclusions are particles entering a steel ingot during interaction with 

external sources like refractory or mould material, or oxidized material from the 

atmosphere. These inclusions are not too dangerous because they can be minimised by 

techniques such as using a vacuum furnace and good housekeeping[127]. Indigenous 

inclusions are usually formed because or as a result of chemical reactions between some 

added elements within steel, for example, Al2O3, SiO2, or MnO being made during de-

http://en.wikipedia.org/wiki/Nitride
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oxidation, depending on the deoxidizing material, or MnS, CaS, or MgS during 

desulphurisation, depending on the desulphurising material[128].  

   According to Kiessling and  Nordberg[129] this classification is an oversimplification of the 

situation because many inclusions are the result of endogenous precipitation of different 

oxides and sulphides on exogenous nuclei; instead, they suggest that inclusions should be 

classified according to their compositions. Moreover, Matsushima et al.[130] have 

suggested that a convenient way of classifying inclusions is according to their ductility, 

divided into ductile and non-ductile inclusions. This is sensible because their influence on 

properties of steel differs significantly. Accordingly, ductile inclusions are generally sulphide 

and silicate inclusions which undergo plastic deformation during deformation. Non-ductile 

inclusions are divided into: 

a) Inclusions of granular oxides, usually oval in shape, which are hardly deformed and which 

are rather irregularly scattered, such as Al2O3, TiO2. 

b) Globular inclusions, which are also scarcely deformed during deformation, such as CaO-

Al2O3. 

c) Silicate type inclusions enriched with SiO2, which are plastically deformed to some degree 

through deformation, usually existing in a steel ingot with a globular shape.  

   The behaviour of hard non-ductile inclusions of the type globular silicate, crystalline high 

alumina calcium aluminate and Al2O3 cluster during deformation is illustrated in Figure 

2.34[131]. The small particles generally agglomerate to form large inclusions. The merge 

between inclusions becomes easier when they collide if the inclusion has higher surface 

energy.  

http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:%22R.+Kiessling%22
http://www.google.co.uk/search?tbo=p&tbm=bks&q=inauthor:%22H.+Nordberg%22
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Figure  2-34 Schematic representation of inclusion shapes before and after deformation[131]. 

2.6.1 Non-metallic inclusions parameters  

   The main important parameters of non-metallic inclusions are size, shape, quantity, 

distribution, interfacial strength, and chemical composition [132]. 

2.6.1.1 Inclusion morphologies 

   The shape of inclusions during solidification is significant in casting steel ingots, where the 

shape can be controlled during steel processing by controlling their mechanical behaviour. 

Therefore hard or un-deformable inclusions like pure alumina should be eliminated, 

compared with soft inclusions like manganese sulphide (MnS). The most common inclusion 

shapes are spherical, platelet, dendrite, and polyhedral. Spherical inclusions are more 

desirable than other inclusions because they have a medium effect on the mechanical 

properties of ingot steel. Some of these spherical inclusions form during solidification in 

interdendritic space[133]. The platelet shape is a thin plate from manganese sulphides and 

oxy-sulphides formed during aluminium killed steel, usually located through steel grain 

boundaries. This kind of inclusion is undesirable, because it causes weakness of the grain 

boundary and affects the properties of the steel, especially in hot state[134]. Similarly, the 

dendrite shape of inclusions is also undesirable, because internal stress may concentrate in 
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the sharp edges of this shape. This type of inclusion is also very hard because the melting 

temperature of steel is lower than inclusions. Furthermore, polyhedral-shaped inclusions 

have a moderate impact on the properties of steel compared to the dendrite shape, 

because the polyhedral shape somewhat resembles a spherical shape[133]. 

2.6.1.2 Critical size of inclusions  

   Critical inclusion size is the size above which the inclusion can be harmful to a particular 

property of steel. Generally, inclusions of a very small size are inescapable and are usually 

not dangerous, but if the size is large, inclusions will be very dangerous. Kiessling and 

Nordberg[129] have tried to estimate this critical defect size by using K1C values in fracture 

mechanics. They have concluded that the critical defect size when calculated this way gives 

a measure of the critical inclusion size if the inclusion has a smaller thermal expansion than 

the matrix. However, for inclusions with larger expansion coefficients, the critical size is 

larger than those calculated. Pomey and Trentini[135] provided an explanation for the 

difference in critical inclusion size according to difference in the thermal expansion 

coefficients. During cooling, the inclusions with smaller expansion coefficients than the 

matrix develop thermal stresses, while those with higher expansion coefficients develop 

voids or parting of the matrix and inclusions. The thermal stresses promoted reduce the 

fatigue resistance of the steel considerably.  

2.6.1.3 Distribution and clusters  

   The distribution of non-metallic inclusions inside a steel ingot is also one of the important 

parameters that influence the mechanical properties. Sometimes the distribution can 

change the metal forming results, such as anisotropy of properties. Homogeneous 

distribution of small particles of inclusions is good and desirable. This type of distribution is 

sometimes used to increase the strength of steel, by homogeneous distribution of carbide 

particles within the steel. On the other hand, inclusions located along the grain boundaries 

which cause weakness of the metal are undesirable. Moreover, clusters of inclusions are 

also undesirable; these usually result from breaking large inclusions, which leads to 

decrease in mechanical properties of steel. Some kinds of clusters - coral-like, dendritic and 

plate-like structures - are shown in Figure 2.35.  
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   Deformation processes (e.g., forging process) also affect the distribution of inclusions 

inside the deformed steel ingot. During forging, the inclusions re-form and are distributed 

according to the direction of metal flow. If the inclusions are hard they may break into 

chains of fragments and be distributed in the metal during forging, but if they are soft like 

MnS, they will extend in the direction of forging[136]. 

 
Figure  2-35 Clusters may occur with (a)coral-like, (b)dendritic, or (c) and (d) plate-like structure [137, 138]. 

2.6.2 Influence of inclusions on mechanical properties of steel  

   Inclusions have a deleterious influence on the properties of steel. Their presence becomes 

advantageous only in a few cases, like the improvement of machinability obtained with 

inclusions of MnS. The influence of inclusions on the properties of steel depends very much 

on their composition, shape, size, and distribution, in addition to the stress system imposed 

during deformation. Moreover, the influence of non-metallic inclusions also depends on the 

applications of steel products[139]. For instance, if steel were produced to work under 

dynamic loading, such as in gears or crankshafts, the main focus would be on the effect of 

the inclusions on fatigue strength.  

   Characteristics of the inclusions cause a reduction in fatigue strength. Brittle and hard non-

metallic inclusions, such as Al2O3, have the greatest influence on fatigue strength; in 

contrast more deformable inclusions, such as MnS have less effect. During deformation the 

stress concentrated between hard inclusions and steel matrix produces voids. Coalescence 

of these voids nucleated around the hard particles of non-metallic inclusions will cause 

ductile fracture. Figure 2.36 shows an example of such a surface, where cavities are formed 
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at inclusions[132]. Generally, if the inclusion particles is actually rigid, has low internal 

fracture strength or even has a low cohesion with the matrix, all that makes the nucleation 

of voids becomes easier[140]. 

 
Figure  2-36 A ductile rupture surface of a low carbon, 1.2 Mn steel 
showing some cavities formed by inclusions[132]. 

   Sellers and Tegart[141] mention that the fracture that originate by the side of inclusions is 

mainly depend on the deformation characteristics of the inclusion (soft or hard) 

comparative to the metal matrix, which means that the poorer the ductility of the inclusion, 

the worse its effect on the steel. Therefore, hot working should be performed within the 

temperature range where inclusions become soft and could deform plastically to preserve 

continuity with the metal matrix. Figure 2.37 gives the variation of the index of 

deformability of different types of inclusions with temperature in steel. Moreover, Sellers 

and Tegart in the same paper concluded that increasing the quantity or amount of 

inclusions contributes to lower ductility. 
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Figure  2-37 Effect of temperature on the plastic deformation of 
various kinds of inclusion, in comparison with steel[141]. 

   In the three stages of the ductile fracture process of initiation, growth, and coalescence of 

microvoids, inclusions played a main role, serving as hard particles for void initiation. 

Therefore, they significantly affect the upper shelf energies during Charpy V-notch (CVN) 

testing. Coarse inclusion particles also serve as fatigue initiation sites and may initiate 

cleavage fracture[139]. Elongated inclusions may become harmful to ductility because of 

their anisotropy behaviour and their orientation relative to the deformation direction. 

Consequently, the presence of ductile (soft) inclusions, particularly sulphides e.g. MnS, can 

be detrimental to impact and fracture toughness. These inclusions, as shown in figure 2.34 

types (d) and (e), deform with the steel matrix because of their high plasticity[131]. 

   In another study, Ray and Paul[142] revealed that the inclusion morphology has a very 

strong influence on both of Charpy shelf energy as well as impact transition temperature 

(ITT) in studied steels even if the grain sizes were similar. Furthermore, significantly high 

shelf energies, low ITT, as well as minimum anisotropy of impact properties were obtained 

when the inclusions shape were modified from longitudinal stringer (sulphides) to small 

lenticular or globular (oxysulphides). Moreover, Pacyna and Mazur[143] through using the 

hot working tool steel they discovered that the effect of non-metallic inclusions on 

toughness property is linked to the distribution of inclusion as well as to the hardness value 

of the steel. The fracture toughness will not be seriously affected if the distribution of 
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inclusions was uniform within the steel. As for the effect of hardness of the steel, they 

mention that, at a high hardness level, inclusions which have a little plastic strain area might 

be considered as obstacles to prevent the crack propagation. Atkinson et al.[144] concluded 

that, in fatigue-related states, failure usually initiates from big oxides instead of sulphides. 

However, in the case of fracture toughness the sulphide inclusions, which considered very 

significant for the anisotropic behaviour of steel, are important than others. Furthermore, 

majority of the failures that usually occurs in high strength steels was as a result of oxide 

inclusions instead of sulphide inclusions. 

2.7 Effects of microstructure variability on scatter of properties data of materials 

   During the experiments that are usually performed to test or verify some of the 

mechanical properties there will be some scatter or variability in the results of the samples 

even if there is a highly controlled test procedure. There are some factors that lead to 

scatter in measured data of the material properties. Many authors[145, 146] summarised 

these factors as test method, variation in specimen fabrication procedure, operator bias, 

apparatus calibration, and material inhomogeneities and/or compositional differences. 

Nevertheless, appropriate measures must be taken to minimise the possibility of errors, and 

also to mitigate those factors that lead to data variability. In many cases it is desirable to 

specify a typical value and degree of scattering for some measured properties; this is usually 

performed by taking the average and the standard deviation, respectively[146]. To minimise 

experiment errors, three specimens are often required to test at each test condition. The 

average value of these three tests is used as a result for the test. If a minimum test value is 

specified for a material property acceptance, not more than one test result of the three 

should fall below that value [147].  

   In other cases, repeat testing is required because, if the steel shows scatter in its some 

tested properties, a single poor result may well force the downgrading of the entire batch. 

Moreover, the presence of defects in metals such as minute cavities, inclusion particles and 

grain boundary segregates also has an effect on the results of some mechanical properties. 

These defects have a serious effect on the material impact properties, but are likely to have 

a limited effect on tensile strength, and relatively none on hardness. These defects, 

especially under impact loading, will act as stress raisers through introducing points at which 
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a sudden concentration of stress accumulates. Consequently, for the same material, the 

results in the impact test on a single cast material will be much more scattered than in the 

tensile test,  since a casting microstructure is expected to be much less homogeneous than a 

wrought material. However, even in wrought materials, the direction of fibre will have a 

more significant influence on impact toughness than on either tensile strength or 

ductility[148]. Furthermore, variation in chemical composition and average grain size during 

the production of steel is often unavoidable from one batch to another. This causes 

variation in results of some properties, e.g. hardenability. In such case the scattering in 

measured hardenability results are often plotted as a band indicating the maximum and 

minimum values that has to be expected for the specific alloy. Figure 2.38 is illustrate a 

plotted hardenability band for 8640 steel[149]. 

 
Figure  2-38 The hardenability region for the 8640 steel showing the maximum and 
minimum limits [150] 

   A previous study was carried out by Chakrabarti et al. [151] to find out the influence of a 

bimodal ferrite grain size distribution on scattering of toughness data. This was done 

through using three types of microstructure of uniformly coarse grains, uniformly fine grains 

as well as bimodal grains and comparing them with the values of local fracture stress for 

heat treated microstructures. They mention that the variations within the notch root 

microstructure, which is considered to be the main factor for scatter in the toughness data, 

were associated to the distance between the coarse grain sized band and the notch root. If 
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the notch root is located close to this band, the cleavage fracture stress as well as impact 

energy is going to be lower, and vice versa. Moreover, in this study they concluded that the 

bimodal grain size has a significantly larger distribution microstructure in comparison to the 

unimodal grain distribution microstructures. This distribution (i.e., bimodal) was very high 

compared to the any kind of experimental error. The coarse or big grains, which is exist in 

adequate volume fraction within the microstructure, usually initiate the cleavage fracture. 

By increasing the percentage of these grains (i.e., coarse) in the microstructure, grain size 

bimodality increases the probability of presence of those grains at the cleavage initiated 

area and, thus, the scatter in fracture stress value also will increase.  

   Some others authors also found that cleavage fracture is easy to initiates in presence of 

coarse grains. Chen et al.[152] discovered that it is not necessary for the cleavage crack to 

initiate and extend at the point of the peak stress; instead, it usually happens on both sides 

and at a lesser or greater distance from it. Moreover, the scattering of a local fracture stress 

was caused by the distribution of grain sizes in group of largest grains. Wu and Davis[153] 

used the Niobium microalloyed steels to study the influence of grain size distribution of 

duplex ferrite on the local fracture stresses. They also mentioned that within the studied 

steels the scattering in fracture stress data can be defined by the distribution of coarse 

grains. In terms of hardness, they found that the microhardness of coarse grain areas is 

significantly lower than that of fine grain areas. 

2.8 Mechanical properties 

   The mechanical properties of materials is a term used to explain the behaviour of these 

materials under different factors such as temperature, load and environment. During 

applications these metals have different kinds of mechanical problems. These problems are 

sometimes studied or investigated individually, but also often in practice the combined 

effects of these properties must be assessed[154]. Furthermore, to study the failure to 

achieve these required mechanical properties, or to improve them, manufacturing 

processes e.g. thermo-mechanical and heat treatment processes through microstructure 

must be well understood. 
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2.8.1 Strength  

   Strength is one of the main mechanical properties of metals and alloys, and is a very 

important measure of a material's ability to perform the required applications. Strength is 

defined as the amount of stress that a material can withstand while being tensile or 

compressed, before failing or breaking. There are many factors affecting the strength of 

steel, some of which are related to the initial steel composition like alloying elements. The 

amount of carbon in the steel is one of the main elements affecting strength, as it often 

dictates the total hardness of steel. Both the yield strength and tensile strength increase 

with increased carbon content[155]. However, on the other hand, ductility drops as the 

carbon content increases, so other alloying elements should be added with carbon to steel 

to try to increase the strength while maintaining toughness. Alloying elements such as Al, V, 

Ti or Nb are also added to steel to obtain a fine grain size to increase the strength[156].  

   Moreover, some metals are modified by alloying elements and processing to promote 

their resistance to dislocation movement to increase strength. Grain boundaries are used to 

provide an obstacle to dislocation movements. Accordingly, by reducing the grain size there 

is a larger probability of decreasing dislocation motion, thus the strength of the metal 

typically increases[157]. Other factors used to improve strength are related to processes 

applied after creating the steel, such as metal forming and heat treatment processes. The 

microstructure, which is formed after deformation or after heat treatment, is significantly 

affected by the austenite grain size, where a small austenite grain size is preferred to 

improve some mechanical properties, including strength. Accordingly control of austenite 

grain size during the austenitising process is the first step in most heat treatment processes 

to help to enhance strength. 

   For instance, the strength and impact toughness of 17CrNiMo6 steel can be improved with 

refinement of the prior austenite grain size[158]. Furthermore, the refinement of 

martensitic structure can be obtained by reducing the quenching temperature from 1200 °C 

to 900 °C, and refine the grains of austenite can promote the refinement of martensitic 

packets and blocks, which results in enhanced yield strength and toughness 

simultaneously[159, 160]. Likewise, different levels of hardness and strength can be 

obtained during heat treatment by using different cooling rates (e.g. quenching) and 
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tempering temperatures (see Fig. 2.39) to control the grain size. In general, the faster a 

metal is cooled, the smaller the grain sizes will be. 

 
Figure  2-39 Tensile strength, yield strength as well as ductility (RA%) (at room 

temperature) are plotted against the tempering temperature for 4340 alloy steel 

quenched in oil[161]. 

2.8.2 Fracture toughness and impact testing 

Toughness is known as the capability of the metal to resistance the fracture by absorb 

impact energy and plastically deformed. Fracture toughness is used to characterize 

toughness. An impact test (Charpy impact test) is used to give an indication of fracture 

toughness through measuring the resistance of the material to impact load without 

fracture[162]. The absorbed energy is also used as a tool to evaluate the ductile-brittle 

transition temperature (DBTT). A schematic diagram of a standard impact testing machine is 

shown in Figure 2.40. If the material was ductile that does not mean it has a good 

toughness, because the toughness is a combination of strength and ductility. For instance, 

steel with high strength and high ductility has more toughness than steel with high ductility 

and low strength. Decrease or increase in toughness depends on its importance for the 

required specifications. Fully quenched steel is very brittle and has low toughness; therefore 

to improve toughness tempering is required as the following step[163]. There are several 

factors that help to improve toughness such as refined grain size and decreased carbon 

content. Minimizing the carbon content in steel can improve toughness, while increasing the 
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percentage of carbon will cause a loss of toughness. Also, to improve toughness inclusions 

must be eliminated because their presence is detrimental to toughness. Toughness can 

improved through the microstructure as well, where using a microstructure of tempered 

martensite or lower bainite instead of upper bainite or ferrite-pearlite microstructure can 

improve the toughness[164]. Furthermore, chemical composition has an effect on 

toughness, where the addition of certain elements has an effect.  

   Nickel (Ni) and manganese (Mn) usually help to improve toughness as their addition can 

result in reduction of the ductile-brittle transition temperature. Sometimes this effect is 

related to production process parameters. For instance, rolling mill process using HSLA steel 

elements such as Ti, V, and Nb used for precipitation hardening when added to alloys has a 

different influence on toughness depending on the finishing temperature. If the 

temperature is high it may be detrimental to toughness. In contrast, if the finishing 

temperature is low it helps to refine the ferrite grain size, thus the toughness will 

improve[165]. 

 
Figure  2-40 Schematic diagram of a standard impact testing machine[166].  

2.8.3 Effect of austenite grain size on mechanical properties  

   Austenite grain size has a significant role in thermo-mechanical processing and is 

considered an important factor that needs to be taken into consideration when mechanical 

properties like strength and impact toughness need to be improved. In addition the 

microstructure, which is formed after deformation or after heat treatment, is significantly 

affected by the austenite grain size. For example: 
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¶ The hardenability (section 2.11) of the steel is affected by austenite grain size, where if 

the austenite grains become coarse fewer nucleation sites will be available, which leads 

to slowing the diffusion controlled transformation of the austenite. In other words, as 

shown in Fig. 2.41 deeper hardening, which means moving the nose of the CCT curve to 

the right, is caused by coarse austenitic grain size which is obtained by heating to higher 

temperatures[167].  

 

Figure  2-41 Comparative time intervals 
for 50 % transformation in a single steel 
as heated to four different temperatures 
in the austenite range prior to 
transformation, with corresponding 
differences in austenite grain size (GS) 
(U. S. Steel)[168]. 

¶ In steel products consisting of ferrite and cementite, grain size of austenite considered an 

important factor in creating the conditions that help to make small grains of ferrite, 

pearlite, or combination ferrite pearlite structure that affect the mechanical properties. 

Production of small austenite grains is important but these austenite grains need to be 

considered carefully with the type of steel and the characteristics of the microstructure 

needed. A study was done by J. M. Hyzak and his co-workers[169] about the effect of 

pearlite inter-lamellar spacing, pearlite colony size and austenite grain size on mechanical 

properties of fully pearlitic microstructures in a steel with a percentage of  0.81 %C. One 

of the important results of this study is the inverse relationship between the inter-

lamellar spacing and the austenite grain size diameter; the pearlite inter-lamellar spacing 

increases as the prior austenite grain diameter decreases, shown in Table 2.1. According 

to the mechanical properties the pearlite inter-lamellar spacing is considered as being 

the main microstructural parameter that through it the strength of pearlitic 

microstructures can be controlled. As well as yield strength, hardness is also dependent 

on pearlite inter-lamellar spacing, as shown in Figure 2.42. In addition the study shows 
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that in comparison to austenite grain size, inter-lamellar spacing has more effect on yield 

strength. Consistent with the relationship shown in Figure 2.43 between the Charpy 

transition temperature and austenite grain size, austenite grain size has a large effect on 

the impact toughness in pearlitic steel. Impact toughness, as measured by the Charpy 

transition temperature, increases with decreasing the austenite grain size; in other 

words, the finer the grain size the greater the toughness. 

Table  2-1 The influence of heat treatment on microstructure of eutectoid steel, 
adapted from Hyzak[169]. 

Heat treatment 
Austenite grain 

size, 10-3 cm 
Pearlite colony 
size, 10-4 cm 

Pearlite spacing, 
10-6 cm 

1 1.43 4.78 14.10 
2 1.43 4.57 15.35 
3 1.43 5.26 19.50 
4 2.52 5.38 13.00 
5 2.52 4.75 13.75 
6 2.52 6.58 15.16 
7 2.52 6.09 17.50 
8 2.52 6.34 27.00 
9 3.51 6.04 12.10 
10 3.51 5.33 14.00 
11 3.51 4.29 14.10 
12 3.51 5.15 16.35 
13 4.02 5.56 11.93 
14 4.02 5.76 13.75 
15 14.73 5.67 13.62 
16 16.65 5.70 11.57 
17 13.0* 7.12 15.67 

(The uncertainty in the values for grain size, colony size and pearlite spacing is of 
the order of 10 pct.). *Estimated. 

 

  
Figure  2-42 Yield strength and hardness vs 
pearlite interlamellar spacing[169]. 

Figure  2-43 Charpy transition temperature vs 
prior austenite grain size[169]. 
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¶ When some of the mechanical properties such as strength and toughness are targeted 

for increase or improvement, the most important issue to focus on is the refinement of 

austenite grain size during deformation and heat treatment. Furthermore, the starting 

microstructure also has an effect on the austenite grain size. The mechanical properties 

usually increase at the expense of each other, which means that if one increases the 

other could decrease. Using multiphase structures is one of the ways to overcome this 

problem. A study was undertaken by Nack Kim[170] using dual phase steel with the 

chemical composition of Fe, 2 %Si, 0.1 %C and with and without 0.09% V. Two different 

types of heat treatment of intercritical annealing and intermediate quenching were used 

to produce microstructures with different characteristics.  

   As received pearlite-ferrite microstructure and as received microstructure after being 

held for one hour and quenched to produce martensitic microstructure were used in the 

study. Both microstructures were followed by two-phase annealing at a temperatures 

range of 850 - 950 °C to obtain a variety of volume fractions of martensite. According to 

this study, the intermediate quenching treatment produced a memory effect 

microstructure. The martensite laths that were produced prior to intercritical annealing 

have nearly the same crystallographic orientations as the final austenite which nucleated 

and grew at the lath boundaries of ferrite after intercritical annealing treatment. Table 

2.2 shows the mechanical properties of dual phase steel for both heat treatments. 

   The microstructure produced by intermediate quenching has a much higher ductile to 

brittle transformation temperature than that produced by intercritical annealing. In other 

words, the intermediate quenching microstructure has low toughness which can only be 

controlled by austenite grain size because there is no resistance of crack propagation 

between the ferrite-martensite microstructure, whereas with the intercritical annealing 

treatment there is no memory effect, because the newly formed austenite does not have 

the same orientation as that of the parent austenite. 
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 Table  2-2 Mechanical properties of dual phase steel, adapted from Nack[170]. 

Heat treatment 
Amount of 
martensite 

(vol %) 

Strength (MPa)  Elongation (%) 
DBTT 
(°C) 

Energy 
absorbed 
at 25 °C(J) 

Yield 
strength 

UTS 
 

Uniform Total 

Intermediate quenching 23 393 766  15 22 10 38 

Intermediate quenching 40 413 871  10 15 11 33 
Intercritical annealing 14 404 747  16 24 -28 42 
Intercritical annealing 50 502 944  10 16 -26 32 

¶ Generally, quenching and tempering processes are used with some types of steel to 

increase their strength and toughness. Martensitic structure is mainly produced by 

quenching, while tempering is used to precipitate the dispersion of fine carbides in the 

alloy. The microstructure is one of the major factors that affects the mechanical 

behaviour of the quenched and tempered steel.  

2.9 Forging       

   Forging has been known for a long time. At first simple iron forgings were produced, 

where small pieces of hot iron were hammered to make wrought products. Over time the 

demand for more complicated forgings arose, which led to the start of significant progress 

in forging. Accordingly, metalworkers started to invent and design new die shapes, 

mechanical hammers, and presses. After that, a big development happened in forging 

machines in terms of increased power, capacity and size. Today forging is used to produce 

most kind of products for various applications, from small simple parts to large scale 

complicated shapes weighing hundreds of tons. In general, hot forging is a thermo-

mechanical process where a metal ingot or billet is preheated and then mechanically shaped 

to the desired shape by tools or dies.  

   The forged material (stock) traditionally is a cast ingot, but in some cases it is useful to 

produce forgings directly from continuously cast steel. There are some main types of 

general forging, which are usually divided according to temperature or the production 

process: extrusion, open die, ring rolling, rotary, and closed die[171]. As can see in figure 

2.44 by using forging we can create better and stronger parts, with good mechanical 

properties, than by machining or casting. This is because the metal during forging process is 

always forced to flow in a direction where the strength, resistance to impact and fatigue as 
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well as yield ductility should to be a maximum[172]. Furthermore the forging process causes 

refining of the metal structure, improved homogeneity of the cast ingot, and heals some 

defects such as voids. Moreover, from an economic aspect, the forging process can reduce 

the amount of machining required, if the size of the cast ingot is close to the shape of the 

final part. 

   
Figure  2-44 Differences between forged, cast and machined parts (a) Cast Bar (b) Machined Bar (c) 
Forged Bar[172].  

2.9.1 Large scale forging  

   The worldwide demand for increased energy efficiency in power generation or for 

drilling for oil in deeper seas means there has been a requirement for bigger sections and 

components for these systems[173, 174]. This has led to a requirement to produce bigger 

and bigger components. There are many kinds of steel used to produce large scale forgings 

including 34CrNiMo6 steel. This structural steel is suitable for large heavy forgings with high 

tensile strength properties and impact toughness, and for mechanical components 

subjected to high stresses.  

   Open-die forging (fig. 2.45) is usually used to manufacture large scale forgings from heavy 

elongated ingots. Consequently the machine dimensions, machine power, and holding 

equipment are the main important factors in open-die forging because they limit the size of 

the forged ingot which in turn will determine the size of the forged product. Large hydraulic 

presses or power forging hammers are usually used with open die forging; however, large 

hydraulic presses are commonly used with large-scale forgings - the capacity of some 

presses is in excess of 10,000 tons[175]. As a result of the size and weight of hot raw 

material (e.g. ingot) when removed from the furnace, and the finished products after 

forging, special equipment is needed to handle it. Large mobile manipulators (e.g. powerful 

tongs) are used to move these parts forward, back, or rotated around the longitudinal axis. 

a b c  
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These manipulators are free running or on a track; overhead travelling cranes and porter 

bars are also used[176]. 

   The major issues of large scale forging on the microstructure are less strain inside the 

forged component, where the penetration of plastic deformation differs from the surface to 

the core of metal, causing a difference in grain size between the central and surface zones. 

Also, a bigger variation in cooling rate leads to a large variation in the microstructure which 

causes the appearance of fine grains on the surface of the metal compared with coarse 

grains within the centre. N. Switzner[177] Studied the influence of strain rate as well as 

deformation temperature during forging process on the mechanical properties of the 

stainless steel. Four different forging machines were used to impart four different strain 

rates, and three different deformation temperatures were used with each strain rate. The 

results showed that by using a lower strain rate less strengthening occurred as a result of 

longer deformation times. Additionally, by increasing the strain rate the hardness become 

less variation within the metal as well as the yield strength become less sensitivity to 

variations in temperature. On the other hand the average hardness decreases and the 

hardness variation within the metal increases with increasing the temperature of 

deformation. 

 
Figure  2-45 The open die forging process and its resulting crystal structure[178]. 

2.10  Heat treatment 

To achieve the desired purpose, steel parts or products made for use in various applications 

are usually subjected to a heat treatment process. During heat treatment a series of factors 

can be modified to produce steel with good and uniform mechanical properties. The 
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microstructure, thus the required mechanical properties, can be improved by modifying 

some parameters involving austenite grain size, dissolution of carbide particles, cooling rate, 

and composition of the steel. Generally the purpose of heat treatment is to soften the metal 

to improve or to increase toughness and ductility, but also to increase or reduce hardness 

and strength depending on the heating temperature and cooling rate. In heat treatment 

some properties are often improved at the expense of others. Moreover, heat treatment is 

used to reduce internal stresses when the metal has been exposed to high stress during 

deformation. In the case of large scale parts, the temperature differences between the 

outside and inside of the piece should be taken into consideration during heating and 

cooling. If the gradient is too big it can cause a difference in the microstructure which may 

lead to warping or cracking the piece. TTT and CCT diagrams are usually used in heat 

treatment to help determine suitable heat treatment conditions such as holding time and 

cooling rate. Some heat treatment processes include annealing, normalising, tempering and 

quenching. 

2.10.1 Annealing and Homogenizing 

    The annealing process is a generic term denoting a heat treatment in which steel is 

austenitised for a period of time at an elevated temperature above the A3 transformation 

temperature for hypoeutectoid steels and between A1 and Acm transformation temperatures 

for hypereutectoid steels, followed by slow cooling, usually in a furnace[179]. If the 

hypereutectoid steel is heated above Acm, proeutectoid cementite forms along the grain 

boundaries when the low cooling rate is used; these carbides helps cracks to propagate and 

render the steel brittle[180]. In full annealing slow cooling causes the transformation of 

austenite to coarse pearlite and ferrite or cementite. As can be seen in Fig. 2.47, the most 

important parameters are temperature and cooling rate to produce slightly fine or coarse 

microstructure in a full annealing process.  

   Generally, the annealing process aims to reduce internal stresses and produces a 

microstructure which provides good machinability, high softness, and moderate strength. 

Fig. 2.46 shows the different stages of the full annealing process, where it can be seen that 

in hypo-eutectoid steels the annealing temperature decreases with increased carbon 

content, while it is nearly constant below Acm temperature for hypereutectoid steels.  
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However, the homogenising process is defined as annealing of as casting ingots at a high 

temperature of nearly at or above 1100 °C and holding it for enough time (sometimes 

extending to hours) to minimize or eliminate local differences of segregation or chemical 

concentration gradient by diffusion. Furnace cooling is used with this process[181]. 

 
Figure  2-46 A side of the Fe-C phase diagram representing the full annealing, as 
well as normalizing ranges temperature[182]. 

2.10.2 Normalizing 

   Normalizing is a heat treatment process consisting of heating the steel to an elevated 

temperature in the austenite zone, holding for a period of time sufficient to allow the alloy 

to completely transform to austenite, and then cooling slowly, usually in still  air, to produce 

a uniform and fine ferrite-pearlite microstructure. As represented in Fig. 2.46, the 

normalizing temperature for hypoeutectoid steels is above the full annealing temperature 

zone which is about 30 - 80 °C above the A3 temperature. For hypereutectoid steels 

normalizing is usually performed only in special cases and the normalizing temperature is 

about 30 - 80 °C above the Acm temperature[183]. The main differences between annealing 

and normalizing in regard to normalizing are the higher austenitising temperatures to 

ensure that most carbides are dissolved, and the faster cooling rate which means a finer 

ferrite and pearlite microstructure is produced. Moreover, normalized steel has a higher 

hardness and strength, and a  lower ductility than annealed steel[184].  

   The main objectives of the normalizing process are production of a good uniformity in the 

austenitic structure and refining the grain size that usually become coarser after hot 

http://www.substech.com/dokuwiki/doku.php?id=diffusion_in_alloys&DokuWiki=a123a387b09a094c3bf07a55fafe908f
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deformation processes at high temperature, and in some cases is applied for better 

machinability of low carbon steels. For instance, after hot deformation the steel 

microstructure becomes non-uniform in the longitudinal and transverse directions and the 

grains become irregularly shaped and relatively large, thus this will cause a difference in 

mechanical properties between the two directions. To get the same mechanical properties 

in all directions the normalization process has to be applied.  

   Also, after hot forging, especially with large scale forgings with different cross sections, the 

micro structures will be heterogeneous because of different cooling rates. In such a case, 

the normalizing process will also help to make the microstructure uniform[185]. One of the 

main parameters of the normalizing process is the cooling rate, but in large scale products 

this parameter is not controlled, where the resulting microstructure structure is dependent 

on the thickness. Therefore the normalizing process is considered more effective for 

improving the mechanical properties of thin products[186].  

 
Figure  2-47 Schematic time temperature cycles for normalizing and full 
annealing and the slow cooling results in higher temperature transformation 
to ferrite and pearlite and coarser microstructures than does normalizing 
(Courtesy of M.D. Geib, Colorado School of Mines)[187]. 

2.10.3 Hardening (quenching) 

      Conventional hardening is a heat treatment process involving heating the steel to 

temperature in the austenite zone, holding for a period of time sufficient to complete the 

transformation of the whole microstructure to austenite, and cooling at a very fast (rapid) 

rate to room temperature or in some cases below room temperature. The cooling rate, 

which is usually a function of a steel chemical content and the austenite grain size, is applied 
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rapidly to avoid the formation of ferrite, pearlite or bainite[188]. When a good hardenability 

steel is quenched in water the resulting microstructure will be martensite which is a very 

strong structure and, depending on the carbon content, this structure has a good hardness 

and strength but at the same time is very brittle. 

   Various cooling media are applied for different purposes with the steel and the most 

common media used are water, forced air, oil and brine. These different cooling media are 

selected according to the cooling power needed, to avoid or minimize the risk of quench 

cracks and distortion[189]. In large scale products, especially those with low hardenability, 

there is usually a difference in temperature between the surface and the centre during rapid 

cooling. This difference occurs when the surface is fully cooled while the core remains hot 

(unquenched). Therefore, special quenching tanks with good cooling regimes are used to 

reduce the difference to the minimum[190]. 

2.10.4 Tempering  

   After hardening with a rapid cooling rate steel usually becomes harder than is necessary, 

too brittle, and has severe internal stresses which make it difficult to use in most 

applications. Therefore the tempering process is used to relieve internal stresses, reduce 

brittleness, and produce a good tough microstructure. Tempering consists of heating the 

martensitic steel to a selected temperature which is below the lower transformation 

temperature (A1), holding for specified time period and then permitting the metal to cool to 

achieve the required combination of mechanical properties[191]. The most important 

variables related to tempering that affect the microstructure and thus the mechanical 

properties are tempering temperature, holding time at that temperature, and the steel 

chemical composition[192].  
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Figure  2-48 Tempering diagram for SS 2541 (34 CrNiMo 6). 
Diagram applicable to bar stock 50 mm (2 in) in diameter, oil 
quenched from 850°C[193]. 

2.10.4.1 Tempering temperature 

   The tempering process is usually performed directly or shortly after hardening. In some 

cases tempering is carried out as soon as the hardening temperature approaches 50 °C. The 

reason is that the steel may crack if it is cooled to room temperature before tempering. 

There are many ways to heat the steel to tempering temperature, including conventional 

muffle furnaces, convection type furnaces, gas flame or electric induction furnaces. The 

tempering temperature can be identified according to the superficial colour during heating, 

where the steel surface changes as the temperature increases, and this becomes easier to 

distinguish especially at high temperatures[194]. Larger product sizes require more time for 

heating to the tempering temperature. Moreover, with large and complicated products slow 

heating is preferable, because rapid heating can induce undesirable stresses on the surface 

according to increase of surface layers in volume, which leads to the occurrence of cracks. 

However, some investigations observed that the time required to heat pieces up to the 

tempering temperature is more or less independent of the temperature[195]. 

In the tempering process time and temperature are interdependent variables, where by 

finding the appropriate combination of length of holding time and tempering temperature a 
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range of mechanical properties can be achieved. However, in terms of effectiveness, 

tempering temperature has more influence than holding time, as minor changes in 

temperature have more effect than minor changes in time. In regards to the tempering 

time, several publications report an old rule called rule-of-thumb which says that the 

tempering time should be from 1-2 hours for each 25.4 mm of section thickness[195]. The 

one thing missing in this rule is that it does not say if the time is counted directly the work 

piece enters the furnace, or when it reaches the required temperature. Often the tempered 

parts are placed in the furnace at a temperature below tempering temperature which 

means a longer time is required to reach the tempering temperature, especially with large 

scale parts. Accordingly, the tempering time starts the moment the furnace reaches the 

required tempering temperature. As seen in Figure 2.48, at room temperature strength and 

hardness decrease with increased tempering temperature, while ductility, which is 

measured by either reduction of area and elongation, increases with increased tempering 

temperature[196]. 

2.10.4.2  Holding time of tempering process 

   The carbides formed during tempering because of the diffusion of carbon and alloying 

elements depend not only on the temperature, but also on the holding time at that 

temperature. Hollomon and Jaffe [197], among others have developed an empirical 

tempering parameter which links hardness, time, and temperature of tempering as follows:    

                                                  ὖ ὝὯ ÌÏÇὸ                                                                              2-12 

Where P is a parameter linked to the tempering process (corresponding to a hardness 

value), T is temperature (kelvin), k is a constant, and t is time (hours). Extensive tests were 

performed to ensure the validity of this expression to be applied to all steels. The results 

showed good correlations especially with quenched and tempered low and medium alloy 

steels, with the exception of when big quantities of retained austenite are exist[198]. An 

example of the influence of tempering holding time on hardness (at room temperature) 

applied to 0.82 %C steel tempered at different temperatures is shown in Fig. 2.49. As we can 

see, the hardness decreases with increased holding time which is presented on a logarithmic 

scale. 
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   In the first 10 seconds the change in hardness is clear and rapid. As these changes 

continue the effect becomes less and less with increased holding time, with smaller changes 

occurring between 1 and 2 hours. This effect becomes more important in high temperature 

than in low temperature. So, for consistency and to reduce the dependency on variations in 

holding time, or in case of absence of information, a tempering time of 1-2 hr is 

recommended[199]. 

    In this study the tempering time for a large ingot of 34CrNiMo6 steel was 1 h for each 

25.4 mm, calculated as twice the quenching time, which was 1/2 h for each 25.4 mm. The 

cooling rate from tempering temperature also has an impact on the microstructure and thus 

on the mechanical properties. Toughness, which is measured by notched bar impact testing, 

is the property most affected by cooling rate, and can be reduced if a slow cooling rate is 

used through specific temperature ranges. This phenomenon, called temper embrittlement, 

occurs more in steel that contains carbide forming elements[200]. 

 

Figure  2-49 Influence of time on room temperature hardness of 
quenched 0.82 %C steel at four different tempering temperatures[199]. 

2.10.4.3 Tempering of martensite  

   The martensite formed during quenching is not an equilibrium microstructure, and thus its 

transformation to become a stable phase occurs only at room temperature and takes place 
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over a very long period of time. There are many stages for microstructure transformation 

that are passed during continuous rise of tempering temperature for carbon steel, where 

different temperature ranges will give different characteristics in terms of microstructure 

and mechanical properties. 

    Porter and his partners[201], summarized in Table 2.3 the transformation mechanisms 

during different tempering temperatures from as quenched martensite microstructure 

starting from room temperature. As can be seen from the table, there is a big overlap 

between the ranges of tempering temperatures, and also these given ranges are only 

approximate[202].     

Table  2-3 transformation occurring during tempering of ferrous martensite, adapted from Porter [201]. 

Temperature 

(°C) 

Transformation Remarks 

25-100 Carbon segregation to dislocations and 

boundary; preprecipitation clustering 

and ordering 

Clustering predominant in high-carbon 

steels 

100-200 Transition-carbides precipitation, 

diameter 2 nm (first stage of tempering) 

/ŀǊōƛŘŜǎ Ƴŀȅ ōŜ ʹόCŜ2/ύ ƻǊ ʶόCŜ2.4C) 

200-350 Retained austenite transforms to ferrite 

and cementite ( second stage) 

Associated with tempered martensite 

embrittlement 

250-350 Lath-like Fe3C precipitation (third stage)  

350-550 Segregation of impurity and alloying 

elements 

Responsible for temper embrittlement 

400-600 Recovery of dislocation substructure; 

Lath-like Fe3C agglomerates to form 

spheroidal Fe3C 

Lath structure maintained 

500-700 Formation of alloy carbides (secondary 

hardening or fourth stage) 

Occurs only in steels containing Ti, Cr, 

Mo, V, Nb, or W; Fe3C may dissolve 

600-700 Recrystallisation and grain growth; 

coarsening of spheroidal Fe3C 

Recrystallisation inhibited in medium-

carbon and high-carbon steels; 

equiaxed ferrite formed 
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2.10.4.3.1 Stages of tempering martensite  

   Several authors [203-206] have written about the stages of the mechanism of as quenched 

martensite during tempering, which is divided into four main stages. The transformations 

were almost the same, but the ranges of the tempering temperatures were a little different. 

The reason for that is these temperature ranges are approximate because they depend on 

tempering time. Furthermore, all the mentioned authors started the first stage from a 

tempering temperature of 100 °C, unlike Porter[201] in Table 2.3, in which the range of 

temperature started from 25 °C where the carbon atoms rearrange in martensite crystals 

and segregate to dislocations and boundaries.  

First stage 100-200 °C     

   The transition carbides formed in this stage, which is a carbon rich phase, called epsilon (ʁ ύ 

ƻǊ Ŝǘŀ όʹύ-carbide, are precipitated in the martensite and are very small and metastable; 

their instability increases with increasing the tempering temperature. The precipitation of 

these carbides depends on the percentage of carbon in the steel. According to some kinetic 

researches the tempering process in this stage is depending on the diffusion of carbon 

through the martensite[207]. Although the carbon in martensite is reduced to 

approximately 0.25 %[203], the martensite is still supersaturated with carbon, which will be 

subject to further decomposition when heated to a higher temperature. In this stage of 

tempering the precipitation of carbides improves toughness, but also leads to a slight 

decrease in hardness compared to that of as quenched martensite.  Therefore the high 

strength and hardness are kept nearly the same, because the low tempering temperature 

contributes to make the transition carbide particles very small in size and causes little 

change in the dislocation substructure of the as quenched microstructure[208]. 

Second stage 200-350 °C     

   In this stage the untransformed austenite during quenching is decomposed. The existence 

of retained austenite in the microstructure is rather difficult to observe directly especially if 

it exists in low concentrations. The percentage of retained austenite becomes significant 

only in high carbon steels. Many authors mention that the retained austenite during this 

stage transforms to ferrite and cementite, while others such as Thelning[203] state that the 
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retained austenite decomposes to bainite. Moreover, Bhadeshia suggests that in this stage 

the retained austenite decomposes to bainitic ferrite and cementite, but there is not much 

evidence available to confirm this[209].  

   Figure 2.50 shows that in the as quenched specimens of 4340 (~  34CrNiMo6) and 4140 

steels, the percentage of retained austenite was small and this amount decreases with 

increasing the tempering temperature. The transformation of retained austenite in these 

types of steels starts just above tempering temperature of 200 °C and is nearly completed at 

about 300 °C, and the cementite becomes more in the microstructure at a tempering 

temperature higher than 300 °C[210].  

   Impact toughness and fracture toughness (Kic) could be improved because of the presence 

of the retained austenite films between the martensite laths, but this improvement will be 

reflected, and toughness will decrease with increasing of tempering temperature due to an 

increase in decomposition of the retained austenite; this is called tempered martensite 

embrittlement[211]. Thomas[212] mentions that tempering martensite embrittlement can 

be retarded at a higher tempering temperature, if the precipitation of cementite during 

tempering can be delayed through adding some alloying elements. For example, by adding 

Mn and Ni the amount of retained austenite can be increased; consequently through using 

these elements, the precipitation of cementite can be accelerated or retarded.    

 
Figure  2-50 Retained austenite and cementite as a function of tempering 
temperature in 4340 and 4140 type steels. The amounts of the phases were 
determined by Mössbauer spectroscopy[213]. 
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Third stage 250-400 °C     

   During this stage of tempering, more carbon combines with iron and transforms to very 

fine cementite particles (Fe3C). These small particles precipitate within the martensite and 

ƎǊƻǿ ŀǘ ǘƘŜ ŜȄǇŜƴǎŜ ƻŦ ǘƘŜ ʶ-carbide. The cementite formed has an orthorhombic crystal 

ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǳǎǳŀƭƭȅ ƻŎŎǳǊǎ ŀǎ ²ƛŘƳŀƴǎǘ ǘǘŜƴ ǇƭŀǘŜǎΦ Lƴ ƘƛƎƘ-carbon steels, the cementite 

precipitates along the twin boundaries of martensite and also nucleates at prior austenite 

grain boundaries or interlath boundaries[214]. Several researchers[212] found that 

toughness decreases sharply when secondary interlath and intralath cementite were 

precipitated during tempering[215].  

   These precipitated interlath or intralath carbides may create crack nucleation sites, thus 

producing a brittle fracture. Two fracture paths are produced: intergranular with regards to 

tempered martensite, as well as transgranular with regards to the prior austenite. This 

means the Fe3C particles in this stage start with nucleation then extend dramatically 

through the austenite grains, which will become weak due to the segregation of residual 

elements such as phosphorous in the prior-austenite grains before quenching[216].  

Fourth stage 400-700 °C  

In this temperature range the cementite particles continue to grow and coarsen and with 

increased tempering temperature these particles become spheroidized. Moreover, 

recrystallisation also happens at the end of this temperature range, where the martensite 

lath boundaries will gradually disappear after starts replace it by equiaxed ferrite grain 

boundaries. Consequently, the final microstructure will become coarse spheroidized 

particles of cementite and equiaxed grains of ferrite[217]. 

2.10.4.4 Tempering of bainite 

   There are several variations in behaviour between tempering bainite and tempering 

martensite, but one of the most important differences is the amount of carbon in the solid 

solution. Most of the carbon is precipitated or partitions during bainite reaction from ferrite 

which caused a reduction in the amount of carbon in solid solution, making it less sensitive 

to additional tempering heat treatment[218]. Furthermore, bainite exposes to autotempers 
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process during transformation, thus the tempering process usually performed much more 

gently. Moreover this carbon particles, which is in the cementite form is usually coarse 

compared with those produced during tempered martensite. Therefore, the influence of 

tempering heat treatment process with bainite will be less than the martensite when the 

same steel is used. Unlike martensitic steels, a small variation in the carbon content has 

little influence on the tempering of bainite. Carbon content usually has strong effect on solid 

solution strengthening when precipitates during tempering as in the case of tempered 

martensite. However, in the case of bainite, the presence of coarse carbides makes less 

contribution to strength, which means that the tempering process response is relatively 

insensitive to the big carbon concentration[219]. 

   A hardness test could be used to quantify the softening process (tempering process). 

Before the tempering temperature reaches recrystallisation region, hardness is kept 

constant or has little variation during different tempering temperatures, while this steady 

behaviour is changed as soon as the tempering temperature reaches the recrystallisation 

region where the ferrite changes its morphology to equiaxed ferrite and the cementite 

spheroids coarsen considerably, so producing a more rapid softening. 

2.10.5 Tempering embrittlement 

2.10.5.1 Introduction  

   Temper embrittlement (TE) is characterized by the conspicuous reduction in impact 

toughness that occurs on tempering through a high specific temperature range. This usually 

happens through the ageing of low alloy steels within a critical temperature range 

(isothermally embrittled) or by slow cooling through the same temperature range. TE can be 

avoided in a simple way if possible by heating the steel above the critical temperature e.g. 

600 °C and then quenching[220]. The components that may be affected of TE that are used 

at high temperature up to 550 °C such as steam turbine, some of vessel steels, and turbo-

generator rotors, where the impact toughness dramatically drop according to reversible TE. 

The study of reversible TE usually revealed by the notched bar impact test, where the 

ductile-brittle transition temperature (DBTT) was raised and the energy become lower. 

Furthermore the trans-granular fracture mode will changed to an Intergranular 
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embrittlement below the DBTT[221]. Fig. 2.51 shows the effect of reverse temper 

embrittlement on the fracture appearance transition temperature (FATT) properties of low 

alloy steel. The FATT is basically a particular energy recorded at which the fracture is 50 % 

ductile and 50 % brittle. This FATT depends on the impurities segregation along the 

austenite grain size, hardness, and the prior austenite grain size[222]. 

 
Figure  2-51 Influence of reverse temper embrittlement on the fracture 
appearance transition temperature properties of low alloy steel[222].  

      Reversible TE has been studied for many decades and has only recently been clearly 

understood after surface analysis equipment, which has the capability to detect the grain 

boundary segregation on an atomic scale, became available. The effect of TE is increased 

with segregation of certain metalloid elements and impurities to grain boundaries, creating 

weak spots in the structure. The most detrimental impurities are phosphorus (P), tin (Sn), 

antimony (Sb), and arsenic (As) which reduce the intergranular cohesion of iron. 

Furthermore many of these impurities cause conspicuous reduction in the surface energy of 

iron which causes the grain boundary energy to lower, thus reducing cohesion. Cr-Ni steels 

are the most susceptible to TE in alloy steels, which is usually used to produce large scale 

products. In Cr-Ni steels the TE effect is attained by segregation of Sb, Sn and P and the 

segregation level of each impurity also grows with the Ni content [223]. Cr-Mn steels also 

have a high embrittling effect which is attained by segregation of P and Sb. 
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2.10.5.2  Cr-Mo Steel 

      Temper embrittlement (TE) is a phenomenon that usually appears in alloy steels. 

Unfortunately the alloying elements most used with steel, such as Mn, Cr, and Ni, enhance 

temper embrittlement. These elements have a weaker effect when used separately than 

when combined. Moreover, the amount of the element also plays a big role in TE; for 

example, a small amount of Mo, between 0.2 % and 0.3 %, can reduce TE, while greater 

additions of Mo promote the effect of TE. The effect of Mo on delay of TE depends on 

interaction with other alloy elements such as Mn, Si, Cr and P. The role of Mo is basically to 

reduce susceptibility to TE and this is attributed to a positive interaction between 

molybdenum and phosphor[224]. McMahon and Jr[225] pointed out that Mo will decrease 

its potential as phosphorus scavenger due to formation of carbide particles. Moreover 

Dumoulin and co-workers[226] found that if the amount of phosphorus in the steel is less 

than or equal to 0.02 %, the Mo which is located in solid solution will prevents this P from 

segregating to the grain boundary through binding with it to form Mo-phosphides. If the 

amount of P is more than 0.03 %, the Mo which is located in the grain boundaries will 

reduce the embrittling effect caused by the phosphorus atoms.  

2.10.5.3 Effect of Mn and Si 

   Mn and Si are alloying elements that can affect the mechanical properties of steel, where 

both Si and Mn are used as deoxidisers and improve strength and hardness, but this 

improvement is less with Si than with Mn. Moreover, Mn, as well as being one of the least 

expensive elements contributing to hardenability and used as a sulphur scavenger, also 

contributes to embrittlement. These two elements (Mn, Si) tend to promote susceptibility to 

temper embrittlement, but their segregation mechanisms are different. Mn co-segregates 

with P to grain boundaries whereas an interaction of Si and P accrues in Fe[227]. 

Phosphorus is the principal contributor to promote TE, especially when its amount increases 

to more than 0.015 %. Mn and Si each have an undesirable influence with this amount of P, 

together promoting P segregation very strongly[228]. Commercial steels such as Cr-Mo 

generally contain Mn and Si in certain amounts mainly because of the benefits mentioned 

above.  
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2.10.5.4  Effect of sulphur 

   Sulphur is an element that is usually combined with manganese to form manganese 

sulphide, one of the common non-metallic inclusions in steel.  This non-metallic compound 

(MnS) contributes to impairing some of the mechanical properties of steel such as Charpy V-

notch impact toughness, ductility and fracture toughness (Kic) according to the sulphur 

content and the shape and the size of MnS[229]. Therefore the sulphur does not cause 

reversible temper embrittlement, but segregates to the grain boundaries, which reduces the 

cohesion strength and produces an intergranular fracture of iron[221]. The fracture energy 

decreases in proportion with both the amount of intergranular fracture and the energy 

necessary to fracture the grain boundaries depending on the segregation of the amount of 

impurities and other residual elements[225]. Moreover the sulphur content contributes to 

impair the notched toughness which is represented by increasing the transition 

temperature[229].  

2.10.5.5 Effect of Ni 

   Nickel is used to produces alloy steels in combination with other elements to improve 

some mechanical properties; for example, with chromium to improve impact strength, 

toughness, hardenability, and corrosion resistance. Smaller amounts of nickel are added to 

alloy steels to increase toughness at low temperatures, while large amounts are added to 

produce high chromium stainless steel which has a high ability to resist corrosion and heat 

resistance[230]. The presence of Ni decreases the solubility of phosphorus ƛƴ ʰ-Iron, and 

this solubility decreases even more with the presence of Cr. Moreover Cr is more effective 

than Ni in producing P segregation and embrittlement in steels[231]. Tin (Sn) is also one of 

the elements that induces severe embrittlement and co-segregates with Ni.  

2.10.6 Multiple heat treatment  

   Double heat treatment processes in one heat treatment cycle are used in some cases to 

achieve or improve the desired mechanical properties of alloys, such as toughness or 

ultimate tensile strength. There are several types of heat treatment generally used with 

steel alloys. In our study normalizing, quenching, and tempering processes were used 

among those heat treatments when large-scale forgings are manufactured. Double 
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normalizing, double quenching, and double tempering processes are required in certain 

heat treatment cycles in different arrangements to confirm completion of these processes 

and to promote stability of the final microstructure. 

2.10.6.1 Double normalizing 

   The main aim of the normalizing process is to reduce internal defects, produce a 

homogeneous microstructure, uniformly distribute carbides and refine austenite grain size 

before hardening. In some types of low alloyed steel, especially with casting and forgings of 

large dimensions, double normalizing is usually applied as a way to improve the mechanical 

properties. The first normalizing process is done at a temperature from 50 to 100 Cꜛ higher 

than that used for conventional normalizing, while the second normalizing process is done 

at conventional normalizing temperature[232]. Polushin and his co-workers[233] studied 

the influence of heat treatment on the structure and mechanical properties of steels with 

different amounts of chromium. They mentioned that, after using a double normalizing 

process followed by tempering process, a difference in grain size with the presence of 

coarse carbides together with their high dispersion was established. Furthermore, Jung[234] 

and his colleagues concluded that the microstructure and grain size of double normalized 

steel became equiaxed and fine due to homogenizing and recrystallisation through double 

heat treatment. 

2.10.6.2 Double quenching 

   Quenching is commonly used to harden steel through producing a martensite phase within 

the microstructure. However, in some cases, this process is done twice in the same heat 

treatment cycle in an attempt to improve grain size refinement or to increase the 

percentage of martensite within the microstructure. A study was done by Lee and 

Hong[235] about the effect of double quenching on the grain refinement of bearing steels. A 

double quenching process was performed for heat treatment of high carbon chromium 

bearing steels for the purpose of improving the fatigue properties through refinement of 

the microstructure. The study concluded that when the double quenching process was used, 

the prior austenite grain size has been refined, thus leading to improvement in the tensile, 

impact, and high cycle fatigue strengths and the elongation. 
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    Several studies have mentioned that the double quenching process is usually related to 

the carbon content in some heat treatments. For instance, in some kinds of steel that are 

adapted to the difference in carbon content between the case and core such as occurs in 

the carburised process, double quenching is not often used because of the resulting 

distortions that could be caused by two subsequent martensitic transformations[236]. 

Edward and Nisbett[237] mentioned that in such a situation the double quenching cycle is 

sometimes used consistent with the difference in carbon content between the case and 

core. So that, the first process is done at a higher temperature consistent with the core 

carbon content for grain refinement, while the second process is done at a lower 

temperature more consistent with the carbon content of the case, both the cycles being 

followed by oil quenching. 

2.10.6.3 Double tempering 

   As is known, the tempering process is used after hardening to reduce brittleness and to 

increase the toughness of iron-based alloys through tempering the martensite. In some 

cases not all the austenite transforms to martensite after hardening, but remains as 

retained austenite. During the first tempering process and after a time the untransformed 

austenite does convert to martensite. This martensite is not tempered in the first cycle, 

therefore the second cycle of tempering will help to transfer this martensite and enhance 

stability of the resulting microstructure. Moreover, double tempering also helps to 

spheroidize and reduce the harm of inter-lath carbides formed by the transformation of 

retained austenite[238]. 

   The double tempering process could be useful with some, but not all, types of alloy steels. 

For instance, it will be of benefit with alloy steels that have a high hardenability and high 

possibility for retained austenite after the first quenching and tempering processes, 

whereas in steels that are used to produce large scale products, such as heat treatable alloy 

steels that form bainite after tempering, or that already have a bainitic structure after 

hardening, tempering will not be needed more than once. After the initial tempering 

process, if the required hardness is reached, the second tempering process must be carried 

out at a temperature less than 10 to 30 °C below the first tempering temperature to 

maintain the hardness from reduction[239]. 
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2.11  Hardenability 

   One of the aims of heat treatment of steel is very often to obtain a suitable degree of 

hardness, and this hardness should be high enough a certain depth from the surface; this 

phenomenon is called hardenability. Therefore, hardenability is known as the capability of a 

steel alloy to form a partial or complete martensite phase (i.e. Percentage) at a certain 

depth when quenched or cooled under some given conditions from a temperature above 

the upper critical temperature[240]. Worldwide demand for producing heavy sections, such 

as those used in power generation or for drilling for oil in deep seas that need to fulfil 

certain mechanical properties in their internal position, has increased. A large scale billet 

quenched in water or oil will cool more slowly than a small billet when the same treatment 

conditions are used, which means that the smaller diameter is more expected to become 

entirely martensitic, while a billet of large diameter will become partially martensitic[241]. 

Therefore the issue of the level of hardenability could be an important factor in design of 

these large scale products. Fig. 2.52 represents a plots of the depth below the steel surface 

versus hardness using three different test pieces with diameters of 25, 50, and 100 mm after 

oil quenching[242]. 

 
Figure  2-52 Depth of hardening in different dimensions after oil quenching (AISI 
01). Test piece 25 mm diameter hardened from 800 °C in oil. Test piece 50 mm 
diameter hardened from 820 °C in oil. Test piece 100 mm diameter hardened from 
840 °C in oil[242]. 
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2.11.1 Hardenability for small and large scale sections  

   The depth of hardening is important for many manufactured parts, and the hardness 

distribution along the cross section is related to factors such as quenching medium, 

quenching effectiveness, the cross section size and sometimes the oxidation layers that 

form on the surface[243]. These factors can affect the internal cooling rate, consequently, 

this effect will reflect on the microstructure and hardness as well. In other words, the 

heavier the section to be hardened the smaller the depth of hardness found, which means a 

lower cooling rate is used in the core[244]. Figure 2.53 shows the schematic for CCT diagram 

with two cooling curves for the outer surface as well as the core of an oil quenched bar. 

From this figure can be seen that the surface cooling curve which represents the high 

cooling rate passes in front of the ferrite and bainite noses where the resulting 

microstructure will be only martensite, whereas the core cooling curve which represents the 

low cooling rate passes through the bainite area and as a result some bainite will be 

expected in the core microstructure (See Fig. 2.29); thus the core hardness will be 

reduced[245]. In large scale forgings, if the hardenability is not high enough it results in 

significant variations in cooling rate leading to a large variation in microstructure, which 

causes the appearance of fine grains on the surface of the metal compared with coarse 

grains within the centre. In summary, high hardenability steel is the steel which can produce 

martensite microstructure even at a really low cooling rate. 

 

Figure  2-53 Schematic illustration of the cooling curves for the surface and centre 
of an oil quenched bar with 95 mm diameter. The surface microstructure is wholly 
martensitic; the core contains some upper bainite[242]. 
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2.11.2 Calculation of ideal diameter from the chemical composition  

   The hardenability of steel can be determined independently of the quenching medium. 

Grossmann and his co-workers[246] produced a method to calculate the ideal diameter (Di) 

by using the amount of each element in solid solution at austenitising temperature and the 

austenite grain size. Di is the bar diameter of a given steel that yields a structure and 

produces 50 % martensite at the centre when the surface is cooled at an infinitely rapid rate 

(H=Ð). H is a factor representing the coefficient of intensity of a quenching medium and this 

factor can have different values depending on the type of cooling and agitation[247]. Table 

2.4 shows the H values for oil, water, and brine under various rates of agitation. As can be 

seen from the table, the agitation rate has a big effect on the H factor. 

   To determine the total Di value, first the curve shown in Figure 2.54 should be used to 

calculate the hardenability of the steel as a function of carbon content and austenite grain 

size. Second, from the curve shown in Figure 2.55 hardenability of each alloying element 

present in the steel composition should be calculated according to the weight 

percentage[249]. Finally, the total hardenability of steel calculated by multiplied the two of 

previous hardenability values together as shown in the equation below[250] to get the DI 

(inch) value. 

Di (in) = fC% * fMn% *  fCr% *  fMo% *  fSi%  *f Ni%*fMn% ΧΧΦΦ 

Table  2-4 Shows the  Grossmann quenching intensity factor H at different cooling media,  

adapted from Thelning[248]. 

Agitation 
H Value (in.-1) 

Oil Water Brine 

None 0.25 - 0.30 0.9 - 1.0 2.0 

Mild 0.30 - 0.35 1.0 - 1.1 2.0 - 2.2 

Moderate 0.35 - 0.40 1.2 - 1.3  

Good 0.4 - 0.5 1.4 - 1.5  

Strong 0.5 - 0.8 1.6 - 2.0  

Violent 0.8 - 1.1 4.0 5.0 
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   The critical diameter (Dcrit) is the diameter of a bar that has 50% martensite at its centre, 

and in practice the Di value is used to determine the Dcrit for various quenching media uses 

for that several converting charts represented the correlation between the Di and Dcrit for 

any given quenching severity H[248]. 

  
Figure  2-54 The ideal critical diameter 
(DI) as a function of the carbon content 
and austenite grain size for plain carbon 
steels, according to Grossmann[251]. 

Figure  2-55 Multiplying factors for different alloying 
elements when calculating hardenability as DI value, 
according to AISI[252]. 

2.11.3 Methods to improve hardenability using alloying elements  

      Alloying elements have a big influence on depth of hardness; accordingly, the best way 

to improve or increase hardenability is by adding some alloying elements like Mn, Nb, Mo, 

V, Ni, Cr, Cu, and Si to steels. These elements basically delay the time required to form 

bainite and ferrite-pearlite microstructure, that is, produce martensite by using a slower 

cooling rate. The alloying elements can reduce the rate of austenite decomposition in two 

main ways, by retarding either the growth rate or the nucleation rate of ferrite-pearlite or 

bainite. According to effect these elements can be divided into two types; Ferrite stabilizers 

(V, Cr, Mo, Si) that increase the A1 temperature, and austenite stabilizers (Mn, Ni, Cu) that 

reduce A1 temperature[253].  

   Figure 2.56 shows the two different TTT diagrams for low alloy steels with various 

concentrations of chrome and molybdenum that were used in the first curve and chrome, 

molybdenum, and nickel that were used in the second curve. Comparing the two curves we 

can see that in the second curve, when the amount of Cr and Mo were modified and 1.8 % 

Ni was added to the steel, the curve shifted to the right and also tended to form two distinct 
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knees, one for pearlite formation and one for bainite formation. Therefore, alloying 

elements such as Cr, Mo, and Ni, which are usually added to steel improve hardenability by 

shifting the pearlite C nose in the TTT diagrams to the right which gives a longer time during 

cooling to form martensite[254]. 

  
Figure  2-56 TTT diagram for two commercial low alloy steels of which contain roughly 0.4 %C and 
1 %Mn. In addition (c) contains 1.0 %Cr and 0.2 %Mo, and (d) contains 0.8 %Cr and 0.3 %Mo, and 
1.8 %Ni[255]. 

   During transformation of austenite partition will occur to form ferrite and pearlite. At 

equilibrium the alloying elements in pearlite will partition between ferrite and cementite in 

different concentrations through keeping or rejecting it during the process of nucleation and 

growth. Carbide forming elements such as Cr will concentrate in the cementite whereas 

elements such as Si will concentrate in the ferrite. However, in comparison with carbon that 

is form of interstitial solid solution, these elements are really slow to produce partition 

which therefore reduces the pearlite growth rate. The pearlite growth rate increases as fast 

as substitutional diffusion of alloying elements allows for partition to occur, which means in 

other words reducing the diffusivity of these elements retards the formation of ferrite, 

pearlite and bainite. The probable diffusion route for substitutional elements is through the 

ʴκʰ and ɹ /cementite interface[256]. 

   Fig. 2.57 shows the partitioning of alloying elements in Fe-0.6 wt% C-0.85 % Cr-0.66 % Mn-

0.26 % Si steel transformed at 597 °C for 2 mins[256]. As can be seen in this figure, when the 

variations of alloying elements are measured in this steel during the formation of pearlite, Si 

does not have solubility in carbide, thus partition is needed to reject Si into ferrite. In the 

case of Mn, the solubility in carbide is a bit higher but the partition of Mn can be attributed 
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to the same reason. The situation with the chromium is inverted where the Cr dissolves in 

the ferrite until the saturation state, then the excess Cr is rejected to the ferrite boundary, 

producing a partition and then precipitating as carbide. 

 
Figure  2-57 Schematic diagram showing the measured variations of alloying elements 
in pearlite. These measurements were made using a time-of-fight atom probe[257]. 

   Porter and his co-workers[253] also mentioned that the effect of austenite stabilizer 

elements such as Ni is different, where it is possible for pearlite to grow without partitioning 

under conditions of sufficiently high undercooling, which means that it (Ni) can be accepted 

either in ferrite and cementite without need for substitutional diffusion. However, the 

growth rate of pearlite will still be lower than in binary Fe-C steel because the concentration 

of Ni in the ferrite and cementite will raise their free energy, whereas with strong carbide 

forming elements such as Cr they suggest that these elements can reduce the growth rate of 

pearlite by a solute drag effect on the moving ɔκ hinterface. 

    Figure 2.58 shows the different hardenability curves for five alloy steels that have 0.40 %C 

and various contents of other alloying elements. From this figure we can see that all five 

alloys have nearly the same value of hardness at the end of the quenching where 100 % 

martensite is present, and this hardness is usually a function of the carbon amount only. As 

the Jominy distance increases towards the centre, the hardenability curves begin to change 

either by continuing or declining according to the cooling rate which is usually affected by 

existing alloying elements. In this figure the lowest and highest hardenability curves were 

1040 and 4340 (~  34CrNiMo6), respectively. For 1040 steel, the hardenability is low 

because the hardness falls sharply in a short time and the steel hardens just to a small depth 
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under the surface; according to that the steel microstructure will be mostly pearlitic with 

some proeutectoid ferrite. As for the 4340 steel, the hardenability is higher and the 

hardness will continue to a much greater depth; according to that the steel microstructures 

will consist mostly of a combination of martensite and bainite, and the amount of bainite 

increases with a decreasing the rate of cooling. This big difference in the hardenability for 

these two types of steel is, as explained previously, because of the existence of Ni, Cr, and 

Mo in the alloy steels[258]. 

 
Figure  2-58 Hardenability curves for five different steel alloys, each containing 
0.4 %C (Approximate alloy contents as shown in the curve)[259]. 

2.11.3.1 Use of Vanadium (v) 

   Crafts and Lamont[260] discussed the effect of vanadium on hardenability and mentioned 

that the hardenability of steel will be improved in presence of the vanadium if this steel is 

austenised at a high enough temperature and for long enough to be sure the vanadium is in 

solution. This can happen under the condition that a small amount of vanadium is added, 

but opinions differ if a maximum amount of vanadium is added even if the effect of 

undissolved vanadium carbides, which can reduce hardenability, is avoided. Vanadium is 

usually added to constructional alloy steel for its ability to promote secondary hardening 

during tempering, but does not improve hardenability because of its sensitivity to austenite 

condition[261]. Furthermore, according to Odd Sandberg and co-workers[262], vanadium in 

solid solution also improves the hardenability of the steel with a mechanism similar to Nb.  
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   This study also compared the hardenability of MoV steel with Ti and without Ti. The results 

show that the hardenability of MoVTi is better than MoV, where the value of hardness that 

was obtained for MoVTi was equal to three times that obtained for MoV at the same Jominy 

distance. This is basically due to the presence of vanadium as solid solution, where 

vanadium can work effectively by formation of VN during hardening, so the VN can be 

inhibited through the presence of a strong nitride former such as Ti. Another study by 

Mangonon[263] used different amounts of vanadium to improve hardenability of four 

grades of steels at several austenitising temperatures depending on carbon content. The 

first row of Table 2.9 shows the initial composition for the 4330 steel. Subsequently the V 

and Mo were modified until kept at about 0.15 %V-0 %Mo and 0.15 %V-0.05 %Mo in the 

composition.  

   The results showed that a good interaction of molybdenum and vanadium was found at 

normal austenitising temperature. Table 2.5 shows the chemical composition of 4330 and 

4030 steels with a series of modification of Mo and V. All these modified combinations of 

molybdenum and vanadium at all temperatures indicate a higher hardenability than the 

standard grade, for instance the 4330 steels with modified of 0.10 %Mo and 0.10 %V 

showed a higher hardenability exceeding the standard composition with just 0.3 %Mo. 

Furthermore, the hardenability of vanadium modified steels increases and the austenite 

grain size coarsens as the austenitising temperature is raised. Fig. 2.59 shows the 

hardenability data of different modifications of Mo and V for 4330 steel. 

Table  2-5 Composition of alloy steels (wt. %), adapted from Mangonon[263] 

Alloy 
Heat 
No 

C Mn P S Si Ni Cr Mo V Al 
N 

(ppm) 

STD 4330 254 0.30 0.49 0.003 0.017 0.21 1.78 0.53 0.30 <.01 0.056 135 

Partial V-
Substitution 

4330V 

288 
289 
255 

0.28 
0.28 
0.30 

0.51 
0.49 
0.48 

0.005 
0.004 
0.001 

0.009 
0.016 
0.014 

0.23 
0.20 
0.22 

1.93 
1.94 
1.76 

0.53 
0.53 
0.53 

0.05 
0.10 
0.10 

0.15 
0.10 
0.16 

0.065 
0.057 
0.063 

69 
81 
117 

Total V-
Substitution 

4330v 

256 
271 
291 

0.31 
0.29 
0.28 

0.50 
0.52 
0.50 

0.001 
0.003 
0.004 

0.016 
0.017 
0.011 

0.23 
0.21 
0.21 

1.72 
1.75 
1.94 

0.50 
0.53 
0.52 

<.01 
<.01 
<.01 

0.24 
0.15 
0.10 

0.056 
0.053 
0.058 

134 
82 
48 

4030 

329 
299 
300 
301 

0.28 
0.34 
0.31 
0.31 

0.78 
0.81 
0.82 
0.82 

0.007 
0.009 
0.007 
0.007 

0.014 
0.018 
0.017 
0.016 

0.22 
0.23 
0.24 
0.25 

0.03 
0.03 
0.03 
0.03 

0.03 
0.02 
0.02 
0.02 

0.30 
0.32 
---- 

0.05 

--- 
--- 

0.15 
0.15 

0.058 
0.057 
0.056 
0.059 

0.0116 
NA 
NA 
NA 
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Figure  2-59 Hardenability data of 4330 steel after 871 °C austenitisation; 
(a) partially substituted alloys; (b) totally substituted alloys[263]. 

2.11.3.2 Use of niobium (Nb) 

   Niobium is an effective microalloying element, typically used in steel to refine the 

austenite grain through formation of niobium carbide and niobium nitride, and also used to 

improve strength and ductility within the structure[264]. A study done by C. Fossaert and H. 

Bhadeshia[265] investigated the influence of Nb on the hardenability of microalloyed 

austenite based on the critical cooling rate to get a martensite percentage of 0.95 % within 

the steel microstructure. Table 2.6 shows two similar compositions of steel (steel 1 with and 

steel 2 without Niobium) that were used in their study. 

Table  2-6 Chemical cocontents (wt. %) of the experimental steels, adapted 

from Bhadeshia[265] 

 C Mn Si Nb N 

Steel 1 0.152 1.545 0.467 0.035 0.0053 

Steel 2 0.178 1.527 0.023 --- 0.0037 
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   The authors in this research tried to explain the influence of Nb as solid solution on the 

hardenability with respect to the austenite grain size. As seen, Figures 2.60 and 2.61 

illustrate the plots of the critical cooling rate versus both of austenite grain size and the 

calculated concentration of Nb in solution, respectively. According to Figure 2.60 austenite 

grain size is not the main dominant factor affecting the hardenability of steel 1, where the 

hardenability occurred over a very small range of grain growth. Fig. 2.61 indicates that the 

critical cooling rate to form martensite decreases as the Niobium increases in solid solution. 

From these two curves Forssaert and his co-workers concluded that the decomposition of 

austenite can be delayed through presence of a small amount of Nb in solid solution, while 

the transformation to bainite can be accelerated by Niobium carbide precipitate. They 

suggested the possible reason was due to segregation of Nb atoms within austenite grain 

boundaries, where a free energy of segregation and also interaction of the alloy elements 

through repulsion and attraction mechanism exists. 

  
Figure  2-60 S The critical cooling rate required 
to get a percentage of 0.95 of martensite is 
plotted against the austenite grain size for both 
steels 1 and 2[265]. 

Figure  2-61 Critical cooling rate is plotted 
against the calculated concentration of Ni 
within solid solution for steel 1[265]. 

2.11.3.3 Use of Boron (b) 

   Boron is one of the alloying elements used to raise or improve hardenability of structural 

steels with a smaller quantity than other alloying elements such as Cr, or Ni, where usually 

its amount in steel does not exceed 0.002-0.005 %. A higher amount of boron does not 

produce any further improvement in hardenability, but conversely boron can enhance 

formation of a boride eutectic that causes the reduction of both hot ductility and toughness 

of the steel at various temperatures. Boron is an interstitial element and has a very low 
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ǎƻƭǳōƛƭƛǘȅ ƛƴ ʰ-solid solution which is less than 0.003 % and its effect on hardenability is 

relatively constant. The carbon content of the steel has an effect on the potency of boron, 

which becomes very effective at low carbon contents[266]. Furthermore, boron has good 

affinity for oxygen and nitrogen; therefore other elements should be added to steel with 

boron such as aluminium, titanium, or zirconium.  

   Consequently the effect of boron on hardenability can be improved if the steel is 

preliminarily well deoxidized and denitrified. Figure 2.62 shows hardenability curves of four 

different alloy steels without boron, and with boron and some other additives elements. As 

can be seen in the figure, with boron the extent of the martensite range becomes greater 

than that in steels without boron, but this range is extended much more if the steel contains 

other additives along with boron[267]. T. I. Titova and his co-workers[268] have studied the 

effect of boron (0.002-0.0035 %) microalloying on hardenability, and to provide a good 

ǎǘǊŜƴƎǘƘ όˋ0.2 җ сфл atŀύ ŀƴŘ ǘƻǳƎƘƴŜǎǎ ƻŦ ōǳƛƭŘƛƴƎ ǎǘŜŜƭ ŀƭƭƻȅŜŘ ǿƛǘƘ /ǊΣ aƴΣ ±Σ ¢ƛ ŀƴd in 

the presence of about 0.5 %Mo. The result which they achieved was good, and with this 

amount of boron the hardenability of the steel can considerably improve. 

 

Figure  2-62 Curves of hardenability for steels with 0.44ς0.43 %C and various small 
amounts of additives. 1, Without boron; 2, with an addition of boron; 3, with 
boron and vanadium added; 4, with boron, vanadium, and titanium added[269]. 
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2.12 Summary 

   In summary, steel is considered one of the most important materials and is widely used in 

a variety of industrial applications. Required mechanical properties can be achieved through 

the possibilities of adapting the microstructure of steel by using several different methods 

such as chemical composition, forming processes, and heat treatment. All of this has led to 

the presence of large amounts of data to cover all these areas. This chapter covers the most 

important knowledge related to this study, such as some physical metallurgy principles, 

some alloying elements affecting the microstructure, and others. Even with this vast amount 

of data about steel there are areas concerning large scale forging, especially 

thermomechanical and heat treatment with very low cooling rates and using multiple heat 

treatment cycles, that still that have not been covered in sufficient detail. Consequently, 

through this study we will try to cover thermomechanical processes and heat treatments of 

a large scale product made of 34CrNiMo6 steel with those conditions and try to investigate 

the processing parameters that help to improve the mechanical properties. 

2.13  Research Objectives 

      The objective of this research is to investigate and simulate all process conditions such as 

temperature, cooling rate, strain, and strain rate experienced in the large scale forging of 

34CrNiMo6 low alloy steel in order to understand and optimize the thermo-mechanical and 

heat treatment process parameters that determine microstructure parameters and thus the 

final mechanical properties. The strategy followed to meet this aim has several stages, as 

follows: 

¶ Investigate the behaviour of isothermal hot working process over the deformation 

temperature range of 1260 °C ς 900 °C, strain rates of 0.1, 0.5 and 1 s¯¹, and strains of 

0.4, 0.6 and 0.8 on the austenite grain size refinement. 

 

¶ Perform three and four hits of non-isothermal deformation process in different 

deformation temperatures to try to simulate the forging process and make it more 

realistic, and also to explore the difference in flow stress behaviour under non-isothermal 

process conditions. 
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¶ Investigate the influence of changes of austenitising temperature on the normalizing 

process and study the effects of increasing the holding time of normalizing process on 

variation grain size and the uniformity of microstructure. 

 

¶ Study the entire heat treatment process of normalizing, hardening, and tempering to 

investigate the effect of the heat treatment parameters (temperature and cooling rate) 

on the grain size, amount, and transformation behaviour of austenite to try to improve 

toughness and ultimate tensile strength. 

 

¶ Study the effect of double heat treatment of normalizing and quenching together with its 

effectiveness on the refinement of microstructure and grain size, which improves the 

mechanical properties and thus leads to achieving the same aim of improving toughness 

and ultimate tensile strength. 
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3. Chapter 3 Experimental Procedure 

3.1 Introduction 

   During the deformation and heat treatment processes a series of factors can be modified 

to produce steel with good and uniform mechanical properties. The microstructure and 

consequently the mechanical properties can be improved by modification of some 

parameters that involve austenite grain size, cooling rate and chemical composition. 

Austenite grain size is a really important factor that needs to be taken into consideration 

when mechanical properties such as strength and impact toughness need to be improved. 

The microstructure, which is formed after deformation or after heat treatment processes, is 

significantly affected by the size of austenite grains; small austenite grain size is preferred to 

improve impact toughness and strength. Many investigators have reported that the prior 

austenite grain size plays a significant role in controlling some mechanical properties of 

steels.     

   The first part of this chapter describes a series of plane strain compression (PSC) tests 

carried out on a Thermo-mechanical Compression Machine (TMC) to simulate the 

deformation process conditions experienced in large scale forging of 34CrNiMo6 low alloy 

steel over the temperature range of 900 °C ς 1260 °C, strain rates of 0.1, 0.5 and 1 s¯¹, and 

strains of 0.4, 0.6 and 0.8, in order to understand and optimize the thermo-mechanical 

process parameters that determine microstructure parameters and thus the final 

mechanical properties.  

   In the second part we examine the effect of heat treatment process with different 

temperatures and cooling rates on the refinement of microstructure and grain size to 

improve mechanical properties, which are represented primarily by the toughness and the 

ultimate tensile stress. Heat treatment consists of three main processes: normalizing, 

quenching, and tempering. In addition, to study all heat treatment possibilities, a double 

normalizing, double quenching, and single tempering processes were used in different 

orders. A range of microscopy methods were used for microstructure analysis. 
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3.2 As received material 

   34CrNiMo6 low alloy steel is the material used in this study. This type of steel, which is 

used to produce company components, is generally characterized as quenched and 

tempered low alloy engineering steel with high hardenability, containing nickel, chromium 

and molybdenum. The steel usually develops its high strength by quenching to a full 

martensitic microstructure and the tempering process is used to improve ductility and 

toughness. The addition of Molybdenum prevents the steel from being susceptible to 

temper brittleness. Typical applications are for structural use, such as shafts of large 

dimensions, power transmission components, and some products for use in deep seas such 

as mooring connectors [270]. 

   A full circle from the actual forged and heat treated large scale product made of 

34CrNiMo6 steel, which represent the cross-section for the final product, was received from 

Somers Forge. All required thermo-mechanical operations of forging and heat treatment 

were carried out on this received part. The chemical composition of this steel is shown in 

Table 3.1. A small sample was cut from as received material that had been supplied as fully 

heat treated after hot forging to reveal the as received microstructure. Moreover, this 

microstructure was then able to be used later for comparison with the microstructure 

produced after experimentation. The microstructure at room temperature of as received 

metal, as can be seen in Figure 3.1 (A) consists of two different carbon region 

concentrations. The first, which is dark with high carbon concentration, while the second is 

light in colour with low carbon concentration, which is represents a higher volume fraction.  

Furthermore, during the SEM imaging, the backscattered electrons are influenced by the 

atomic number, where elements with lowest atomic number during scattering will not reach 

the detector, which make it show up dark in the image. On the contrary, as the atomic 

number increases, the resultant area will appear lighter. In other meaning, the heavier 

atoms, such as iron, will show up darker, while the light atoms, like carbon, will show up 

light. According to that, the white small segments in Figure 3.1 (B) are cementite, which 

means that the structure may consists of upper or lower bainite. The average hardness of 

the as received material was approximately 260±5 HB, and the average austenite grain size 

ranged between 40~55 ˃ ƳΦ 
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Table  3-1 Chemical composition (wt %) of 34CrNiMo6 alloy steel 

Element 
Acceptable range 

W% 
Measured 

W% 

C 0.33 - 0.35 0.33 

Cr 1.45 - 1.7 1.52 

Ni 1.6 - 1.7 1.66 

Mo 0.2 - 0.3 0.23 

Mn 0.4 - 0.7 0.51 

Pmax 0.015 0.009 

Si 0.15 - 0.35 0.22 

Smax 0.01 0.01 

Almax 0.01 0.004 

V 0.05 - 0.12 0.07 

Cumax 0.3 0.13 

Snmax 0.05 0.01 

 

  

  

Figure  3-1 Microstructure of as received material (A) Optical image, 5x and 50x (B) SEM 
image, 2000x and 8000x. 

 

A 

B 
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3.2.1 CCT diagrams for 34CrNiMo6 steel 

   In order to have indications on the nature and quantity of phases present after the 

transformation, a continuous cooling transformation (CCT) diagram containing several 

superimposed cooling rates curves is frequently used. The CCT diagram is applicable for a 

specific steel chemistry, prior austenite grain diameter, and cooling condition used[271]. In 

this work, CCT diagrams were constructed for 34CrNiMo6 steel using JMatPro software 

database with grain size of 40 ˃Ƴ ŀƴŘ рл ˃Ƴ ŀǘ ŀǳǎǘŜƴƛǘƛȊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ усл Cꜛ as 

shown in Figures 3.2 and 3.3 respectively.  

   As explained in the literature review in section 2.5.2 and according to these CCT diagrams 

it can be observed that the bainite and martensite microstructures are characteristic in the 

range of used cooling rates (0.3 to 1.2 Cꜛ/sec). In addition, the amounts of martensite 

increases with increasing cooling rate, while the proportion of bainite decreases. 

Accordingly, the two phases in Figure 3.1 (A) are tempered bainite and martensite. The first 

phase which is dark fine grains is tempered martensite, while the second is a tempered 

bainite phase which is light in colour. 

 

 

Figure  3-2 CCT diagram for 34CrNiMo6 steel with ƎǊŀƛƴ ǎƛȊŜ ƻŦ пл˃Ƴ ŀǘ ŀǳǎǘŜƴƛǘƛȊƛƴƎ 
temperature of 860 ꜛC (JMatPro software). 
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Figure  3-3 //¢ ŘƛŀƎǊŀƳ ŦƻǊ оп/Ǌbƛaƻс ǎǘŜŜƭ ǿƛǘƘ ƎǊŀƛƴ ǎƛȊŜ ƻŦ рл˃Ƴ ŀǘ ŀǳǎǘŜƴƛǘƛȊƛƴƎ 
temperature of 860 ꜛC (JMatPro software). 

3.2.2 Dimensions and weight of the casting Ingot 

   The size and weight of the cast ingots usually produced depend on the dimension and 

quantity of final forged product. In this project the casting process takes place in Sheffield 

Forge Master and the dimension and weight of the ingot that were used to largest forged 

billet size are: 

Top diameter          : 1067 mm 

Bottom diameter   : 965 mm 

Height                      : 2286 mm 

Mid-line area          : 810835 mm2 

Weight                     : 17.24 Ton 

3.2.3 Macro-segregation through the billet 

   The variations of chemical composition through the billet must be taken into account 

especially in the case of large scale products, where the variation in the composition is 

usually expected. Accordingly, the chemical composition analysis and toughness from 4 

positions of the billet are tested, as shown in the appendix D-2 (According to company data 

base). Although, the toughness results for these samples were different, the chemical 
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analysis of these specimens shows that the composition is nearly consistent. From results in 

the appendix D-2 we can conclude that there is no macro-segregation along the length of 

the billet, and the small different of percentage of each element may not alter the 

mechanical properties of the steel. 

3.2.4 Forged dimensions and sampling location 

   According to First Subsea data base, the final dimensions of billet after the forging process 

were about 8000 mm long and 480mm diameter. Once, the desired dimension of the billet 

is reached after deformation, the billet is sent to the heat treatment plant to refine the 

microstructure and reach the mechanical properties. Generally, the prepared test pieces 

which are taken from the forged billet should be equivalent of cross section and be fully 

representative of the product. In our study all the PSC Specimens and Charpy V-Notch 

Specimens that were used to verify the specification of mechanical properties were taken 

from a position located at 1/3 of the radius from the surface. Moreover, the longitudinal 

direction of these specimens should be oriented in the forging direction of the billet, which 

is the forging direction.  

   Commonly for each test condition, three test samples (e.g., Charpy V-Notch) often 

required to repeat in each case. The average value of these three tests usually used as a 

result for the test to avoid or minimise the experiments error. Unfortunately in our study 

there was some problems that occurred during the experimental work, which made the 

number of tests at each condition is limited. For instance, the as received material was not 

enough to make adequate number of samples, besides that the number of PSC and Charpy 

specimens also were limited due to the condition of sampling position (1/3 from the 

surface). Furthermore, many samples also were lost during perform the tests on the TMC 

machine for many reasons, which means more samples to repeat these tests. Moreover, 

besides lots of users for TMC machine, the machine was broke down several times and for 

long periods during the study, which means it was available for a limited time to each user. 

For all these reasons, only one specimen for each test condition was performed, which 

makes the occurrence of error in the experimental results is possible. Fig. 3.4 shows a 

typical forging drawing with the sampling position, according to ABS guide for the 

certification of offshore mooring chain R4 and DNV OS-302 which also clients requirements.   
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Figure  3-4 Shows the position sampling for PSC Specimens and Charpy V-Notch Specimens on 
the forged Steels bar. 

3.2.5 Effects of variations in structure and segregation on the test samples 

   Generally, consistency throughout the sampling position is very important issue, because if 

there was any variation in the samples composition that will leads to scatter in data results 

even under the same test conditions. The as received material also may have residual 

segregation or chemical concentration gradient that was produced during large ingot 

solidification. This issue should be taken in consideration when the sampling position is 

chosen, because this variation will effect on the test samples, consequently on the later 

results. This variation is usually distributed from the surface areas to the other areas 

towards the centre. Therefore, to reduce this effect all the samples were taken from the 

same position where the microstructure should be consistent. Accordingly, from as received 

cross section, all the test specimens were taken around the circumference of a circle that 

has a radius of 2/3 from the centre. 

   Furthermore, the mechanical properties of alloy steels usually depend both on the 

thermomechanical history and on its chemistry[272]. Therefore, the variations of structure, 

heat treatment or a combination of both through a forging may cause differences in some 

later results. The question is does multiple heat treatments modify the response of the alloy 

e.g., the austerity grain size, which also may affect later results. Krzyzanowski[273] et al. 

have reported that in thermo-mechanical processing, the thermal history of the workpiece 

has profound influence on the final properties of the product. However, the repeated heat 

treatment is used when the forged bar does not meet the required properties after first 

heat treatment.  
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   Thus a second and even third heat treatment in some cases is needed in an attempt to 

approach or to achieve these properties. In our experimental results shows that repeated 

reheating has good effect on modify the response of the 34CrNiMo6 steel especially on 

toughness. Generally, before perform the simulation test; the conditions of the real case 

and the simulated test should be matched. Where later, these condition can be modified to 

test the extent of their impact on the properties. For instance, in this study before 

simulation the real tempering process, the initial conditions were created to try to simulate 

the similar structure that was produced through a forging (See section 3.6.1). The austenite 

grain size of the tested samples that was used for our experiment must match the average 

austenite grain size for samples that were taken from the real product before tempering. 

Hence, it is important to create a condition of temperature to match this austenite grain 

size. Moreover, the cooling rate that was used in this experiment must be equal to the real 

cooling rate and in the same place through the cross section required for testing. 

 

 

 

 

 

 

 

 



105 

 

3.3 The forging and heat treatment processes for the real product 
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Figure  3-5  Scheme of forging process and Heat Treatment for the real company product. 
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Figure  3-6 Shows the real forging process in Somers Forge Company (company archive). 

  
Figure  3-7 Quenching and tempering process (company archive). 
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3.3.1 The forging process 

   The first stage in the manufacturing process of the company's real product started with 

heating the billet gradually to the temperature of 1260 °C, soaking for a period of time 

according to the ratio of 1 h/25 mm in a flame furnace. Then, the process of deformation 

took place at temperatures ranging between 1260 °C and 900 °C. At that time, when the 

deformation temperature became close to 900 °C, the billet was returned into the furnace 

to increase the austenitising temperature to continue the deformation process again. After 

that, the forged section was sited in a degassing furnace for a period of one week at 

temperature 650 °C in order to keep the hydrogen content values lower than 2 ppm, as 

shown in Figure 3.3. Moreover, images of the real forging process in Somers Forge Company 

are shown in Figure 3.6. 

3.3.2 The heat treatment process 

   The first stage in the heat treatment process of the real product began with a normalizing 

process. The process was performed by soaking the billet for a period of time according to 

the ratio of 1/2 hour/25 mm at a temperature of 860 °C, as shown in Figure 3.5. The 

objectives of a normalizing process are to refine the grain size that frequently become 

coarser after hot deformation at high temperature, and distribute uniformity in the 

austenitic microstructure. The second stage of heat treatment is the quenching process 

where the billet is sent back to the furnace and soaked at a temperature of 850 °C for a time 

according to the ratio of 1/2 h/25 mm followed by quenching in water. The benefit of this 

process is to obtain martensite throughout the cross section of the billet. The final stage of 

heat treatment is the tempering process. The process is carried out by holding the billet at 

620 °C for a period of time that is double the quenching time, finally quenching the billet in 

water. This process is usually used to obtain desired mechanical properties such as hardness 

and toughness in the finished product. Images of the quenching and tempering heat 

treatment process that were done in Somers Forge Company for the real product are shows 

in Figure  3.7. 
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3.4 Plane strain compression (PSC) testing 

   Standard plane strain compression (PSC) specimens with dimensions of 10 x 30 x 60 mm, 

as shown in Figure 3.8 (a), were machined from the as received forged and heat treated 

material to be used in thermo-mechanical tests on a TMC machine. This kind of test is 

performed to simulate the conditions that are used in metal working operations and to 

obtain stress-strain curves that can be used to determine some material characteristics. All 

PSC specimens were cut to the preferential orientation which is 60 mm is the forging 

direction. The PSC tests were performed at the University of Sheffield on a modern (TMC) 

machine equipped with a computer system which allows it to control all the deformation 

conditions. As shown in Figure 3.9, the sample was placed between two flat dies, where a 

narrow band from the specimen length was compressed by these dies which are wider than 

strip. Deformation happens in the direction of die movement and in the direction normal to 

the length of the dies. The required data such as load, displacement, velocity and 

temperature from the tested specimen are recorded through the computer system to be 

used later for analysis and to draw stress-strain curves. Figure 3.8 (b) shows the PSC 

specimen before and after the deformation process. 

  
Figure  3-8 Plane strain compression (a) specimen dimensions (b) specimens before and after TMCP 
test. 

 

 

b a 
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Figure  3-9 Schematic of the Plane strain compression test. 

3.4.1 The thermo-mechanical compression test machine 

   PSC tests were performed in the servo-hydraulic thermo-mechanical compression (TMC) 

machine, as shown in Figure 3.10. The main purpose of this machine is to simulate metal 

forming processes such as forging under different manufacturing conditions of temperature, 

strain, strain rate, and heating and cooling rates. Two types of deformation test can be 

performed in this machine, plane strain compression and axisymmetric compression tests. 

The TMC machine is designed for the computer system to control fully the deformation and 

heat treatment processes where the specimen handling is controlled by a robot arm, as 

shown in Figure 3.11. During the years that the TMC machine has been working several 

adjustments have been made to the machine and to the controlled software to attempt to 

improve the results obtained. The rig is designed to communicate with the actuators and 

recording instruments such as a transducer for detecting displacement, temperature, 

velocity and load of the deformation specimens at elevated temperatures and different 

strain rates. For heating and cooling specimens an induction furnace, also known as fast 

thermal treatment unit (FTTU), was used. The FTTU unit which consist of a quenching unit 

can create a complex heat treatment profile with good accuracy of parameters such as 

heating rate, temperature, holding time, and cooling rate. One or more N-type 

thermocouples can be inserted into the specimen to collect the temperature data of the 

specimens from reheating to the deformation and through cooling with different rates 

(forced air, water, or mix of both). The specifications of the IMMPETUS TMC machine are 

shown in Table 3.2. 
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Table  3-2 Specifications of the IMMPETUS TMC machine[274]. 

 Machine characteristics 

Actuators servo-hydraulic 

Max strain Ғ н 

Max strain rate 150 ς 200 ǎɋц 

Max temperature 1200 °C 

Max load 500 kN 

Quench either air/water cooled/quenched 

Controllable variables load, displacement 

Atmosphere control none (air) 

Temperature measurement up to 3 thermocouples in specimen 

 

 

 
Figure  3-10 servo-hydraulic test machine[275]. 
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Figure  3-11 (a, c) PSC specimen in the 
robotic arms before and after testing. 
(b)The heat treatment specimen. 

3.5 Deformation Process 

   Hot deformation processes such as forging are usually useful for improving the 

engineering properties of many steel products because they assist in the refinement of 

austenite grains and produce a fine-grained equiaxed microstructure, thus helping to 

increase the strength, ductility, and toughness of the material. Austenite grain diameter 

plays a significant role in determining the subsequent phase transformation (section 2.8.3); 

therefore, it is necessary to have a good understanding of it during a hot forging. 

Furthermore, impurities such as inclusions that are formed during casting, which are usually 

randomly oriented and act as a source of cracks, can be reoriented and made small and 

spherical by using hot deformation, which leads to a decrease in their danger. Accordingly, 

the first issue to address during the forging processes is the relationship between the 

variables that play a role during hot deformation and control the evolution of the 

microstructure: temperature, strain, strain rate and cooling rate. 

a b 

c  
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3.5.1 Isothermal Deformation Process (single hit) 

   The mean purpose of the isothermal deformation processes was to quantify the prior 

austenite grain size of the 34CrNiMo6 low alloy steel under different deformation 

conditions. The extent and stability of the austenite phase is affected by chemical 

composition, the deformation temperature, the holding time before that temperature, 

strain and strain rate. The process began by heating the specimens to a temperature of 

either 1100 °C or 1260 °C which represent austenitising temperatures by using the TMC 

machine. According to the holding time estimation, one hour was the period of holding time 

for both reheating temperatures (see section 8.1.1).  

   After soaking at austenitising temperature, the specimen was cooled down to a required 

deformation temperature.  After that deformation took place by using a strain of 0.8 with 

different strain rates of 0.1, 0.5 and 1 s¯¹ at each deformation temperature of 900 °C, 1000 

°C, 1100 °C and 1200 °C after the austenitising temperature of 1260 °C, and 900 °C, 950 °C, 

1000 °C, and 1100 °C after the austenitising temperature of 1100 °C. Finally, the specimen 

was water quenched to room temperature directly after deformation, as shown in Figure 

3.12.  

   Moreover, more experiments of isothermal deformation were performed to study the 

effect of changing the strain on the austenite grain size. The same steps as previously were 

repeated with an austenitising temperature of 1260 °C, deformation temperature of 1000 °C 

and strains of 0.4 and 0.6 with strain rates of 0.1, 0.5 and 1 s¯¹ at each strain. 

  
Figure  3-12 Schematic diagram of the isothermal thermo-mechanical processes, using a strain of o.8 

with different strain rates (0.1, 0.5 and 1 s¯¹) at austenitising temperatures of (A) 1260 °C, at each 
deformation temperature (900 °C, 1000 °C, 1100 °C and 1200 °C), (B) 1100 °C, at each deformation 
temperature (900 °C, 950 °C, 1000 °C, 1050 °C and 1100 °C). 




































































































































































































































































































































