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Abstract 

With the increased interest in bainitic steels, fundamental understanding of the bainite transformation 

is of major importance. Unfortunately, the research on bainite has been hampered by an old 

controversy on its formation mechanism. Over the years two quite different theories have developed 

claiming to describe the bainite transformation i.e. the diffusionless and the diffusion controlled 

theory. In this thesis, attention is directed towards fundamental understanding of the bainite 

transformation and both experimental and theoretical approaches are used in order to reveal its true 

nature 

In the first part of this thesis the symmetry in the Fe-C phase diagram is studied. It is based on a 

metallographic mapping of microstructures using light optical microscopy and scanning electron 

microscopy in a high carbon steel. The mapping revealed symmetries both with respect to temperature 

and carbon content and an acicular eutectoid with cementite as the leading phase was found and 

identified as inverse bainite. By accepting that all the eutectoid microstructures forms by diffusion of 

carbon, one may explain the existence of symmetries in the Fe-C phase diagram. Additional support 

of its existence is obtained from an observation of symmetries in an alloyed steel. From the performed 

work it was concluded that the existence of symmetries among the eutectoid microstructures from 

austenite supports the idea that bainite forms by a diffusion controlled transformation.  

In the second part the growth of bainite is considered. An experimental study using laser scanning 

confocal microscopy was performed and growth rates of the transformation products from austenite in 

a high carbon, high chromium steel was analysed. The growth rate measurements reveals the kinetic 

relation between Widmanstätten cementite and the acicular eutectoid previously identified as inverse 

bainite which confirms its existence and the conclusions drawn in the first part. In addition, in-situ 

observations of bainite formation below Ms provide additional support for the diffusion controlled 

theory for bainite formation.  

The final part of the work is a study of the critical conditions for the formation of acicular ferrite. 

Based on experimental information found in the literature a thermodynamic analysis is performed in 

view of the two theories. The results demonstrate that the governing process for Fe-C alloys cannot be 

diffusionless but both kinds of processes can formally be used for predicting Bs temperatures for Fe-C 

alloys. 

Keywords: Carbon steels, Bainite, Bainitic ferrite, Widmanstätten ferrite, Microstructure, Microscopy, 

Thermodynamic modeling 
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1 Introduction 

1.1 Steel 

Steel is one of the most widely used materials in the world with an annual production of 1,527 

megatons (Mt) [1] in 2011 which corresponds to an average steel use per capita of 215 kg/year. Its 

dominating position as the material of choice for constructions, transportation systems, vehicles and 

tools originates from the possibility to produce a high performance material with tailored properties in 

a large scale to a relatively low cost. Steel is often the material of choice when a high strength to 

weight ratio is desired and improved mechanical properties is one of the largest driving forces in steel 

development. If stronger steel can be used in for instance a safety component in a car, less steel is 

required. This reduces the weight of the component and lowers the total weight of the car which in 

turn leads to reduced fuel consumption and consequently reduced environmental impact.  In addition 

to the beneficial mechanical properties, steels can be produced to withstand intensive heat and 

corrosive environments making it even more useful in a variety of different applications. Steel is also 

fully recyclable which also makes it a good choice from an environmental perspective. 

With the start of the industrial revolution in the late 18th century, steel production increased 

dramatically. From that development, an increased knowledge of the properties of steel was needed 

and the first research on steel began. With the simultaneous development of microscopes it was now 

possible to start unveiling the inner secrets of steel and the relations between heat treatments, 

microstructures and properties of the steel. Together with the advances in various analytical 

techniques such as x-ray diffraction and electron microscopy the knowledge of microstructures in 

steels has since then increased immensely. But even if modern research has produced much 

knowledge on the physical background of the various microstructures of steel there are still many 

areas where scientific challenges lie ahead.  

Most of the understanding of the microstructures formed in steels is based on a posteri observations 

and usually the knowledge of the transformation kinetics is based on such observations. In many cases 

that information has been enough but more recently, when steel researchers and producers want to 

control the formation of various microstructures accurately and precisely, detailed knowledge of how 

composition, heat treatment and deformation affect the transformation is vital.   

 

1.2 Bainite 

It was early realized that fast cooling of steel could improve its performance. It is now understood that 

the steel undergoes a martensitic transformation in which the final microstructure consists of a fine 



2 

 

grained carbon supersaturated ferrite that forms during a rapid diffusionless transformation, a 

martensitic transformation. The fine grained microstructure gives rise to good mechanical properties 

such as high strength and if the steel is tempered also high toughness may be achieved. Another way 

of obtaining a fine grained microstructure with similar properties to martensite is by creating a bainitic 

microstructure and recent research on bainitic steels have shown that high strength combined with a 

relatively high toughness can be obtained without subsequent tempering [2].  Given that the formation 

of bainitic ferrite is a result of a simple heat treatment process, residual stresses can be avoided even 

in large components. This is in contrast with martensite where residual stresses are difficult to avoid. 

Bainitic structures are also being mixed with martensitic structures to provide toughness to martensitic 

alloys [3]. This has put research on bainite in the limelight and the need for fundamental knowledge 

of its formation mechanisms has increased.   

Unfortunately the research on bainite has been hampered by an old controversy on its formation 

mechanism. Over the years two quite different theories have developed claiming to describe the 

bainite transformation i.e. the diffusionless and the diffusional theory. This controversy dates back to 

the discovery of bainite in the 1930’s and even if a lot of research has been performed since then, the 

two theories have developed more or less independently of each other and still today they split 

researchers in their view of the bainite transformation. 

With the introduction of sophisticated computational tools (CALPHAD, Phase field) in steel research 

the development of advanced models for phase transformations in steel has been enabled. However, in 

order to produce a physically based model detailed understanding of thermodynamics and kinetics of 

the phase transformation is required.  This combination of new interest and modeling capabilities has 

therefore put focus on the true nature of bainite transformation. 

 

1.3 Aim of the present work 

The motivation behind this thesis is to further increase the understanding of the physical background 

of the bainite transformation and the two conflicting theories on the bainite formation. The question 

whether the bainite transformation is diffusionless or controlled by diffusion runs like a red thread 

along the presented work and the aim is to provide the reader with new insights and understanding of 

the bainite transformation.  

It should be mentioned that the work presented in the thesis will take its starting point based on the 

idea that the transformation is controlled by carbon diffusion. The diffusionless theory is however also 

presented and critically reviewed in order to reveal the true nature of the bainitic transformation.  
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The presented work in this thesis is divided into three parts. The first part focuses on the eutectoid 

transformation in steel where focus is on the symmetry in the Fe-C phase diagram. The concept of 

inverse bainite is outlined. Extensive metallographic mapping using light optical microscopy (LOM) 

and scanning electron microscopy (SEM) is used for the characterization of different microstructures 

in hypereutectoid steels.  The result of the mapping is presented and they are to a large extent related 

to the existence of inverse bainite and its implication on the theories for bainite formation.  

In the following part the growth of bainite is considered. The growth kinetics of bainite is of 

fundamental importance in the development of models for bainite formation. Increased understanding 

of the growth kinetics can shed further light on the controversy as they are fundamentally different in 

how the growth of bainite is described. Metallographic observations in combination with the use of 

in-situ laser scanning confocal microscopy (LSCM) and synchrotron x-ray diffraction (SXRD) are 

used to characterize the growth. The results are also here analysed from the different perspectives of 

the two theories. 

In the final part, a model for the prediction of the critical conditions for the formation of acicular 

ferrite under diffusion of carbon is presented. A literature review of available experimental data for 

binary, ternary and quaternary systems is made in order to establish the effect of Mn, Si, Ni, Cr and 

Mo. The work is based on a previously developed model by Hillert et al. [4] which now is re-assessed 

using new data. The predictive capabilities of the model is compared with the diffusionless theory and 

discussed. 
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2 Eutectoid transformations in steel 

Pure iron shows several allotropic structures, each one stable in a certain temperature range, δ-iron, γ-

iron and α-iron. The addition of carbon and other alloying elements affect the stability of the phases 

and the details can be mapped in a phase diagram, Fig. 2.1, which shows the effect of temperature and 

composition on the stability of the different phases under equilibrium conditions. Steel is an alloy of 

iron and carbon with a maximum carbon content of 2 mass%.  

 

Fig. 2.1 The Fe-C phase diagram calculated with TCFE6 using the Thermo-Calc software [5] . The 

dotted lines indicate the stable phase diagram with graphite  and the solid l ines the metastable phase 

diagram with cementite .  

Depending on the carbon content, the austenite (γ-phase) can upon cooling transform to different 

phases according to the phase diagram, Fig. 2.1. Depending on the composition, cooling rate and 

transformation temperature different structures can form from austenite such as allotriomorphic 

ferrite/cementite, Widmanstätten ferrite/cementite, pearlite, bainite and/or martensite. The 

transformation to these products has a great impact on the properties of the steel and knowledge of 

what mechanism that control the transformations is of great importance because it enables the 

production of steel with desired mechanical properties.  

2.1 Transformation to bainite 

In the upper range of the ferrite/cementite two-phase region diffusion allows for the two phases to 

grow cooperatively and form pearlite. Pearlite forms by a cooperative process where ferrite and 

cementite grow side by side and form a well-defined lamellar structure. If the steel is cooled to 

temperatures below around 550 °C, the diffusion of carbon becomes sluggish which results in a fine 

grained and complex structure of ferrite and cementite that is called bainite. Bainite can have various 
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microstructural arrangements and there are different definitions of bainite [6-8]. In this thesis bainite 

is defined as a eutectoid mixture of ferrite and cementite that forms under conditions where ferrite is 

the leading phase in the main growth direction and has a tendency for plate-like growth because of 

some orientation relationship with the parent austenite. The bainitic ferrite can together with 

Widmanstätten ferrite be considered as acicular ferrite. 

The reason for the formation of bainite can be found in the Fe-C phase diagram. At lower 

temperatures the equilibrium content of carbon in austenite gets increasingly larger which leads to a 

higher driving force for the formation of ferrite. The first stage of the transformation is hence the 

formation of an acicular unit of ferrite and when that unit has precipitated, the carbon content of the 

surrounding austenite increases which leads to the formation of cementite which in turn triggers more 

ferrite to form. From the phase diagram there is thus an obvious symmetry and it should in principle 

be possible to form an equivalent to bainite where cementite is the leading phase if the carbon content 

is high enough. This is further investigated in Chapter 4. 

 

2.2 Microstructure of bainite 

The microstructural features of bainite are many times difficult to interpret and that may be one of the 

reasons that make it difficult to determine the physical background of the transformation mechanism 

from the microstructure alone. 

Bainite is usually divided into upper and lower bainite and the terminology refers to the formation at 

higher and lower temperatures. This classification was proposed by Hehemann [9] where the 

difference in morphology is explained by the different rate of carbon rejection from the supersaturated 

ferrite to austenite. In upper bainite carbon diffusion allows for carbides to precipitate at the 

ferrite/austenite interphase and in lower bainite carbon diffusion is more sluggish and carbides 

precipitate inside the ferrite. This classification is however only consistent with a diffusionless theory 

based on the formation of a plate of ferrite supersaturated with carbon. The reason for this division 

into two types of bainite is mainly because they have distinct differences in mechanical properties. 

Finer dispersions of carbides lead to a better strength-toughness balance in low-carbon low-alloy 

bainitic steels [10]. A schematic representation according to the diffusionless theory of the transition 

from upper to lower bainite has been proposed by Bhadeshia [8], Fig 2.2. 



7 

 

 

Fig. 2.2 Schematic representation of the transition from upper to lower bai nite proposed by Bhadeshia 

[8] . 

Distinguishing upper and lower bainite can for this reason be made by an analysis of the precipitated 

carbides. The diffusionless concept has however some difficulties explaining why the orientation of 

cementite is restricted to be unique in lower bainite compared to the several orientation relationships 

for cementite precipitation found in tempered martensite when it in both cases is proposed to form 

from supersaturated ferrite. 

From a diffusional perspective bainite forms thorough the initial formation of Widmanstätten ferrite 

and cementite forms on the sides of the plate which in turn leads to the sidewise growth of the ferrite 

plate. The coarseness of the microstructure is thus a result of the temperature of formation.  

If the steel is alloyed with more than 1.5 mass% Si the precipitation of carbides is inhibited due to the 

low solubility of Si in cementite [11]. It is thus possible to form so-called carbide free bainite. A fine 

grained microstructure of carbide free bainitic steels with untransformed regions of austenite exhibit 

high strength in combination with a relatively high toughness. The absence of cementite is beneficial 

because it reduces the possibility of cleavage or void nucleation and new nano-structured carbide free 

bainitic steel has shown ultimate tensile strength of up to 2.2 GPa together with a ductility of up to 

30% [12]. Carbide free bainite is essentially Widmanstätten ferrite or bainitic ferrite and austenite and 

can be used to study the formation of ferrite without the interference from carbides. 
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2.3 Other types of acicular two-phase microstructures 

Other types of bainite include granular bainite [13] which can form in continuously cooled low-

carbon steels which is common in industrial heat treatments where the microstructure is formed under 

continuous cooling. The microstructure consists of smaller units of bainitic ferrite with thin regions of 

austenite in between. 

In hypereutectoid steels, an acicular eutectoid with cementite as the leading phase instead of ferrite 

can form. The microstructure is referred to as inverse bainite and was first reported by Hillert [14]. It 

is also the focus of the study presented in Chapter 4. 

Another microstructure that normally is observed in hypereutectoid steel is columnar bainite or fan-

like bainite. In those structures, cementite forms as elongated particles in one direction and the ferrite 

and cementite microstructure grow together in a structure that at high magnification is similar to 

pearlite [15]. The relation of this structure to bainite and inverse bainite is also discussed in Chapter 4. 

Acicular two phase structures similar to pearlite at high magnifications are usually found in steels 

containing strong carbide formers. The carbide phase can consist of both cementite and alloy carbide 

(i.e. M7C3). The structure etches as dark nodules and has an orientation relationship with the austenite. 

At present these types of morphologies are not clearly understood. It is suggested that the facets 

formed is a result of the orientation dependence of the interfacial energy of the alloy carbide. If the 

growth is cooperative or if it is led by the ferrite or carbide phase is also questions that remain to be 

answered. However, the visual resemblance with bainite has led to the conclusion that they can be 

related. This is the also the focus of section 4.3 in Chapter 4.  
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3 The development two of different theories for bainite formation 

One of the first observations of bainite was made by Hultgren in 1920 [16] in which he after 

interrupted isothermal heat treatments of a W alloyed steel observed the formation of an acicular 

structure in the temperature range below the one for pearlite. At the time, there was a common belief 

among metallurgists that the various transformation products from austenite form in a succession from 

austenite-martensite-troostite-sorbite-pearlite. Only austenite, martensite and pearlite could be 

characterized from their microstructural appearance and the microstructure we today call bainite 

would have been described as either troostite or sorbite. 

The microstructure of bainite was first studied in detail by Robertson [17] in 1929. He claimed that 

austenite could transform directly to any of the known microstructures. Which microstructure that 

formed was the result of the alloy composition and heat treatment of the steel. When trying to explain 

why bainite formed instead of pearlite he suggested that the ferrite could form with a carbon content 

higher than the one given by the γ/γ +α line in the phase diagram. This would require less diffusion of 

carbon and make transformation to bainite easier. At low enough temperatures he even suggested that 

the bainitic ferrite could inherit the carbon content of the austenite.  

The structure formed at low temperatures showed resemblance with martensite and was therefore 

considered to be fast and diffusionless and Davenport and Bain [18] in 1930 suggested that it formed 

much like martensite. They produced detailed TTT (Time-Temperature-Transformation) diagrams as 

a new way of presenting the transformation kinetics, Fig 3.1. On the lower side of the C curve they 

observed a dark etching acicular structure that they suggested to be troostite. Their observation would 

today be referred to as upper bainite. At lower temperatures they observed more needle-like structures 

which the called martensite-troostite which today would have been referred to as lower bainite.  

Numerous TTT diagrams were after the pioneering work by Davenport and Bain produced with focus 

on the microstructure forming between martensite and pearlite and the name bainite was adopted as 

the term to describe the dark etching microstructure that was observed. 

The idea that the microstructure we today know as bainite first forms in a martensitic way was also 

shared by Wever [19] and Vilella et al. [20]. This way the idea of martensite transforming to different 

microstructures, in this case bainite, was kept alive and the formation of bainite was believed by many 

to be the result of a diffusionless martensitic like transformation.  

 

 



10 

 

 

Fig. 3.1 The TTT diagram presented Davenport and Bain [18] . 

In 1947, Hultgren [21] presented the picture of formation of bainite under diffusion, Fig 3.2. He 

believed that bainite forms thorough the initial formation of Widmanstätten ferrite nucleated on the 

austenite grain boundary. Cementite forms on the sides of the plate which in turn leads to the sidewise 

growth of the ferrite plate. Hultgren also proposed that the ferrite grew with an equilibrium carbon 

content   according to full equilibrium according to the Ae3 line in Fig 3.3. 

 

Fig. 3.2 Hultgrens description  of the transformations to  pearlite and bainite  [21] . 
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A year earlier in 1946, Zener [22] first defined the diffusionless theory. In his definition he proposed 

that a plate of bainitic ferrite forms by a rapid diffusionless transformation similar to martensite. The 

upper limit for bainite formation should therefore be the T0 line in the phase diagram where γ and α 

have equal Gibbs energy and growth without diffusion can only take place if the carbon concentration 

is to the left of the T0 line, Fig 3.3. 

 

Fig 3.3 The T0  line indicated in the Fe-C phase diagram together with the l ine for full equilibrium, Ae3  

[6] . 

The proponents of the diffusionless theory regarded the observation by Ko and Cottrell [23] that 

bainite forms with a shape change which gives rise to a surface relief as support for their theory that it 

was related to martensite. On the other hand, they also reported that that the growth of bainite was 

slow enough to be explained by carbon diffusion which was in agreement with Hultgrens picture. 

The surface relief was seen as an evidence for the displacive nature of bainite which implies that each 

lattice atom, mainly iron atoms, ends up in a prescribed site in the ferrite lattice and in that way the 

transformation is diffusionless. It is then presumed that the transfer of carbon is diffusionless which 

means that the carbon content of the formed ferrite is identical to the carbon content of the parent 

austenite. This was interpreted as a similarity with martensite which distinguished bainite from the 

reconstructive pearlitic transformation in which there is a full re-organization of the atoms.  

However, it was later shown that Widmanstätten ferrite also formed with a shape change that gives 

rise to a surface relief [24]. This caused an initial debate on which mechanism that caused the surface 

relief [6]. That was later resolved when it was shown that also a diffusion controlled transformation 

could give rise to a surface relief with the introduction of the diffusional-displacive transformation 

[25]. 

In order to make the similarities with martensite clearer, Bhadeshia observed that bainite, similar to 

martensite, could be mechanically stabilized [8]. He thus formulated a criterion to distinguish between 
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reconstructive and displacive transformation: “there is no mechanism by which plastic deformation 

can retard reconstructive transformation. Likewise, only displacive transformations can be 

mechanically stabilized”. With the present general agreement among proponents of both theories of 

the displacive nature of the bainitic transformation this criterion has little relevance in determining the 

nature of the transformation. 

Today, there is a general agreement that the Widmanstätten transformation is displacive and 

diffusional where the growth rate is controlled by the diffusion of carbon away from the advancing 

interface. It is therefore no longer adequate to discuss if the bainitic transformation is displacive or not 

because it is generally agreed that it is displacive. Instead, focus is now on the question whether there 

is diffusion of carbon during the formation of bainitic ferrite. Is the transformation diffusional-

displacive like Widmanstätten ferrite or diffusionless-displacive like martensite.  

A reason to why the idea of a relation to martensite has been kept alive may have been the need to 

explain how bainite can form at a much lower temperature than pearlite. The ideas by Robertson that 

ferrite forms with a high carbon content which decreases the amount of carbon that has to diffuse 

giving higher growth rates and the fact that ferrite could inherit the carbon content of the austenite at 

low enough temperatures led to the conclusion of a diffusionless transformation among the 

proponents of the diffusionless theory. However, as shown by Hillert [26], the higher growth rate of 

bainite at temperatures lower than for pearlite formation, can be well described by a transformation 

controlled by diffusion. 
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4 Symmetry in the Fe-C phase diagram 

When Hillert in 1957 [14] developed and extended Zener’s [22] theoretical analysis of diffusional 

growth of pearlite and Widmanstätten plates, he proposed also that there should be a symmetry among 

the eutectoid transformation products of austenite in the Fe-C system. Pearlite is the result of 

cooperative growth of ferrite and cementite where the two phases behave as equal partners and it is 

favored by a close to eutectoid composition. Bainite forms with ferrite as a leading phase in the main 

growth direction, which is identical to the growth direction of Widmanstätten ferrite. As a 

consequence bainite is favored by low carbon content. For symmetry reasons, Hillert suggested that 

there should be a third eutectoid product, which is favored by high carbon content and has cementite 

as the leading phase in the favorable growth direction of Widmanstätten cementite. By analyzing the 

micrographs of Modin and Modin [26], Hillert [14] observed this microstructure and called it inverse 

bainite because the two phases had exchanged roles compared with bainite. According to this picture, 

the protruding tips of the ferritic constituent of bainite are identical to Widmanstätten ferrite, and the 

protruding tips of the cementite constituent of inverse bainite are identical to Widmanstätten 

cementite.  

4.1 Inverse bainite – evidence for a diffusion controlled transformation.  

There has been little interest in the idea of symmetry among the transformation products of austenite 

and the reason could be that it cannot be reconciled with a diffusionless mechanism for bainitic ferrite, 

as it is not possible to imagine that a unit of inverse bainite can form primarily as a plate of low-

carbon cementite. As mentioned, inverse bainite was first reported in a hypereutectoid Fe-C alloy [14] 

and it has later been discussed only a few times.  Kinsmann and Aaronson [28] defined the formation 

conditions of inverse bainite and Spanos et al. [29] presented a morphology map where inverse bainite 

was included. The existence of inverse bainite is a puzzling fact for the proponents of a diffusionless 

transformation theory and it has thus been difficult to argue for the idea of symmetry because of the 

popularity of the diffusionless theory. The observation of symmetry in the phase diagram and the 

existence of inverse bainite provide evidence for the diffusion controlled theory. 
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4.2 Characterization of the transformation products in Fe-C steels 

Based on the alloys used in an extensive study of microstructures formed in a hypereutectoid steel by 

Modin and Modin [30] a similar steel was now used in the study by Borgenstam et al. [31], Table 4.1. 

A mapping of the microstructures formed in the steel during isothermal heat treatment at temperatures 

from 200 to 700 °C was performed using LOM and SEM. The micrographs was later analysed 

together with information on similar steels found in the literature [15, 29, 30, 32-35].  

Table 4.1. Alloy compositions, in mass% 

 

C Mn Si Cr Mo 

Modin and Modin [30] 1.65 0.24 0.01 0.48 0.01 

Borgenstam et al. [31] 1.67 0.22 0.27 0.47 - 
 

The analysis revealed that there are not only one but two symmetries among the diffusional products 

of austenite, one with respect to temperature at high carbon contents and one with respect to carbon 

content. In the symmetry related to the carbon content it follows that pearlite forms at close to 

eutectoid compositions. At lower carbon contents bainite forms with ferrite as the leading phase and 

at higher carbon content inverse bainite forms with cementite as the leading phase which make it the 

counterpart of bainite in low-carbon steels. 

There was also symmetry related to the temperature in high-carbon steels. At temperatures below the 

A1 temperature pearlite formed. At approximately 500 °C pearlite was replaced by an acicular 

eutectoid, Fig 4.1. The similarity with the microstructure observed by Modin and Modin was striking. 

When the microstructure was studied in the SEM it was shown that the acicular units had a central 

spline which revealed that cementite was the leading phase and that it was inverse bainite. With 

decreasing temperature, the acicular units were less pronounced and turned more or less into spherical 

nodules as seen in Fig 4.2 from 350 °C. At even lower temperatures, the nodules turned acicular again 

but now ordinary lower bainite formed with ferrite as the leading phase, Fig 4.3. 
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Fig 4.1 Acicular eutectoid formed after 15 s at 500 °C in steel with 1.67 mass % C. (left) and acicular 

eutectoid formed after 25 s at 500 °C in steel with 1.65 mass % C  from Modin and Modin [30]  (right).  

 

Fig. 4.2 Nodules of columnar eutectoid formed after 6 min at 350 °C in steel with 1.67 mass % C (left).  

Similar structure formed after 2 h at 350 °C in steel with 1.65 mass pct C from Modin and Modin [30]  

(right).   

Fig. 4.3 Ordinary lower bainite formed  in steel with 1.67 mass % C after 4 h at 250 °C. 
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Borgenstam et al. [31] concluded that the changes of microstructure of the eutectoid products in high-

carbon steels with temperature are gradual and are explained by the ratio of the supersaturation with 

respect to ferrite or cementite increasing gradually with decreasing temperature, Fig 4.4. The leading 

phase is gradually shifted from cementite to ferrite, and they behave almost as equal partners in the 

spherical nodules. The occurrence of bainite at low temperatures in high-carbon steels and the 

complete absence of inverse bainite in low-carbon steels may be regarded as a break of symmetry but 

is explained by the different slope of the extrapolated solubility lines for ferrite and cementite in 

austenite, Fig 4.4. Finally, it is concluded that the existence of symmetry among the eutectoid 

transformation products of austenite supports the idea that they all form by diffusion of carbon.  

 

Fig. 4.4 The Fe-C phase diagram with extrapolated solubility lines for ferri te and cementite in  

austenite, calculated with  the TCFE6 database in the Thermo-Calc software [6] ,   
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4.3 Extending the symmetry to alloyed steels 

The formation of acicular microstructures in the temperature region between pearlite and bainite was 

shown by Jolivet in 1939 [36] in steels alloyed with, Ni, Cr and Mo. It was later studied by Klier [37] 

and Lyman and Troiano [38] and recently by Goldenstein and Cifuentes [39] in Cr alloyed steels. 

With the observations of similar acicular microstructures in a plain carbon steel and the proposal of a 

symmetry in a Fe-C steel by Borgenstam et al. [31], Kolmskog and Borgenstam [40] now applied the 

same concept of microstructural mapping using LOM and SEM on an alloyed steel. The intention was 

to see if the same explanation to describe the variations in microstructures proposed for the plain 

carbon steel also could be applied for the alloyed steel.  

In order to make comparisons with the plain carbon steel an alloy with 0.88 mass% C and 4.12 mass% 

Cr was used to have a Bs temperature close to the one for the plain carbon steel. The steel could also 

be compared by the steel used in the microstructural review by Goldenstein and Cifuentes. [39] with 

5.2 mass% Cr and 0.46 mass% C and the one studied by Lyman and Troiano [38] with a 4 mass% Cr 

and 1 mass% C for which they produced a TTT diagram, Fig. 4.5 that could be used as a guideline for 

the heat treatments. 

 

Fig. 4.5  TTT diagram for the 4 mass% Cr and 1 mass% C steel studied by Lyman and Troiano [38] . 

Contrary to the plain high carbon steels, no primary Widmanstätten plates of cementite were observed 

in this steel. At temperatures just below the A1 temperature the pearlite interface was generally fairly 

smooth but it gradually developed to a more jagged growth front from around 650 °C, Fig. 4.6. No 

signs of any carbide plates leading the transformation in the jagged front could be detected. At 600 °C 

the pearlite developed a more acicular structure. From the LOM image in Fig. 4.7 the structure was 

very similar to what was identified as inverse bainite in the plain carbon steel but the SEM 
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micrograph, Fig. 4.8, revealed that the internal structure was very similar to pearlite formed at higher 

temperatures and it was proposed that this acicular microstructure could be referred to as acicular 

pearlite. 

 

Fig. 4.6 Pearlite formed during 40s at 650  °C in the 4.12 mass% Cr 0.88 mass% C steel  [40] . 

 

Fig. 4.7 Acicular structure formed during 180 s at 600 °C in the 4.12 mass % Cr 0.88 mass % C steel  

[40] . 

 

Fig. 4.8 Same specimen as Fig  4.7. White phase is carbide and the dark is ferrite.  The internal  

structure is very similar to the pearlite  formed in Fig. 4.6 [40] . 
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At 500 °C a similar microstructure was formed but now also primary Widmanstätten plates of 

cementite were found. Going down to 400 °C a new microstructure appeared with a completely 

different internal structure, Fig 4.9. Along the spine of the units in both micrographs carbide lamellae 

directed in the main growth direction were found, indicating that the carbide phase leads the 

transformation and for that reason the microstructure was referred to as inverse bainite. When 

lowering the temperature, the Cr alloyed steel exhibited the same transition of microstructures as the 

plain carbon steel. The acicular inverse bainite was followed by a more nodular columnar appearance, 

Fig. 4.10 and at lower temperatures ordinary lower bainite with ferrite as the leading phase appeared, 

Fig. 4.11. 

 

Fig. 4.9  Acicular microstructure formed during 3h at 400  °C in the 4.12 mass% Cr 0.88 mass% C steel  

with central carbide lamellae in  the main growth direction  [40] . 

 

Fig. 4.10 Columnar structure formed during 30 min at  375  °C in the 4.12 mass% Cr 0.88 mass% C steel  

[40] . 
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Fig. 4.11 Acicular units of  lower bainite formed during 40 min at 300  °C in the 4.12 mass% Cr 0.88 

mass% C steel [40] . 

There are evidently differences in the microstructures formed in the plain and the alloyed carbon steel 

but the similarities are nevertheless striking.  Even if there is a bay in the TTT diagram of the alloyed 

carbon steel in contrast to the plain carbon steel, the gradual change of the eutectoid products with 

decreasing temperature seemed to be repeated in the same way. The microstructure formed in the 

alloyed steel at 400 °C was similar to what was classified as inverse bainite for the plain carbon steel. 

The similarity with the high carbon steel is further demonstrated by the appearance of a nodular 

eutectoid before bainite appears and dominates completely at lower temperatures. The microstructural 

changes with temperature below the pearlitic range of temperatures should then depend on the 

temperature and the effect of the supersaturation of cementite and ferrite at lower temperatures 

Inverse bainite was found in plain carbon steels and alloyed steels. From the work it  was concluded 

that inverse bainite is favoured by depressing the bainite start temperature to lower temperatures 

which can be accomplished either by alloying additions, particularly of carbide forming elements as 

chromium, or by increasing the carbon content well over the eutectoid composition.  
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5 Growth of bainite 

The amount of austenite that transforms to certain phases is not only the result of the relative stability 

of the phases formed. An important factor is the kinetics of the transformation. The variation of the 

kinetics in the formation of different microstructures can produce steel with various properties even if 

the composition is the same. Understanding the growth kinetics is therefore a key element in the 

design of steels and other alloys.  The kinetic variations of the transformation can be illustrated by a 

TTT diagram. In steels there are two sets of C curves, one for pearlite and one for bainite. The C 

shape originates from the fact that reaction rates are slow at both high and low temperatures. At low 

temperatures the diffusion of atoms becomes sluggish whereas at higher temperatures the driving 

force for the transformation is reduced. In plain carbon steels the two C curves overlap and a clear 

distinction between the two can be hard to make. For alloyed steels the C curves can be separated and 

the bainitic C curve can be observed in the lower temperature region in the TTT diagram in Fig 5.1. 

The top of that C curve gives the upper limit for the formation of bainite. A wealth of information on 

the kinetic features of transformation in steels is available from published TTT diagrams and they are 

useful guides in the heat treatment of an alloy. 

 

Fig. 5.1 TTT-diagram with a bay [41] . 

The kinetics of a transformation is related to the nucleation and growth of the new structure. The 

event of nucleation in steel is difficult to observe on the length and time scale needed. Observation of 

the growth is easier since it occurs on a much larger and longer scale and it can therefore be analysed 

in order to increase the understanding of the mechanisms that control the kinetics. In this chapter on 

growth of bainite the growth kinetics are restricted to only concern the growth of the ferrite in 

austenite. The reason for this is because of its large influence on the bainite transformation. It is also 

during the growth of ferrite where the two different theories on bainite growth are fundamentally 

different.   
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5.1 Diffusion controlled growth 

According to the diffusional theory the transformation of austenite to bainite is initiated by the 

formation of an acicular unit of ferrite, which is regarded as being identical to Widmanstätten ferrite. 

Carbon is enriched in the surrounding austenite and precipitates as carbides. The role of carbon during 

the formation is of great importance and a way to determine it is to study its effects on the growth rate 

of acicular ferrite. In 1946, Zener [22] proposed a growth equation for the edgewise growth of a plate 

of ferrite based on the diffusion of carbon which was later modified by Hillert [14].  

                            [Eq. 1] 
 
 

D is the diffusion coefficient for carbon in austenite,  is the interfacial energy,  is the molar 

volume of ferrite,  is the carbon content of the austenite in contact with ferrite, is the carbon 

content of ferrite and  is the initial carbon content of austenite.   

 

5.2 Diffusionless growth 

The experimentally observed slow growth of bainite was inconsistent with a diffusionless martensitic 

like transformation. It was proposed by Oblak and Hehemann [33] that the slow growth of bainite 

could be explained by the formation of small sub-units of ferrite that grow in a martensitic way and a 

new sub-unit is nucleated on the previous sub-unit. This process has been described as sympathetic 

nucleation [42]. The size of the sub-unit is in the range of 0.2 x 10 x 10 μm
3
 [43] and the width of the 

sub-unit varies with the transformation temperature [44]. The growth rate of bainite is accordingly 

proposed to be controlled by the nucleation rate and the size of the sub-units. A model for the growth 

rate of bainite has been proposed by Matsuda and Bhadeshia [43] but a limitation is however that the 

model requires experimental determination of extra parameters in order to provide accurate 

predictions. 

  

5.3 Experimental measurements of the growth rate of bainite 

Growth rate measurements can be performed in different ways. The easiest and most straightforward 

way is to study micrographs of partially transformed specimens. If the incubation time is considered 

to be relatively short compared to the heat treatment time the length of the longest plate divided with 

the total time for transformation can give a crude estimate of the growth rate. This method was 

successfully used by Hillert [14] in the development of a model for the growth rate of acicular ferrite. 

More direct techniques measuring the growth rate have been used by Tsuya [45] and Speich and 
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Cohen [46] using in-situ hot-stage microscopy. Measurements with higher resolution using high 

voltage electron microscopy (HVEM) were made by Nemoto who studied the growth rate in-situ in 

great detail [47]. With the recent development of hot-stage laser scanning confocal microscopy 

(LSCM) [48]  all transformations that give rise to a surface relief can be studied during growth in 

specimens prepared by ordinary metallographic polishing. This technique was used successfully by 

Kolmskog et al. [49] when measuring the growth rate of bainite, Fig 5.2. 

 

Fig. 5.2 Hot-stage LSCM micrographs from video snapshots showing the growth of a bainite unit at 

300°C at the start of the recording  (a), after 300 s (b)  and after 600 s (c) in an 4.12 mass% Cr 0.88 

mass% C steel   [49] . 

 

5.4 Experimental determination of the growth kinetics of transformation 

products in a 4.12 mass% Cr 0.88 mass% C steel 

In a study by Kolmskog et al. they used information available from the mapping of the 

microstructures in a 4.12 mass% Cr 0.88 mass% C steel [40]. From the micrographs they determined 

the growth rate of transformation products formed in the whole temperature range from 200 to 700 

°C. In addition they performed growth rate measurements of bainite using LSCM in the temperature 

region from 275 to 350 °C, as mentioned above [49]. 

In Fig. 5.3, growth rates versus temperature for the transformation products studied by Kolmskog et 

al. [49] are presented. In the upper temperature range, a continuous decrease of the growth rate of 

pearlite could be observed. When the growth rates of pearlite were compared with the growth rates 

from alloys with less Cr [50] and an Fe-C alloy [51], Fig. 5.4, the values were of the same magnitude 

at 700 °C and the difference was attributed to their differences in Cr content. At lower temperatures 

the difference in growth rate increased between the alloys with different Cr contents. The smooth 

variation of growth rate with difference in chromium content and the fact that there was no indication 

of a sudden change at some Cr content served as an indication that there was a gradual change in 

growth mechanism with the Cr content from 650 to 450 °C. From the smooth curve in Fig. 5.3 and the 

similarity to the normal shape of pearlite it was concluded that the products formed in this 

temperature regime were the result of a gradual transition and that they all were related to pearlite. 
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Fig. 5.3 Growth rates of various microstructures. Points marked w ith a cross were obtained in a hot -

stage LSCM. All other points were obtained with LOM [49] .  

 

Fig. 5.4 Growth rates of pearlite in Fe-C and Fe-C-Cr alloys. The data on the 4 mass% Cr steel was 

from the work by Kolmskog et al.  [49] .  

 

Between 450 °C and 425 °C there was a sudden increase of the growth rate, Fig. 5.3. This was 

interpreted as an indication that a completely new growth mechanism was operating in the lower 

temperature range. In the previous study of the same steel [40] the acicular microstructure in this 

range of temperature was identified as inverse bainite, which presumably had cementite as the leading 

phase [31],[40]. The sudden increase of the growth rate was therefore taken in support of the previous 

identification of the new microstructure formed being unrelated to pearlite 

The transformation product with a smooth growth front that followed the inverse bainite at lower 

temperatures and was identified as the columnar microstructure in the work by Borgenstam et al. [31] 

and characterized as a kind of inverse bainite was now included when a common curve was drawn 

through the five points representing the two kinds of inverse bainite forming from 425 to 350 °C. The 

slope and its extensions outside the experimental range were very uncertain.    



25 

 

The reason to for the sudden appearance of fast growing inverse bainite was puzzling. However, it 

was well recorded by Lyman and Troiano [38] that Widmanstätten cementite can form simultaneous 

to acicular pearlite and it was also observed by Kolmskog and Borgenstam [40]. The two points for 

the growth rate of Widmanstätten cementite at 450 °C and 500 °C were now evaluated and were 

added to Fig. 5.3 but they were given with an arrow indicating that the values were probably too low 

because their further growth had already been stopped by impingement. Widmanstätten cementite was 

not observed at or above 550 °C, probably because the acicular pearlite would form faster at the 

higher temperatures. Since cementite is the leading phase in inverse bainite and its growth rate may 

mainly be controlled by the growth rate of Widmanstätten cementite, it was now proposed that a 

primary plate of cementite does not initiate the simultaneous growth of ferrite unless the temperature 

is low enough to yield a sufficient driving force for ferrite. In the present case it seems that an 

undercooling to 425 °C was required.   

 

5.5 Observation of bainite formation under Ms 

The formation of bainite under the Ms temperature has attracted little interest over the years. The 

reason for this can be that it has little practical importance as the mechanical properties of bainite and 

tempered martensite are not drastically different. Radcliffe and Rollason [52] touched upon the 

subject when they studied the formation of bainite around Ms and concluded that ‘‘a more rapid onset 

of the bainite reaction at temperatures below Ms is a well-established phenomenon”. Unfortunately 

they did not give any reference to that conclusion in their work. In recent studies by van Bohemen et 

al. [53] they studied isothermal transformation around Ms and found that kinetic similarities indicated 

that it was the same kind of transformation under and above Ms. The work by Kolmskog et al. [54] 

was an attempt to confirm the observation of martensite and bainite forming at the same temperature. 

The question is of fundamental importance since it can be used to reveal the validity of the different 

theories for growth of bainite proposed. From the perspective of the diffusionless theory, the 

observation of bainitic growth simultaneously with martensitic growth is not expected as bainitic 

growth is predicted to turn spontaneously into martensitic growth when the driving force for 

martensitic growth is high enough. Any observation of this type could therefore support that the 

growth of bainite is not related to martensite. 

Kolmskog et al. studied a 0.51 mass% C, 2.06 mass% Mn and 2.29 mass% Si steel using a hybrid in-

situ experimental setup with simultaneous synchrotron x-ray (SXRD) with a laser scanning confocal 

microscope (LSCM) attached in a setup developed by Komizo and Terasaki [55]. With the setup the 

specimens could be austenitized and isothermally heat treated while the surface could be monitored 

in-situ with the simultaneous acquisition of SXRD data from the specimen. 
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Fig. 5.6 shows a sequence of images from an isothermal run at 300 °C. The white arrow indicates an 

acicular unit that grows continuously over the whole time period. The continuous growth could also 

be observed by measuring the position of the tip during growth, Fig. 5.6 g.  The black arrow shows 

the growth of rapidly growing units that appear from one frame to the other, c-d and e-f. When the 

growth rate of the two different types of units formed was evaluated it was 7 μm/s for the slow 

growing unit and a minimum of 3 mm/s for the rapidly growing unit.  

 

Fig. 5.6 Series of video frames illustrating 

the continuous growth of an acicular unit,  

marked with white arrows, and the 

simultaneous formation of new rapidly 

growing acicular units,  marked with black 

arrows (a-f).  Growth of acicular unit  marked 

with white arrow in the video recording. The 

points give the position of the tip during growth  (g) [54] . 
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In addition to the LSCM recording of the growth, x-ray diffraction data was recorded simultaneously. 

Fig. 5.7 a and b show the evolution of the fcc and bcc diffraction peaks from the same time as the 

LSCM recording. The recorded temperature, the full line in Fig. 5.7 c, indicated undershooting before 

it reached isothermal conditions at 300 °C. The dotted line in Fig. 5.7 c shows the estimated 

temperature change during this time based on the assumption that the decreased d-spacing for fcc 

{111} was caused by the cooling of the surface temperature before it levelled out and reached 

isothermal conditions at 300 °C. The estimate was made using the coefficient of linear thermal 

expansion for austenite (21.6 ) determined by dilatometry. From that analysis it was proposed 

that there was no undershooting of the temperature in the surface. At the onset of the growth of the 

fast growing unit, marked with a black arrow in Fig. 5.6 c at a total time of 725.31 s a sudden shift of 

the d-spacing for bcc {110}, accompanied by a widening of the peak, was observed as shown in Fig. 

5.7 b.  

 

Fig. 5.7 X-ray diffraction results after Gaussian peak f itting. Measured d -spacing for the fcc {111} (a) 

and bcc {011} peaks (b). The recorded temperature (full line) and the estimated surface temperature 

(dotted line) are presented in (c) [54] . 

It was concluded by the authors that the sudden change cannot be solely due to temperature changes 

and it was proposed that the change of the bcc {011} peak was most likely the result of the start of the 

martensitic transformation. The conclusion was based upon the fact that martensite with its high 

dislocation density, small crystallographic units, internal stresses and possible tetragonal structure 

would give a wider peak. The formation of martensite also compares favourably with complementary 

dilatometry measurements performed on the material where the Ms temperature was found to be 

around 300 °C. 
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5.5.1 Implication of the observation on the two theories 

It seems that the implication of the results by Kolmskog et al. [54] is that a unit of acicular ferrite can 

grow simultaneously with martensite, i.e. at the same temperature. This is not in agreement with the 

diffusionless theory as one would expect the bainitic growth to turn into martensitic growth once the 

driving force for the growth of martensite is high enough. 

According to the diffusional theory the results seem reasonable since martensite is the only phase in 

steels that grows with such a high velocity. In addition, the theory makes no difference between 

Widmanstätten ferrite and bainitic ferrite. Thus, there is only one kind of acicular ferrite and it should 

grow slowly to allow carbon to diffuse away during the growth. For this reason, it makes no 

difference if the unit marked with white arrows is regarded as Widmanstätten ferrite or, bainite or 

carbide-free bainite because those terms mean the same according to the diffusional theory.  
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6 Modeling of bainite formation 

With the growing interest in bainitic steels there have been several efforts to model the formation of 

bainite and different models have been presented for the macroscopic transformation kinetics based 

on different approaches [56-58]. A key question in the development of any model for bainite growth 

is how to predict the bainite start temperature, Bs. This temperature is of fundamental importance 

when designing a heat treatment for a bainitic steel. The Bs temperature is a result of the chemical 

composition of the steel and over the years there have been several attempts to determine how the Bs 

temperature is affected by various alloying elements.  

The first models for the prediction of Bs temperatures were empirical and the Bs temperature was 

assumed to vary linearly with a coefficient for each alloying element determined by a regression 

analysis. A thorough assessment of this type was made by Steven and Haynes [59] and their equation 

for the Bs temperature is still widely used.  

Bs (
o
C) = 830 - 270C - 90Mn - 37Ni - 70Cr - 83Mo (mass%)  (Eq. 2) 

In order to improve the predictive capabilities of the empirical model by Steven and Haynes [60], an 

exponential carbon dependency have been included by van Bohemen [61]. A limitation with the 

empirical methods is however that they only can be used within the composition range for which they 

have been determined. In order to make predictions outside that range neural network models have 

successfully been used [61,62] providing a more flexible tool for the regression analysis when 

calculating the coefficients.  

Even if the empirical models can make rather good predictions they do not add to the understanding 

of the physical factors affecting the Bs temperature. One may therefore hope that a physically based 

method would not only increase the understanding but also result in a more reliable predictor of the Bs 

temperature in steels.  

 

6.1 Thermodynamically based models for the prediction of Bs 

In order to produce more physically based models thermodynamics provide a useful engineering tool. 

Thermodynamic calculations have become an important approach in understanding material 

properties and processes and the development of the CALPHAD (CALculation of PHAse Diagrams) 

technique has provided reliable databases of important alloying systems. With the current situation of 

two different theories for the formation of bainite, thermodynamic calculations can be used to shed 

further light on this issue. However, before any thermodynamic analysis is made, the thermodynamic 

background of the two theories will be presented. 
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6.1.1 Diffusionless theory 

Thermodynamically based models for the diffusionless formation of bainite was first presented by 

Bhadeshia and Edmonds [63]. It was based on the idea originally presented by Zener [22] that the 

thermodynamic limit for the bainite formation is related to the T0 line in the phase diagram where the 

Gibbs energies of austenite and ferrite with the same composition are equal. 

When Bhadeshia plotted the driving force for a diffusionless transformation to bainite in steels from 

data by Steven and Haynes [59], Fig. 6.1 a, he found that some data points could be found on the 

positive side of the zero line which meant that there is no driving force for the transformation. For 

clarity it should be mentioned that the driving force for transformation is negative in Fig 6.1. He also 

evaluated the barrier for the critical driving force for a diffusional transformation, Fig. 6.1 b, where 

the scatter is much less than for the diffusionless transformation, Fig. 6.1 a. He thus proposed that the 

nucleation is diffusion controlled but during growth there is no diffusion. He also found that he could 

represent the information in Fig. 6.1 b with a straight line and suggested that it should describe the 

nucleation process. He presented this line as a universal curve for nucleation GN=3.637(T-273.18)-

2540 as it defines the minimum driving force necessary for the nucleation of Widmanstätten ferrite 

and bainite in any steel under diffusion.  

According to Bhadeshia [8] the difference between the two acicular products is that the growth of 

Widmanstätten ferrite is controlled by diffusion and the growth of bainitic ferrite is diffusionless. The 

growth of Widmanstätten ferrite can thus be expected below the A3 temperature and bainite can only 

grow below the T0 temperature. It was however proposed by Le Houllier et al. [64] that the T0 line 

should be adjusted with an additional term due to strain energy during formation. This was accepted 

by Bhadeshia and Edmonds [63] and later the energy barriers for Widmanstätten ferrite and bainitic 

ferrite were experimentally determined as 50 and 400 J/mol respectively [65]. With the addition of the 

extra energy barrier Bhadeshia now included a T0’ line in the phase diagram as the critical line for the 

formation of bainite. The following conditions for the formation of bainite was made 

 

 

where  is the free energy change associated with a diffusionless transformation,   is free 

energy change available for nucleation under diffusion and GSB is the stored energy of bainite of 400 

J/mol. 
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Fig. 6.1 Evaluation of barriers of critical driving force for the growth of acicular ferrite using 

information on B s from Steven and Haynes [59]  for formation without diffusion of carbon  (a) and for 

formation with di ffusion of carbon (b) [65] . 

6.1.2. Diffusion controlled theory 

Referring to the well-known requirement of an appreciable driving force for the formation of 

martensite, Hillert [66] proposed that the formation of both Widmanstätten and bainitic ferrite also 

requires a special driving force. He studied the critical carbon content for Fe-C alloys and low alloy 

steels below which acicular ferrite can grow. From its deviation from the A3 line he evaluated the 

critical driving force for growth of acicular ferrite under diffusion of carbon, finding large positive 

values. Combining the results for a series of temperatures he could demonstrate that the critical 

driving force for growth increased with lower temperatures. Moreover, the data did not indicate any 

sharp change between Widmanstätten ferrite at higher temperatures and bainitic ferrite at lower, 

supporting the proposal that they grow by essentially the same mechanism. 

Based on Hillert’s evaluation, Hillert et al. [4] examined experimental information of the start 

temperature of bainitic ferrite and Widmanstätten ferrite in Fe-C steels. From experimental 

information at three temperatures they proposed a temperature dependent barrier for the formation of 

acicular ferrite. The critical line for acicular ferrite formation was denoted WBs because no distinction 

was made between bainite and Widmanstätten ferrite, Fig 6.2 as it is generally agreed that the initial 
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stage of the formation of bainite is the formation of an acicular unit of ferrite similar to 

Widmanstätten ferrite. 

 

Fig. 6.2 The WBs, T0  and T0’ line in the Fe-C phase diagram. The squares show the experimental  

information used in fitting the barrier from which t he WBs line was calculated [4] .  

 

6.2 Thermodynamic analysis of the critical conditions for the formation of 

acicular ferrite 

In order to follow up on the work by Hillert et al. [4] , Kolmskog et al. [67] collected information on 

both Widmanstätten ferrite start temperatures, Ws and Bs temperatures from a large number of 

compositions and experimental methods in order to make a thermodynamic analysis of the critical 

conditions for acicular ferrite. Their intention was related to the question whether Widmanstätten and 

bainitic ferrite forms with the same or different kinds of processes, what the governing process is and 

how it can be described thermodynamically. By assuming that it is the same critical condition that 

controls the initiation and the cessation of the formation of acicular ferrite they collected information 

from both the critical temperature of formation and carbon content of the austenite when the reaction 

stopped. From the information collected only steels alloyed with Cr, Mn, Si, Mo and Ni were included 

in the analysis. 

The proposed difference in critical driving force for growth and nucleation of bainite according to the 

diffusionless theory was tested by Kolmskog et al. who now plotted the critical driving force for the 

formation of bainite under para-equilibrium conditions, Fig 6.3.  
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Fig. 6.3 Critical driving force for a diffusional process evaluated from the critical  condition for the 

formation of acicular ferrite in 594 experimental data points [67] . 

From Fig. 6.3 they found a strong indication of a smooth dependence on temperature similar to the 

corresponding diagram obtained by Bhadeshia [65] which did not cover the highest temperature 

range, Fig. 6.1 b. Bhadeshia could thus represent his information with a straight line whereas Fig. 6.3 

demonstrated a strong curvature before it approached the higher temperatures. As a result of that the 

main part of the information in Fig. 6.3 can be represented fairly well by a single curve and it was 

concluded from the shape that the information concerned a single process. 

The same information as in Fig. 6.3 was then used to calculate the critical driving force for a 

diffusionless transformation, Fig. 6.4 using the same thermodynamic database TCFE6 in Thermo-

Calc [5]. A large scatter was found around the T0-line and many values were found to have negative 

values even at lower temperatures. Negative values were also found by Bhadeshia [65] for a small 

number of steels in the upper temperature range, Fig. 6.1 a but it was then suggested that those data 

points concerned Widmanstätten ferrite and not bainitic ferrite. It was concluded that that explanation 

cannot be applied in the present case and the negative values were taken in support for the conclusion 

that the critical condition for the formation of acicular ferrite is governed by a diffusional process and 

not by a diffusionless process. 
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Fig. 6.4 Critical driving force for a diffusionless process evaluated from the critical condition for the 

formation of acicular ferrite in same alloys as in Fig. 6 .3 [67] . 

From the data on Fe-C, Fe-C-Si and Fe-C-Mn-Si alloys in Fig. 6.3 Kolmskog et al. [67] could fit a 

spline function after concluding that addition of Si did not have any significant effect on the critical 

driving force for a diffusion controlled transformation under paraequilibrium conditions. Moreover, 

they also found that the effect of Mn on the critical driving force was rather independent of Mn. The 

critical driving force in Fig. 6.5 a could therefore be representative of the Fe-C system even if alloys 

with Si and Mn were included. A spline function was also fitted to the information for diffusionless 

transformation Fig. 6.5 b. The difference between the critical driving force and the spline functions 

which represent the barrier is shown in Figs. 6 c and d. The standard deviation of the diffusional data 

in Fig. 6.5 c was 153 J/mol which was found to be much smaller than for the diffusionless in Fig. 6.5 

d which was 495 J/mol. From this it was concluded that the diffusional approach was most attractive. 
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Fig. 6.5 a)  Barrier for acicular ferrite represented by a spline function, chosen by fitting the cri tical 

driving force for a diffusional process evaluated from the crit ical condition for Fe -C, Fe-C-Si and Fe-

C-Mn-Si alloys.  b)  Line of reference for a diffusionless process, evaluated by fitting a spline function 

to the critical driving force evaluated for the alloy s used in a).  c).  Difference between critical driving 

forces for a diffusional process and  the barrier chosen in a) for all the information .  d)  Difference 

between the critical driving force and the line of reference for a diffusionless process  chosen in b) for 

all the information [67] . 

 

6.2.1 Effect of alloying elements 

It is a common observation that the effect of alloying elements is larger on the Ws and Bs temperatures 

compared to the A3 temperature which serves as an indication that the effect is more than just 

thermodynamic. In the work by Hillert et al. [4] they found that the addition of alloying elements 

affected the height of the evaluated barrier and proposed that the effect could be the result of a solute 

drag effect. They included an extra addition to the barrier for Cr and Mo additions for which enough 

experimental data was available. The addition to the barrier was found to increase with temperature 

a) b) 

c) d) 
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and was suggested to be proportional to the alloy content. The need for an adjustment of the barrier 

was also realized by Kolmskog et al. [67]. They considered the work by Hillert and Höglund [68] 

where the barrier for Mo decreased at higher temperatures. They now plotted the deviation from the 

barrier for all the information they had from Cr and Mo alloyed steels and found a deviation similar to 

the one by Hillert et al. [4] but now they included a decrease of the extra barrier at higher temperature 

for both Cr and Mo. It could also be concluded from Fig. 6.6 where the deviation from the barrier is 

divided by the Cr content that the amount of alloy addition is proportional to the deviation. The effect 

of Cr could thus be expressed as Cr barrier = mass% Cr · fCr(T), J/mol. The curve was obtained by 

subjective judgment and expressed with a spline function. A similar treatment could also be made for 

Mo where an even stronger effect could be observed. Since Cr and Mo both are strong carbide 

formers and steels with W or V also show the bay phenomenon, one may expect a similar barrier also 

for other strong carbide formers. 

For Ni alloyed steels a similar analysis was made and surprisingly some information indicated a 

strong negative effect that increased towards lower temperatures. For that reason the validity of the 

information included was questioned and the Ni alloyed steels were removed from the analysis of the 

predictive capability of the new model. 

 

 

 

 

 

 

 

Fig. 6.6 Information from deviation from the barrier for Cr and Mo divided with the mass% Cr (left)  

and mass% Mo (right) . The result is represented by a spline function [68] .  
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6.3 Comparison of predictions 

The barrier evaluated by Kolmskog et al. [67] was included in a newly developed software package 

for the prediction of the critical driving force for the formation of acicular ferrite. The package uses 

the Thermo-Calc programming interface TQ together with the database TCFE6 [5] to obtain the 

necessary thermodynamic quantities used in the calculations. When the critical condition is expressed 

as a critical driving force it can be expressed as either a critical temperature or a critical carbon 

content. For the cases where the experimental information was given as a critical carbon content a 

comparison could be made with the predictions of the critical carbon content. The same procedure 

could also be made for the information considering the critical temperature.  

Fig. 6.7 shows the predicted critical temperature and carbon content respectively for a diffusion 

controlled transformation. The average of the differences and the standard deviation were evaluated 

and the results were -1 ± 84 K and -0.03 ± 0.28 mass% C respectively. The same information was 

then compared to the predictions made by a diffusionless transformation with the addition of a 

constant barrier of 400 J/mol as proposed by Bhadeshia [65], Fig. 6.8. The results were -10 ± 102 K 

for WBs and -0.10 ± 0.34 mass% C for the critical carbon content.  It is evident that the approach 

based on a diffusional process gives slightly better predictions than Bhadeshia’s approach based on a 

diffusionless process. Both approaches did however perform better than compared to the empirical 

model by Steven and Haynes where the result was -37 ± 92 K.  

The results of the comparison of predictors revealed that both a diffusional and a diffusionless 

approach modified with Bhadeshia’s proposal of 400 J/mol can be used to predict the WBs 

temperature with appropriate correlations for the alloying elements. There is however a need for the 

addition of a term accounting for Mn in the approach by Bhadeshia which is not needed in the 

diffusional approach. Finally, it was concluded that the effects of alloying elements on the barrier has 

to be studied in more detail but first the description of the barrier for binary Fe-C alloys needs to be 

improved in order for the predictive capabilities of the model to improve. 
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Fig. 6.7 Comparison of predicted and experimental values of WBS  temperatures (left)  and the critical  

carbon content (right) [67] . The average difference is indicated by the dashed line and the dotted lines 

indicate the standard deviation .  

 

 

 

 

 

 

 

Fig. 6.8 Comparison of predicted and experimental values of WBS  temperatures (left)  and the critical  

carbon content (right) with predictions from Bhadeshia’s proposal [67] . The average difference is 

indicated by the dashed line and the dotted lines indicate the standard deviation . 
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7 Concluding remarks and future prospects 

The intention of this thesis is to increase the understanding of the physical background of the bainite 

transformation. With a debate that has been going on for decades this thesis make no claim of solving 

any controversy. It should instead be regarded more as an introduction to a field of research that for a 

long time has been disregarded by many due to the harsh climate of debate at times. That has not been 

advantageous for the development of the understanding of the bainite formation and with new tools 

for the characterization and modeling of the bainite transformation the time has come to look forward 

and create new understanding of the bainite transformation. Future challenges related to this thesis 

that lie ahead are of course many and the most important, according to the present author, are listed 

below. 

 Fundamental understanding of bainitic microstructures is a key element in the understanding 

of the bainite transformation. Little work has been made over the years to verify the existence 

of inverse bainite although its existence is of great importance for understanding of the 

eutectoid decomposition of austenite. Much of the information is based on etched 2D 

sections. New understanding can be obtained through the use of modern electron microscopy 

techniques. A more thorough analysis of the carbide formed could provide valuable 

information. 

 

 The role of alloying elements during the formation of bainite is an area where a lot remains to 

be revealed. The distribution of alloying elements affects the growth kinetics of ferrite and 

cementite which in turn has an effect on the microstructural appearance. By detailed 

experimental characterization of the austenite/ferrite interfaces new information can assist in 

the development of models for the growth of ferrite. Of special interest is the interfacial 

energy of the austenite/ferrite interface and the solute drag effects during movement of the 

interphase. 

 

 The development of in-situ techniques have in this thesis proved to be a valuable tool in order 

to provide new understanding. The use of SXRD in combination with LSCM gave new 

possibilities to observe how phase transformations progressed. A future possibility using this 

technique would be to more accurately determine the position in the sample from where the 

diffraction data is acquired. 

 

 The observation of bainite under Ms is an intriguing and raises questions of the fundamentals 

of the bainite transformation. A more thorough study of this including microstructural 

characterization and different alloys could provide valuable information.  
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 Models for the formation of bainite will become increasingly more important tools in the 

future. With the complicated nature of the nucleation and growth of bainite the 

phenomenological approach used in this thesis is a first step to a more physically correct 

model. The development of these types of models is important as they can provide more 

information on the physical background of the bainite transformation than an empirical 

model. What is presented in the thesis provide an initial test of the method and important 

answers have been provided. But still much of the experimental input data is unreliable and 

needs to be improved in order to increase the predictive capabilities of the model.  

  

  



41 

 

8 Acknowledgements 

Four years ago I started this journey of graduate studies that now is coming to an end. Along the way I 

have learned a lot and for that I am very grateful. 

First of all I would like to express my sincere gratitude to my supervisor Assoc. Prof. Annika 

Borgenstam and co-supervisor Prof. John Ågren for your continuous support and guidance and for 

giving me the opportunity to do this work.  

I would also like to thank Prof. Em. Mats Hillert for all his contributions to this work and for all the 

interesting discussions we had. I would also like express my thanks to Dr. Lars Höglund for all his 

support and contributions with computer, software and modeling related work and to Dr. Peter 

Hedström for all his support in the experimental work. 

The VINN Excellence Center Hero-m, VINNOVA, Swedish Industry and KTH Royal Institute of 

Technology are greatly acknowledged for providing financial support for performing this work. 

Thanks to Stiftelsen Axel Hultgrens Fond, Ångpanneföreningens Forskningsstiftelse and Knut and 

Alice Wallenbergs stiftelse for providing travel grants to attend various conferences.   

I would like to thank all the colleagues and fellow graduate students for all your support and for 

creating a good atmosphere for research. My roommate for almost four years, Ida Borgh is thanked 

for making our office such an enjoyable place to work in. I would also like thank all my family and 

friends for all your support. 

Finally, I would like to thank my Kajsa for all your love, support and encouragement. 

Peter Kolmskog, Falun, April 2013 

 

  



42 

 

  



43 

 

9 References 

[1] World Steel Association: Crude Steel Production 2011, available online from: 

http://www.worldsteel.org/dms/internetDocumentList/steel-stats/2011/Crude-steel-production-

2011/document/2011%20steel%20updated%20Feb2012.pdf  [Accessed: 2013-03-10] 

[2]  F.G. Caballero, H.K.D.H. Bhadeshia, K.J.A. Mawella, D.G. Jones and P. Brown: Materials 

Science and Technology, 2001, vol. 17, p. 512. 

[3]  Y. Tomita  and K. Okabayashi: Metall. Trans. A, 1985, vol. 16A, p. 73.  

[4]  M. Hillert, L. Höglund, and J. Ågren: Metallurgical and Materials Transactions A, 2004, 

vol. 35, p. 3693. 

[6]  J.O. Andersson, T. Helander, L. Höglund: P.F. Shi, and B. Sundman: CALPHAD, 2002, vol. 26, 

p. 273 

[6]  R. F. Hehemann, K. R. Kinsman and H. I. Aaronson: Trans. AIME, 1972, vol. 3, p. 1077. 

[7]  M. Hillert: ISIJ International, 1995, vol. 35, p. 1134. 

[8]     H.K.D.H. Bhadeshia: Bainite in Steels, 2nd ed., University Press, Cambridge, MA, 2001.  

[9] R. F. Hehemann: Phase Transformations, ASM, Metals Park, 1970, p.  397. 

[10]  F.B. Pickering: in Transformation and Hardenability in Steels, Climax Molybdenum Co., Ann 

Arbor, MI, 1967, p. 109. 

[11]  E.R. Petty, Physical Metallurgy of Engineering Materials, London, George Allen and Unwin, 

1970 

[12]   C. Garcia-Mateo and F. G. Caballero, ISIJ International, 2005, vol. 45, p. 1736. 

[13]  L.J. Habraken and M Economopoulos: in Transformation and Hardenability in Steels, Climax 

Molybdenum Co., Ann Arbor, MI, 1967, p. 69. 

[14]  M. Hillert: “The Role of Interfacial Energy during Soloid State Phase Transformations” in 

Thermodynamics and Phase Transformations, The Selected Works of Mats Hillert, eds. J. 

Ågren, Y. Bréchet, C. Hutchinson, J. Philibert and G. Purdy, EDP Science, Les Ulis  Cedex, 

France, 2006, p. 53. 

[15]  T.G. Nilan: Trans. AIME, 1967, vol. 239, p. 898. 

[16]  A. Hultgren: A Metallographic Study of Tungsten Steels, John Wiley, New York, N.Y., 1920. 



44 

 

[17]  J. M. Robertson: J. Iron Steel Inst., 1929, vol. 119, p. 391. 

[18]  E. S. Davenport and E. C. Bain: Trans. AIME, 1930, vol. 90, p. 117. 

[19]  F. Wever: Z. Metallkd., 1932, vol. 24, p. 270. 

[20]  J. R. Vilella, G. E. Guellich and E. C. Bain: Trans. ASM., 1936, vol. 24, p. 225. 

[21]  A. Hultgren: Trans. ASM., 1947, vol. 39, p. 815. 

[22]  C. Zener: Trans. AIME, 1946, vol. 167, p. 550. 

[23]  T. Ko and S. A. Cottrell: J. Iron Steel Inst., 1952, vol. 172, p. 307. 

[24]  A. P. Miodownik: The Mechanism of Phase Transformations in Metals, Inst. Metals 

Monograph and Report Series, No. 18, 1956, p. 319. 

[25]  J.W. Christian: Metall. Trans. A, 1994, vol. 25, p.1821. 

[26]  M. Hillert: Metall. Trans. A, 1994, vol. 25, p. 1957. 

[27].  H. Modin and S. Modin: Jernkont. Ann., 1955, vol. 139, p. 481. 

[28]  K.R. Kinsman and H.I. Aaronson: Metall. Trans., 1970, vol. 1, p. 1485. 

[29]   G.Spanos, H.S. Fang, D.S. Sarma, and H.I. Aaronson: Metall. Trans A, 1990, vol. 21, p. 1391 

[30]  H. Modin and S. Modin: Microstructures in Three Isothermally Transformed Carbon Steels 

with High-carbon Contents, Meritförlaget, Stockholm, Sweden, 2000. 

[31]  A. Borgenstam, P. Hedström, M. Hillert, P. Kolmskog, A. Stormvinter and J. Ågren: Metall. 

Mater. Trans. A, 2011, vol. 42, p. 1558. 

[32]  A.B. Greninger and A.R. Troiano: Trans. AIME, 1940, vol. 140, p. 307. 

[33] J.M. Oblak and R.F. Hehemann: in Transformation and Hardenability in Steels, Climax 

Molybdenum Co., Ann Arbor, MI, 1967, p. 15. 

[34]  A. Hultgren: Jernkont. Ann., in Swedish, 1951, vol. 135, p. 403, Kungl. Vetensk. Akad. Handl., 

in English, 1953, Stockholm, Sweden, vol. 4 (3). 

[35]  H. Warlimont: The Iron and Steel Institute, Special Report 93, London, UK, 1965, p. 149. 

[36]  H. Jolivet: J. Iron Steel Inst., 1939, p. 391. 

[37]  E.P. Klier: Trans. AIME, 1945, vol. 162, p. 186. 



45 

 

[38]  T. Lyman and A.R. Troiano: Trans. AIME, 1945, vol. 162, p. 196. 

[39]  H. Goldenstein and J.A.B. Cifuentes: Metall. Mater. Trans. A, 2006, vol. 37A, p. 1747. 

[40]  P. Kolmskog and A. Borgenstam: Metall. Trans. A., 2011, vol. 42, p. 3941. 

[41]  ASM: Atlas of Isothermal Transformation and Cooling Transformation Diagrams, Metals Park, 

1977. 

[42]  H. I. Aaronson and C. Wells: Trans. AIME, 1956, vol. 206, p. 1216. 

[43]  H. Matsuda and H.K.D.H. Bhadeshia: Proc. R. Soc. Lond. A, 2004, vol. 460, pp. 1707. 

[44]  S.B. Singh and H.K.D.H. Bhadeshia: Materials Science and Engineering A, 1998, vol. 245, p. 

72.  

[45]  K. Tsuya: J. Mech. Lab., 1956, vol. 2, p. 20. 

[46]  G. R Speich and M. Cohen: TMS-AIME, 1960, vol. 218, p. 1050. 

[47]  M. Nemoto: in High Voltage Electron Microscopy, P.R. Swann, C.J. Humphrey, and M.J. 

Goringe, eds., Academic Press, London, U.K., 1974, p. 230. 

[48]  H. Yin, T. Emi, and H. Shibata: Acta Mater., 1999, vol. 47, p. 1523. 

[49]  P. Kolmskog, P. Hedström and A. Borgenstam: In manuscript. 

[50]  R.C. Sharma, G.R. Purdy and J.S. Kirkaldy: Metall. Mater. Trans. A, 1979, vol. 10A, p. 1129.   

[51]  J.H. Frye, Jr., E.E. Stansbury and D.L. McElroy: Trans. AIME, 1953, vol. 197, p. 219.  

[52]  S. Radcliffe and E. Rollason: J. Iron Steel Inst, 1959, vol. 191, p. 56. 

[53]  S.M.C. van Bohemen, M.J. Santofimia and J. Sietsma: Scripta Materialia, 2008, vol. 58, p. 

488. 

[54]  P. Kolmskog, A. Borgenstam, M. Hillert, P. Hedström, S. S. Babu, H. Terasaki and Y. Komizo: 

2012, Met. Trans. A., vol. 43, p. 4984. 

[55]  Y. Komizo and H. Terasaki: Sci. Technol. Weld. Join., 2011, vol. 16, p. 79. 

[56]  R. Mahnken, A. Schneidt, S. Tschumak and H.J. Maier: Computational Materials Science, 

2011, vol. 50, p. 1823. 

[57]  M. Azuma, N. Fujita, M. Takahashii, T. Senuma, D. Quidort and T. Lung: ISIJ International, 

2005, vol. 45, p. 221. 



46 

 

[58]  N.A. Chester and H.K.D.H. Bhadeshia:  J. Phys. IV France, 1997,  vol. 7, p. 41. 

[59]  W. Steven and A.G. Haynes: Journal of the Iron and Steel Institute, 1956, vol. August, p. 349. 

[60]  S. M. C. van Bohemen: Materials Science and Technology, 2012, vol. 28, p. 487. 

[61]  H.K.D.H. Bhadeshia, ISIJ International, 1999, vol. 39, p. 966. 

[62]  C. Garcia-Mateo, T. Sourmail, F.G. Caballero, C. Capdevila and C. Garcia de Andrés: Mater.   

Sci. Techn, 2005, vol. 21, p. 934. 

[63]  H.K.D.H. Bhadeshia and D.V. Edmonds: Acta Metallurgica, 1980, vol. 28, p. 1265. 

[64]  R. Le Houillier, G. Bégin, and A. Dubé: Metallurgical Transactions, 1970, vol. 2, p. 2645. 

[65]  H.K.D.H. Bhadeshia: Acta Metallurgica, 1981, vol. 29, p. 1117. 

[66]  M. Hillert: “The Growth of Ferrite, Bainite and Martensite” in Thermodynamics and Phase 

Transformations, The Selected Works of Mats Hillert, eds. J. Ågren, Y. Bréchet, C. Hutchinson, 

J. Philibert and G. Purdy, EDP Science, Les Ulis Cedex, France, 2006, p. 111. 

[67]  P. Kolmskog, A. Borgenstam, L. and M. Hillert: Submitted for publication 

[68]  M. Hillert and L.Höglund: Austenite Formation and Decomposition, Eds. E.B. Damm and M.J. 

Mervin, TMS, Warrendale, PA, USA, 2003, p. 3. 

 

 


