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Abstract 
A systematic survey of morphology of bainite as well as proeutectoid ferrite was carried 

out in order to validate some old thoughts of a sharp transition between the diffusional 

and diffusionless transformation at the bainite start temperature in steels. Based on 

investigation of morphology of grain boundary nucleated particles of ferrite as function 

of temperature, it is confirmed that there is no morphological evidence supporting a 

sharp change neither between Widmanstätten ferrite and the ferritic component of upper 

bainite, nor between upper and lower bainite. Instead, following the decreasing holding 

temperature, the change of morphology is gradual. Among the three products, both 

Widmanstätten ferrite and upper bainite start with precipitation of ferrite plates at a 

grain boundary while lower bainite starts with intragranular nucleation. In case of grain 

boundary nucleation, the precipitates usually form a group of parallel plates with same 

crystallographic orientation to the parent austenite grain. This process is followed by a 

second stage of decomposition of the austenitic interspace, which remained in between 

the primary ferrite plates. At high temperature, when precipitation of cementite at the 

broad interfaces of primary ferrite is not possible, the austenitic interspace would either 

retain as thin slabs or transform into pearlite through a nodule originated from a grain 

boundary. With decreasing temperature, cementite precipitation starts to be possible, 

which initiates simultaneous growth of ferrite. Such a process is thus a eutectoid 

reaction. Generally, there are two modes of eutectoid reactions operating in the second 

stage of bainite transformation, i.e. a degenerate mode and a cooperative mode, which 

would lead to final morphology of typical upper and lower bainite, respectively, in 

definition of carbides morphology. It was further demonstrated that both upper and 

lower bainite according to this definition can form simultaneously in a wide 

temperature range, indicating that both structures have formed without a sharp change 

of growth mechanism. It thus seems that a sharp temperature between the upper and 

lower bainite structures exists only when the definition is based on their nucleation sites, 

i.e. grain boundary nucleation for upper bainite and intragranular nucleation for lower 

bainite. Since it is confirmed that the second stage of bainite transformation has 

characters of eutectoid transformation, the process must occur under diffusion of carbon. 

On the other hand, if the first stage is a diffusionless process it should have a high 

growth rate, high enough to prevent carbon diffusion. This is not supported by 

lengthening rate obtained in current study as well as data from literature for Fe-C alloys. 

Finally, it is shown that the so-called subunits play no role in the lengthening process 

of bainite. 

Keywords: Fe-C alloys, Bainitic transformation, Proeutectoid ferrite, Upper bainite, 

Lower bainite, Morphology, Steels.  
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Sammanfattning 

En systematisk genomgång av morfologin hos bainit lika väl som proeutektoid ferrit 

har utförts för att pröva gamla tankar om en skarp övergång mellan diffusionsbetingad 

och diffusionslös omvandling vid bainitens starttemperatur i stål. Baserat på en 

undersökning av morfologin som funktion av temperaturen hos ferritiska partiklar som 

kärnbildats på korngränser, blev det bekräftat att det inte finns något morfologiskt bevis 

som stödjer en skarp ändring varken mellan Widmanstätten ferrit och den ferritiska 

komponenten av övre bainit eller mellan övre och undre bainit. I stället är den 

morfologiska förändringen vid lägre omvandlingstemperatur gradvis. Bland de tre 

omvandlingsprodukterna startar både Widmanstättenferrit och övre bainit med 

utskiljning av ferritplattor vid någon korngräns medan lägre bainit startar genom 

kärnbildning inuti austenitkornen. I fallet med kärnbildning vid en korngräns bildas 

vanligen en grupp av parallella plattor med samma kristallografiska orientering till 

moderkornet. Denna process flöjs av ett andra stadie med sönderfall av de austenitiska 

mellanrum som återstod mellan de primära ferritplattorna. Vid hög temperatur där 

utskiljning av cementit vid de breda ytorna hos de primära ferritplattorna inte är möjlig 

kommer de austenitiska mellanrummen antingen att bevaras som tunna skivor eller 

omvandlas till perlit i form av noduler utgående från korngränserna. Vid lägre 

temperatur börjar cementitutskiljning bli möjlig vilket initierar samtidig tillväxt av 

ferrit. En sådan process är alltså en eutektoid reaktion. Generellt sett finns det två slags 

eutektoida reaktioner som kan ske i det andra stadiet av bainitens bildning, det 

degenererade slaget och det kooperativa slaget, och som skulle leda till den slutliga 

morfologin av övre och lägre bainit enligt en definition baserad på karbidens morfologi. 

Det demonstrerades vidare att både övre och lägre bainit enligt denna definition kan 

bildas samtidigt i ett brett temperaturområde vilket indikerar att dessa två strukturer 

bildas utan en skarp ändring av tillväxtmekanismen. Det synes alltså som om en skarp 

temperatur mellan övre och undre bainit exiserar bara med en definition baserad på 

deras kärnbildningsställen, dvs. korngränskärnbildning för övre bainit och intragranular 

kärnbildning för lägre bainit. Eftersom det är bekräftat att det andra stadiet av 

bainitbildningen har karaktär av eutektoid omvandling måste den ske under diffusion. 

Å andra sidan, om det första stadiet sker med en diffusionslös process så borde denna 

ha en hög tillväxthastighet, tillräckligt hög för att förhindra diffusion av kol. Detta stöds 

inte av förlängningshastigheter erhållna i detta arbete eller i litteraturen på Fe-C 

legeringar. Slutligen har det visats att så kallade ”subunits” inte spelar någon roll i 

förlängningsprocessen av bainit.    
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Chapter 1  

Introduction 

1.1 Bainite in steels 

Bainite in steels is usually referred to as a mixture of ferrite and carbide, in most cases 

cementite, decomposed from austenite. Discovery of bainite in steels was associated 

with the invention of isothermal heat treatment, which initiated many discoveries of 

decomposition of austenite in 1920-1930s. Hultgren in 1920 [1], using isothermal heat 

treatment, discovered what he called “secondary ferrite” in a matrix of martensite. 

Robertson in 1929 [2], published a detailed metallographic work, in which he 

demonstrated how decomposition of austenite proceeds at different temperatures during 

isothermal treatment. However, in this publication he did not discuss the time 

dependence. In 1930, Davenport and Bain [3] improved the isothermal technique with 

efficient quenching, by using thin specimens, and published micrographs of partially 

transformed specimens. Their method later lead to construction of time-temperature-

transformation (TTT) diagrams, which remains as one of the most useful tools for steel 

research. As they observed units of bainite, they described the structure as “acicular, 

dark etching aggregate”, which is similar to pearlite and martensite in same steels. They 

called the structure “martensite-troosite”, since it etched in a way different from both 

martensite and troosite (fine pearlite). Later [4], it was reported that such structure is 

tougher than tempered martensite with the same hardness. This promising mechanical 

property soon inspired many works. In honour of Bain, his colleagues proposed the 

name “bainite” in 1934. The proposal was widely accepted after some years and the 

term “bainite” is used since. 

1.2 Bainite controversy 

Today, the transformation mechanism of bainite remains as probably the most 

controversial area in steel research. The rise of a controversy is in some way natural 

since bainite has characteristics similar to both diffusional (Widmanstätten ferrite) and 

diffusionless (martensite) products. Additionally, it forms in an intermediate 

temperature range, which is, but not exclusively, above martensite start (Ms) 

temperature and is mainly below the temperature where pearlite transformation 

predominates, see Figure 1.1. People thus try to apply knowledge obtained from the 

two well-known regions to interpret this “intermediate” product. 
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Fig. 1.1. TTT diagram by Hultgren [5], reproduced from [6], showing separate C-curves for 

Widmanstätten ferrite (lines with open circles), pearlite (plain lines) and bainite (lines with filled 

circles) in a Fe-0.68C-0.22Si-0.34Mn steel (all the chemical compositions in this thesis are expressed 

in mass percentage). 

There are two hypotheses for bainite transformation mechanism, which are usually 

classified as “diffusional” and “diffusionless”. It is interesting that both hypotheses can 

be dated back to the classical paper by Zener [7] in 1946. In this work, Zener suggested 

that diffusionless growth of ferrite arises in the formation of low-temperature bainite, 

where the phase interface can advance without any change of composition. On the other 

hand, he suggested that the formation of high-temperature bainite accompanies some 

diffusion of carbon. In a later section with the title “Formation of Bainite”, Zener 

discussed the diffusionless growth of bainite in detail, which then became the basis of 

the diffusionless theory.  

It seems that the main topics of the controversy raised in the debate paper by Hehemann, 

Kinsman and Aaronson in 1972 [8] still remain, e.g. definition of bainite, growth 

mechanism of ferritic component of bainite and sources of bainitic carbide precipitation. 

On the other hand, debate on these topics has resulted in many fruitful findings on phase 

transformation mechanisms in steels. Bhadeshia [9] summarized some of these findings 

in his book, “Bainite in Steels”, but mostly limited to the diffusionless theory. A more 

systematic review of opinions from both hypotheses is recently given in several 

chapters [6, 10-12] in volume one of “phase transformation in steels”. Recently, 2013, 

a review on bainite controversy was presented by Fielding [13]. 

1.3 Scope of the present work 

The present work aims to clarify the evolution details of bainite structure in Fe-C alloys. 

The work is mainly carried out with experimental characterization. The aim is to obtain 

a systematic morphologic survey of bainite transformation in simple Fe-C alloys in 

which complexities due to other alloying elements are negligible. To fully resolve the 

bainite controversy is beyond the scope of current work. However, the output should 
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hopefully serve as reference information since both the diffusional and diffusionless 

theories should first of all be valid in the Fe-C binary system. 

The primary aim is to understand and clarify the change of decomposition behaviour of 

austenite as function of temperature. This temperature-dependence is to be investigated 

with the old wisdom from Davenport and Bain to use isothermal heat treatment. The 

investigation starts near the eutectoid temperature and down to the martensite start 

temperature. In this part of work, attention will be paid to study if there is any sharp 

transition between Widmanstätten ferrite and upper bainite, or between upper and lower 

bainite.  

The second aim is to understand the time-dependence for evolution of bainitic structure. 

Early stage of transformation is of interest, which requires the usage of partially 

transformed specimens. The information would already be available from one single 

specimen if one could trace the morphology from the growth front all the way to the 

nucleation site. Obviously, along the way, the evolution time is increasing.  

Thirdly, growth kinetics of bainitic ferrite in its lengthening direction is of interest. In 

order to check the temperature dependence, it is also necessary to include growth 

kinetics of Widmanstätten ferrite since various transformation features are found in 

both products, e.g. acicular shape, surface relief effect, crystallographic orientation to 

parent austenite grain, and displacive growth. This part of the work aims to fill the gap 

of limited experimental data of lengthening rate of acicular ferrite in Fe-C alloys, and 

hopefully benefit the discussion of growth mechanism for ferritic component of bainite. 

Finally, widening of bainite, i.e. growth in direction of the width of a plate, will be 

investigated. It is well established that bainitic ferrite usually has a lath or plate shape. 

However, discussions are mostly limited to their lengthening and thickening direction. 

A study of widening growth might be helpful for understanding of the formation 

mechanism of bainite. 
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Chapter 2 

Methodology 

As mentioned in preceding chapter, one of the main tasks in current work is to 

investigate the temperature-dependence of decomposition behaviour of austenite. This 

topic has been investigated for about a century and enormous information is available 

in literature. However, it is unfortunate that most of the published information is in 

pieces, either with different chemical composition, or with only limited temperature 

range. In order to achieve a systematic survey and meanwhile guarantee that 

information obtained from various temperatures are comparable, efforts were made 

throughout the study in following aspects: 

 Stick to simple Fe-C alloys. 

 Concentrate on units nucleated on grain boundaries. 

 Be aware of the sectioning effect when interpreting the morphology.   

For Fe-0.3C alloys (all chemical compositions are given in mass%), the specimens were 

in size of roughly 15×8 mm2 and a thickness of 2 mm. For Fe-0.7C alloys, the size of 

specimen is roughly 7×6 mm2 and a thickness of 1.5 mm. All the specimens were first 

austenitized under protection of argon atmosphere and then transferred manually into 

an isothermal Bi-Sn bath and held for various time, followed by final quench into iced 

brine. About 0.5 mm thickness of the specimen was removed through grinding, and 

standard mechanical polishing was then carried out. Various etchants were applied in 

current work, e.g. 2% picral, 1-2% nital, Vilella’s reagent (picric acid 1 g + hydrochloric 

acid 5 mL+ ethanol 100 mL), and carbide etchant (picric acid 2 g + sodium hydroxide 

25 g + distilled water 100 mL). The specimens were then examined under microscopes. 

2.1 Light optical microscopy  

Light optical microscopy (LOM) is the most convenient tool in materials science 

research. It is intensively used in current work for purposes as follows: 

 Studying morphology of proeutectoid ferrite formed at high temperature. 

 Primary survey of morphology of bainite. 

 Select units formed at grain boundary which are in desired section before going 

to high magnification, mainly searching for those along their main growth 

direction.  

 Measure the lengthening rate of acicular ferrite, with the criterion to find the 

longest plate in the plane of polish. 
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2.2 Electron microscopy 

The fineness of the bainitic structure, especially when it forms at low temperatures, 

requires high resolution. However, the limit of LOM is roughly half of the wavelength 

of visible light (0.4-0.76 µm), which results in a limitation of the resolution of roughly 

0.2 µm. Figure 2.1 demonstrates the thickness of ferrite plates, measured with the 

nearest distance between two neighbouring ferrite plates, as function of temperature. 

Usually, the size of carbides is found mostly in same order of magnitude. It is seen that 

for structures formed roughly below 723 K (450 °C), one must move to electron 

microscopy in order to see the fine details.   

  

Fig. 2.1. Thickness of ferrite plates as function of temperature in a Fe-0.3 C alloy, Paper II, compared 

with data reported by Singh et al. [14] obtained from several so-called carbide-free bainite steels.  

Traditionally, when high magnification is needed, the transmission electron microscopy 

(TEM) is preferred rather than the scanning electron microcopy (SEM). This is due to 

the advantages of TEM in higher resolution, and the possibility to obtain 

crystallographic information etc. However, the disadvantages are also obvious. The 

preparation of TEM specimens is destructive and the observation area is limited to a 

size of roughly 100×100 µm2 [15]. In current work, a particular interest is to investigate 

morphology of bainite in a known section, e.g. along their main growth direction. This 

means that the focused ion beam (FIB) technique is essential in order to prepare a TEM 

specimen for study of a specific area selected in LOM. For a systematic study of 

morphology using TEM at various temperatures, this would be an enormous work. On 

the other hand, due to the advancement of modern technique in SEM, resolution of a 

SEM equipped with a field emission gun (FEG-SEM) could serve the task of 

morphological survey in the scope of current work, Figure 2.2. As supplement, electron 

backscatter diffraction (EBSD) detector installed in the SEM is used to obtain the 

crystallographic information. 

The SEM uses a focused beam of high-energy electrons to generate a variety of signals 

at the surface of solid specimens. Figure 2.3 illustrates the interaction volume and 

various types of signals excited by the interaction between the incident beam and the 
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sample surface under a SEM study. In current work, only two signals are used, 

secondary electrons (SE) and backscattered electrons (BSE). Information for these two 

signals are listed in Table 2.1. 

 

 

Fig. 2.2. Increase of resolution as function of time, reproduced from Rose [16]. 

 

Fig. 2.3. Sketch of interaction volume between the incident beam and sample, types of various excited 

electrons and radiation are shown together with the depth of region below the specimen surface from 

which information is obtained, from [17]. 
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Table 2.1, Comparison of secondary and backscattered signals used for imaging in the scanning 

electron microscope, from [17].  

Detected signal Influencing factors Basis effects Resolution 
Depth of 

information 

Secondary 

electrons 

Surface topography, 

material contrast, crystal 

orientation contrast 

SE yield depends 

strongly on surface 

tilt and weakly on 

atomic number and 

crystal orientation 

5-20 nm 1-10 nm 

Backscattered 

electrons 

Material composition, 

topography, crystal orientation 

BE yield depends 

on atomic number, 

increasing for 

heavier elements 

0.1-1 μm 0.1-1 μm 

 

It should be mentioned that “electron channeling contrast imaging” (ECCI), which 

takes use of BSE, is used in current work besides the ordinary SEM which takes use of 

SE. ECCI has previously been successfully applied to observe crystal defects [18]. The 

application of ECCI technique in current work is rather primitive. The contrast is 

reasonably sufficient without tilting since the aim is to reveal the morphology of 

carbides, which are many orders of magnitude larger than defects in crystals. However, 

as already presented in Table 2.1, the backscattered electrons are influenced by sample 

surface topography and crystal orientation, explaining why the image taken from ECCI 

many times is partly blurry. Despite this problem, ECCI is still used as a supplement 

tool besides the ordinary SEM due to its advantage that also polished specimen can be 

studied. This is particularly favourable in current work since one can conduct EBSD 

measurement directly after morphological study with ECCI (the ECCI determination 

may cause a weak contamination but in the scope of current work this is taken as a 

minor effect on the macroscopic analysis of EBSD orientation map). For further reading 

of ECCI technique, the reader is referred to several review papers [18-20]. 

2.2.1 Electron backscatter diffraction (EBSD) 
Similar with X-rays, in case the Bragg’s law [21] is satisfied, diffraction may also 

happen for electrons due to the wave–particle duality. Kikuchi [22] in 1928 first 

detected the electron diffraction patterns. The electron backscatter patterns (EBSP) 

were discovered by Venables and Harland in 1973 [23]. This work was the start of 

determinations of lattice orientation using EBSP in the SEM. Today, the term “EBSP” 

is universally referred to Kikuchi pattern used in EBSD technique [24].  

A typical setup of EBSD measurement is sketched in Figure 2.4. When the primary 

electrons interact with a crystal, some backscattered electrons, which happen to satisfy 

the Bragg’s law would generate a Kikuchi pattern. The pattern emanates spherically 

and eventually intersects with the phosphor screen. When the phosphor interacts with 

the electrons reinforced by the diffraction, it would emit suitable light for the camera 

of charge-coupled device (CCD) to record. By controlling the movement of the sample, 

the interaction spot between incident beam and sample surface could be moved step by 

step. The step size thus determines the resolution of measurement but this resolution is 

only valid within the limit of the applied SEM. This is because EBSD can only be used 

to find the crystal orientation of the material located within the interaction volume of 

the incident electron beam. For each step, an EBSP is recorded by the CCD camera. 
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The EBSP is then to be interpreted and it gives information about the orientation of the 

crystal scanned in each step. This information is represented by the properties of bands 

in the pattern and their geometrical arrangement, e.g. the width and intensity of the band, 

angles between the bands etc. [23].  

For accurate analysis of EBSP, the pattern must also be calibrated to the geometry of 

EBSD system. For this sake a critical reference point, so called pattern centre, is defined. 

This is a point on the phosphor screen which gives the shortest distance between the 

screen and the spot where the electron beam strikes the sample surface. The early 

solution to find out the pattern centre was the use of additional three balls suspended in 

the path between the sample and the screen, see Figure 2.5a. Today, it is more popular 

to make the calibration with a single crystal of known orientation, usually a cleaved 

silicon crystal.  

 

Fig. 2.4. Sketch of setting for EBSD measurement in the SEM. The angle between primary electron 

beam and sample is usually 20 degrees. From Maitland and Sitzman [24]. 

  

Fig. 2.5. (a) EBSP taken by Venables, three black elliptical shadows are used for determination of 

pattern center as demonstrated by black lines (long axes of the elliptical shadow), this is done by 

placing suspended spherical balls between the sample and recording camera. (b) The EBSP is now 

indexed with modern software, the pattern center is marked with a black cross, insert on the lower-

right side shows approximate spatial orientation between the crystal and sample surface. From 

Maitland and Sitzman [24]. 

As shown in Figure 2.5b, each band of EBSP can be indexed individually with the 

Miller indices (hkl) of the diffraction plane. The commercial EBSD analysis software 

interprets the EBSP by detecting a number of Kikuchi bands. This is carried out through 

Hough Transform (further reading of this method is referred to [25]), which is 

implemented in commercial software through a voting scheme [26]. During the 

automatic analysis of EBSP, as demonstrated in Figure 2.6, a triplet is defined for any 

https://en.wikipedia.org/wiki/Miller_index
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possible set of three bands. Each triplet determines a solution for possible orientation 

which is then taken as one vote for the orientation. Eventually, the orientation that got 

most votes is the most probable orientation, this leads to a parameter called “Confidence 

Index (CI)”. For most structures, this procedure is reliable but special attention should 

be paid for some low symmetry structures [23].  

 

Fig. 2.6. Selection of most likely crystal orientation from an EBSP, (a) detected Kikuchi bands, (b) 

partial voting table, and (c) indexed pattern. From Wright [25]. 

Once the orientation of crystal is determined with an EBSP, one may repeat the same 

procedure and theoretically be able to index all the EBSP. The final step is to relate 

crystal orientation to the sample surface. This involves the translation of one reference 

frame to another. Conventionally, the translation is done by three rotations, also referred 

to as Euler angles. There are multiple conventions to complete these three rotations but 

the mostly used is Bunge convention [27]. Depending on the reference regime, an 

orientation map could be generated pixel by pixel for one selected area of the sample 

surface, while the pixel size is determined by the step-size of measurement. This 

method is often called orientation imaging microscopy (OIM), which was first proposed 

by Adams [24]. The orientation map is represented by colour in spatial distribution 

showing points of similar orientation of the crystal. Normally, several reference regimes 

are mostly used for the mapping. In inverse pole figure (IPF) maps, in the context of 

OIM, the colour is based on crystal direction that is parallel to a sample direction, often 

the surface normal (note that in the context of texture an inverse pole figure map is 

defined as a selected set of sample directions plotted with respect to the crystal frame). 

The IPF colouring is the most used mode to display orientation data as a map, however, 

a drawback of this method is that it is not sensitive to any rotations around the 

macroscopic reference axis. Euler maps is another alternative, in which the colour is 

assigned by Euler angles. One drawback of Euler colouring is that small orientation 

changes do not correspond to small variation of colour scale, which might cause 

confusion. In misorientation maps, the so-called “rainbow” colouring is used, i.e. 

depending on misorientation angle the colour changes from blue (no misorientation) to 

red (max misorientation in the map). Such a plot can be carried out with various 

reference regimes, e.g. displays the misorientation between any points in the map to a 

reference point selected by the user.  
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Chapter 3 

Bainitic ferrite and proeutectoid 

ferrite  

Usually, the term proeutectoid is used to describe product formed prior to a eutectoid 

transformation. Proeutectoid ferrite is the first product when austenite decomposes in a 

hypoeutectoid steel. Bainitic ferrite also forms prior to formation of carbides, it is thus 

logical to treat bainitic ferrite as a kind of proeutectoid ferrite. However, such a 

classification remains controversial since firstly many researchers believe that bainitic 

ferrite forms without diffusion of carbon, and secondly the eutectoid character of bainite 

transformation is not generally accepted. One of the main topics debated is the 

similarities or differences between Widmanstätten ferrite and bainitic ferrite. Main 

opinions from both “diffusional” and “diffusionless” hypotheses are summarized as 

follows. 

Evidences supporting the same formation mechanism for Widmanstätten ferrite and 

bainitic ferrite: 

 Widmanstätten ferrite and the ferritic component in upper bainite is 

morphologically the same [28]. 

 Data of lengthening kinetics show a common C-curve for Widmanstätten ferrite 

and bainitic ferrite, which support same growth mechanism for the two products 

[29], furthermore, the lengthening rate of bainitic ferrite is found to be slow 

enough to allow carbon to redistribute [30]. 

 Up-quench after isothermal holding shows that bainitic ferrite can continue to 

grow as Widmanstätten ferrite [28].  

 Widmanstätten ferrite also bears Kurdjumov-Sachs (K-S) or Nishiyama-

Wasserman (N-W) orientation relationship (OR) with the parent austenite just 

as bainitic ferrite and martensite, and it also forms with a shear-type surface 

relief effect [31]. 

Arguments for different formation mechanisms for Widmanstätten ferrite and bainitic 

ferrite: 

 Widmanstätten ferrite has its own C-curve in a TTT diagram, which is separated 

from the C-curve of bainite [32]. 
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 Widmanstätten ferrite forms with low and random dislocation density while 

upper bainite forms with a high dislocation density, the structural transitions 

occurs discontinuously at the bainite start (Bs) temperature [33]. 

 The low macroscopic lengthening rate is explained by controlled repeated 

nucleation of subunits which grow rapidly but to a limited length [33], a sketch 

is given in Figures 3.1b and 3.1c.   

 A few researchers [34] proposed that nucleation of Widmanstätten ferrite is 

under orthoequilibrium condition, differing from nucleation of bainitic ferrite 

which is under paraequilibrium condition. However, it is more widely accepted, 

even in diffusionless hypothesis, that both structures are nucleated in 

paraequilibrium condition [9]. In either case, however, this argument is not 

relevant for Fe-C alloys as in current work. 

While the controversy remains, it is of special interest to validate the relationship 

between the two structures since it is generally accepted by both hypotheses that 

Widmanstätten ferrite forms displacively but under diffusion of carbon [9]. In current 

chapter, some aspects of the above mentioned arguments will be revisited. Effort has 

been made to investigate the origin for the similarity of the two structures and to track 

the change of the structures, both with respect to morphology and lengthening kinetics, 

as function of temperature. This part of work was discussed in detail in Papers I, III 

and IV.  

 

Fig. 3.1. Shapes of ferrite crystals according to Oblak and Hehemann [33]. (a) Widmanstätten plates, 

(b) Subgrains in upper bainite, (c) Subunits in lower bainite. 

3.1 Shapes of proeutectoid ferrite 

Dubé [35] in 1948 proposed a classification system for various shapes of proeutectoid 

ferrite. The system was slightly modified by Aaronson [36] and presented at “the 

Conference on The Decomposition of Austenite by Diffusional Processes” in 1960, see 

Figure 3.2 for the latest version adapted by Kral [37]. At the same conference Hillert 

[38] presented another system for classifying ferrite shapes but only for grain boundary 

nucleated particles. Today, Dubé’s system is widely accepted and is often referred to. 

However, Hillert’s sketches, Figure 3.3, emphasize the importance of facets, which is 

an important clue to understand the common K-S relationship found in acicular shaped 

ferrite. The idea could be dated back to Smith’s hypothesis [39]. Smith suggested that 
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ferrite particle, nucleated at a grain boundary, should have a favorable OR to one of the 

austenite grains in order to reduce the interfacial energy. An interface to the austenite 

with this OR is thus coherent and less mobile than the one in another grain to which it 

has no OR. Following this proposal, the ferrite particle with facet naturally accompanies 

special OR to the austenite grain.  

Close examination of Figures 3.2 and 3.3 reveals that both the systems by Dubé and 

Hillert contain facets. However, in Hillert’s sketches, there are cases for facets forming 

in both grains and a special case when facet coincides with the prior austenite grain 

boundary. For the case of facets formed in both grains, one could question how a ferrite 

particle could establish a certain OR with both austenite grains at its nucleation stage. 

The answer might be that it may have an OR to both austenite grains but with some 

deviation from the standard OR. In this case, there should be various occasions when 

the particle tries to find the balance to both grains. In one extreme, it may decide to 

“sacrifice” one grain and only have OR to one austenite grain with small deviation from 

the standard. Another extreme is that it compromises with both grains with considerable 

deviation to both sides. Following this idea, a new classification system for grain 

boundary nucleated ferrite shapes has been proposed [40], which is modified from the 

Hillert’s old sketches, Figure 3.4.    

 

 Fig. 3.2. The Dubé classification system modified by Aaronson [36] and Kral [37]. 
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Fig. 3.3. Hillert’s classification of shapes of particles [38]. 

 

 

Fig. 3.4. New morphological classification of grain boundary nucleated ferrite particles, Paper I, 

modified from Hillert’s sketches [38]. The classification is based on ferrite orientation relationships to 

austenite grains as indicated by facets. Thin lines represent facets with suggested low energy and 

possibly high degree of coherency.  

One might then wonder if the various shapes shown in Figure 3.4 could be found in 

reality. Figures 3.5-3.7 are here given as demonstration, and more examples were 

shown in Paper I. Figure 3.5a shows two sawteeth-type particles with three facets 

among which one almost coincides with prior grain boundary. Figure 3.5b and c show 

the case when the facet to the lower austenite grain has a small angle to the grain 

boundary. In Figure 3.6, the angle is now considerable and the fourth facet is seen. Such 

a shape with four facets is called a chevron. Figure 3.7 demonstrates a group of 

chevrons with two legs almost symmetric to the grain boundary. 
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Fig. 3.5. Sawteeth formed after 1.5 s at 973 K (700 °C), (a) and (b), and after 2 s, (c), in an Fe-0.3C-

0.5Si alloy, Paper I.  

 

Fig. 3.6. Particles developed as plates into both grains, classified as chevrons, Paper I. After 1.5 s at 

973 K (700 °C) in an Fe-0.3C-0.5Si alloy.  

 

Fig. 3.7. Chevrons, the inner corners are in the process of being filled, Paper I. After 1.5 s at 973 K 

(700 °C) in an Fe-0.3C-0.5Si alloy. 

3.2 Group of closely spaced ferrite particles 

In case of a later stage of transformation than demonstrated in Figure 3.4 or at lower 

temperature, however, it is often found that many chevron or plate shaped particles 

could cover the whole length of a prior grain boundary and together form a group of 

parallel plates, see Figure 3.8. Conventionally such structure is called Widmanstätten 

but it is quite similar to the “feathery” structure, except for the absence of carbides, as 

first named by Mehl [41] for upper bainite. Due to such similarity, this type of structure 
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is here called a feather. In some cases, group of particles only grow into one austenite 

grain, see Figure 3.9. A structure of this kind is called a semifeather. Sometimes, often 

at lower temperature, more dispersed parallel plates are present, Figure 3.10. A close 

inspection reveals that each apparent “plate” actually contains many ferrite plates, 

which have now merged. Such close packed plates, when interspaces between the plates 

are not visible in LOM, is now called a packet. A series of such packets along a grain 

boundary together resemble an incomplete feather.  

The definition of the term “incomplete feather”, which contains several packets, is to 

emphasize the difference compared to the complete feather, as shown in Figures 3.8 

and 3.9. The parallel ferrite plates in an incomplete feather are not arranged evenly 

along the grain boundary. Instead, they tend to gather into few close packed units. This 

difference would influence the decomposition behaviour of austenite in a later stage of 

transformation, which follows the precipitation of ferrite. This behaviour will be 

discussed in the following chapter. Finally, it should be mentioned that both feather and 

semifeather could be incomplete depending on the transformation stage. 

 

Fig. 3.8. Wide group of parallel plates formed from a grain boundary. Individual nucleation is evident 

from the right-hand part where some outgrowth can be seen in the lower grain. This is not evident in 

the left-hand part but it is suggested that the outgrowths in the lower grain are there parallel to the 

grain boundary and cannot be discerned, Paper I. After 10 s at 973 K (700 °C) in an Fe-0.3C-0.5Si 

alloy 

 

Fig. 3.9. Semifeather, a wide group of parallel plates on one side of a grain boundary and formed from 

individual nuclei, which have later merged to a seeming grain boundary film, Paper I. After 2 s at 923 

K (650 °C) in an Fe-0.3C-0.5Si alloy.  
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Fig. 3.10. Chevron packets observed with LOM, (a) with almost symmetric legs, (b) with one leg more 

developed than the other, Paper I, both after 5 s at 723 K (450 °C) in an Fe-0.7C alloy.  

3.3 Crystallographic orientation of grain boundary 

nucleated ferrite particles 

As the shapes in the new classification system are verified morphologically, it would 

be tempting to investigate the crystallography of ferrite which governs the shapes. In 

order to satisfy this purpose one need to answer at least two questions.  

Firstly, what is the OR between the ferrite particle and the two austenite grains that it 

grows into? The answer to this question seems to already be well established in 

literature. Already in 1975, King and Bell [42] reported a orientation relationship, 

mostly near K-S, between precipitates and matrix for grain boundary nucleation but not 

necessarily for the subsequent growth in an Fe-0.47C alloy. In a more recent study by 

H. Landheer et al. [43], it was found that statistically about 90% of all ferrite grains 

have a specific OR with at least one austenite grain. Furuhara et al. [44] reported that 

certain variants of the K-S relationship is preferred in grain boundary nucleation of 

bainite, which is the so-called variant selection phenomenon. Such a variant selection 

was reported to be influenced by both temperature [45, 46] and carbon content of the 

alloy [47].  

Secondly, in the new classification system, it was simply assumed that a facet cannot 

form without some specific crystallographic condition. It is thus necessary to 

demonstrate the crystallographic properties of such interface. However, to study the 

crystallographic nature of one specific interface requires information not only about the 

plane of sectioning but also its relation with the interface in 3D. One then need to 

conduct the EBSD orientation study of both lattices relative to the plane of sectioning, 

not only relative to each other [48]. To carry out such studies on a sufficient number of 

particles to elucidate the crystallographic conditions for the formation of the wide 

variation of morphologies of ferrite particles was well outside the scope of the present 

project. Though, efforts was made for seeking support from literature. A faceted 

interface has traditionally been recognized as high atomic matching corresponding to 

local minima of interface mobility [49, 50]. Despite of this consensus, it is a tricky task 

to investigate the property of ferrite/austenite interface in low carbon steels due to the 

formation of martensite. In high carbon steels, on the other hand, the interface is hardly 

maintained due to the strong tendency of formation of carbides. With a Ni- 45Cr alloy, 

Furuhara et al. [51] demonstrated that the interfacial structure of grain boundary bcc 

precipitate formed in a fcc matrix are partially coherent with both grains. It might be 

mentioned that the ferrite-austenite orientation relationship has been recently 
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determined for low carbon alloys [46] by numerically reconstructing the austenite 

orientation from martensite [52]. This method could be very useful in revealing the 

properties of facet-type bcc/fcc interfaces in steels. 

Despite the abundant information on crystallography of grain boundary nucleated 

ferrite, as discussed in the short review above, the chevron shaped particles remain 

barely studied. As shown in Figures 3.5-3.7 and 3.10, such a shape is frequently 

observed in the current work. One may wonder how the ferrite crystal can establish the 

K-S OR with both austenite grains. A recent work by Kaneshita et al. [47] shows that 

grain boundary nucleated ferrite often try to establish an OR close to K-S (small 

deviation within 5 degrees) with one austenite grain, while a larger deviation from K-S 

(mainly within 10 degrees for low carbon alloys) is observed with the second grain. 

Unfortunately, it seems that they distinguished the ferrite crystal on the other side of 

grain boundary as another crystal, which differs from the logic of current work. 

Anyhow, it is still believed by the present author that the other leg of the chevron, in 

many cases the shorter one, also have an OR to the austenite it grows into. However, it 

is expected that this OR deviates considerably from the standard K-S since this leg 

grows slower than the other leg. It is also frequently observed that the four facets of a 

chevron have different characteristics, see Figure 3.7. It appears that the two inner 

interfaces are curved and one of the two outer ones is also altered to some extent. It thus 

seems highly possible that usually only one facet can be maintained for a chevron 

particle. It is less clear if this happens during the nucleation stage or during the growth 

process. In either case, a chevron shaped particle must originate from one nucleus since 

it would be a rare case that two ferrite plate happen to share one facet interface which 

coincides with the prior grain boundary. EBSD study was carried out in the current 

work for validation of the idea of one nucleus. The work is far from conclusive but the 

outcome is promising. Figure 3.11, for example, shows two chevron shaped feathers. 

The two crystals etched differently but evenly for each crystal on both sides of prior 

grain boundary. EBSD orientation map, taken from the same region but after a new 

polish, shows that the sides of each crystal extending into two austenite grains belong 

to the same variant. Figure 3.12, shows a feather of bainite, obtained from the same 

alloy but formed at a lower temperature. Misorientation line scan across the grain 

boundary indicates that the difference is about 3 degrees only. Similar analysis was 

made for several other chevron shaped ferrite crystals and it shows roughly the same 

deviation. It might seem that the ferrite crystal on each side of grain boundary should 

be treated as one independent particle. However, one should note that the crystal may 

adjust its orientation gradually during growth. This issue thus remains to be further 

investigated. 
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Fig. 3.11. Two bainite packets observed with (a) SEM and (b) after a new polish, EBSD IPF map, 

Paper IV. After 2 s at 823 K (550 °C) in an Fe-0.7C alloy. 

 

Fig. 3.12. EBSD IPF map. Misorientation line scan across the prior grain boundary, point to origin 

(from upper to lower), is made, Paper IV. After 8s at 723 K (450 °C) in an Fe-0.7C alloy. 

3.4 Shapes of ferrite as function of temperature 

In order to determine if there is any sharp transition between Widmanstätten ferrite and 

bainitic ferrite, the feathery structure was traced in an Fe-0.3C alloy, from 923 K 

(650 °C) to 673 K (400 °C) with an interval of 50 K, Figure 3.13. It is observed that the 

structure is quite similar and the only differences are the fineness of ferrite plates and 

presence of carbides which starts to appear at 823 K (500 °C). Furthermore, a study at 

high magnification shows that each ferrite plate within the feather could be traced from 

its tip all the way back to its nucleation site at the grain boundary without any 

interruption.  
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Fig. 3.13. A semifeather from 923 K (650 °C), and feathers from 873, 823, 773, 723 and 673 K (600, 

550, 500, 450, and 400 °C), in an Fe-0.3C-0.5Si alloy, Paper I.  

Another way to validate if the growth mechanism is the same for all acicular ferrite is 

by checking how the growth front changes under quenching. If there is a sharp transition 

from diffusional growth to diffusionless growth mechanism, there should be a memory 

of diffusionless growth, e.g. a characteristic limited length of roughly 10 µm as 

suggested by Oblak and Hehemann [33], as shown in Figure 3.1b. Figure 3.14 compares 

the shape of tips formed at various temperature and interrupted by quenching. The 

width of the tip gradually decreases with decreasing temperature and eventually leaves 

a thin spike. It is thus shown that the effect of quenching is the same for ferrite tips 

formed at all investigated temperatures and the shape of the tips is similar to the sketch 

of Widmanstätten ferrite by Oblak and Hehemann, Figure 3.1a. Again, no abrupt 

change is observed indicating a transition of growth mechanism from Widmanstätten 

to bainitic ferrite. As mentioned in the beginning of this chapter, it has been shown [28] 

that after up-quenching bainitic ferrite could continue to grow as Widmanstätten ferrite 

indicating that there is no difference. One would expect that it also works the opposite 

way. Figure 3.15 shows such a case where, due to inefficient cooling rate, 

Widmanstätten ferrite plates formed during cooling gradually changes its width until it 

reaches roughly the same width as other neighboring bainitic ferrite formed at the 

isothermal temperature. It is striking to see that this process resulted in a change of 

width, but also accompanies a rotation of the lattice. An explanation might be that 

different variants of K-S OR is preferred at different temperatures, as suggested by 

Furuhara et al. [44]. The fact that the ferrite lattice chose to adjust its orientation with 

the austenite gradually indicates that there is no sharp change of growth mechanism. 

The continuity of the chevron shaped grain boundary nucleated ferrite particles in a 

wide temperature range, from 973 K (700 °C) to 573 K (300 °C), is also verified in an 

Fe-0.7C alloy. The reader is referred to Paper IV for details. 
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Fig. 3.14. Ferrite tips of quenched specimens from various temperatures, (a)-(e) correspond to 873, 

823, 773, 723 and 673 K (600, 550, 500, 450, and 400 °C), respectively, Paper I. In an Fe-0.3C-0.5Si 

alloy.  

 

Fig. 3.15. (a) Part of feather with one plate thicker than the others. It has started to form before the 

holding temperature was reached. Initially it bends strongly. (b) At lower magnification one can see 

that this plate gradually grows thinner and approaches the normal thickness. It seems to have grown 

continuously without any abrupt changes, Paper I. After 2s at 673 K (400 °C) in an Fe-0.3C-0.5Si 

alloy.   

3.5 Lengthening kinetics of acicular ferrite 

There have been intensive discussions on whether there should be a common C-curve 

or two separate C-curves for growth of Widmanstätten ferrite and bainitic ferrite. 

However, most proofs from both hypotheses do not focus on the same object. So far, 

the diffusion-controlled model predicts the lengthening growth rate while the 

diffusionless model has been used to predict the volume fraction. Despite of the fact 

that bainitic ferrite mainly grows in its lengthening direction, the two models are not 

directly comparable, since the increase of volume is influenced by many factors, e.g. 

nucleation site, nucleation rate, lengthening and thickening rate, impingement, grain 

size and possibly widening and formation of cementite. A model based on diffusionless 

growth of ferrite that correctly predicts the kinetics of volume fraction of bainite does 

not necessarily imply the falseness of a diffusion-controlled growth mechanism. The 

critical issue is whether the interface moves fast enough for carbon to be fully trapped 

in the newly formed ferrite, which the term diffusionless transformation implies. 

Therefore, literature and new data on lengthening rate of acicular ferrite, which includes 

both Widmanstätten and bainitic ferrite, will now be presented. The discussion will be 

limited to binary Fe-C alloys and those with slight alloy addition. The reader is referred 

to Paper III for detailed information of chemical composition of the alloys. 
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Growth rates from literature and Paper III are presented in Figures 3.16 and 3.17. The 

logic behind dividing the data into two groups is based on the shape of the C-curve. For 

Fe-C alloys with carbon content higher than 0.5 percent, Figure 3.16, a complete C-

curve with a decrease of lengthening rate with decreasing temperature is observed. For 

alloys with carbon content lower than 0.5 percent, the expected nose is not found in the 

investigated range of temperature, Figure 3.17. The lengthening rate remains roughly 

constant after it approaches its maximum. In either case, however, there is no abrupt 

change of lengthening rate over the wide range of temperature investigated. It is thus 

concluded that the lengthening kinetics of Widmanstätten and bainitic ferrite are 

determined by the same growth mechanism, i.e. diffusion-controlled.  

 

Fig. 3.16. Comparison of lengthening rates obtained in current study, Paper III, with those reported by 

Hillert [29], Hawkins and Barford [53], in alloys with carbon content of approximately 0.5 percent or 

higher. 

 

Fig. 3.17. Comparison of lengthening rate data obtained in current study, Paper III,  with those 

reported by Hillert [29] and Simonen [54] in alloys, with carbon content lower than 0.5 percent. 

A case study was carried out for the apparent temperature independent lengthening rate 

of acicular ferrite at low temperature, as demonstrated in Figure 3.17. The lengthening 

rate was calculated with a recently modified Zener-Hillert model [55] for lengthening 

rate of a plate, which assumes diffusion-controlled growth for any radius of curvature. 
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𝑣 =
𝐷∆𝐺𝑚

𝑜 /𝑉𝑚

2𝜎

𝑥𝛾/𝛼−𝑥𝛾𝑜

𝑥𝛾𝑜−𝑥𝛼/𝛾
𝜌𝑐𝑟

𝜌
 ,                                        (3.1) 

where 𝑣 is the lengthening rate, D is the diffusion coefficient of carbon in austenite, 𝑉𝑚 

is the molar volume of ferrite, 𝜎 is the interfacial energy, 𝑥𝛾/𝛼 and 𝑥𝛼/𝛾 are the mole 

fractions of carbon in austenite and ferrite, respectively, at the austenite/ferrite interface, 

𝑥𝛾𝑜 is the alloy carbon content,  𝜌𝑐𝑟 and 𝜌 are the critical and actual radius of curvature, 

respectively.  

The choice of diffusivity has already been discussed in earlier work by Leach et al. [55] 

and is here only summarized. Three ways to estimate a constant diffusivity, which 

showed strong variation with the carbon content, were applied. A minimum diffusivity 

D0, was calculated for the alloy carbon content 𝑥𝛾𝑜, a maximum diffusivity, Dmax, was 

calculated for the carbon content at the interface 𝑥𝛾/𝛼 and an effective diffusivity, Deff, 

was calculated according to Trivedi and Pound [56], 

                                                𝐷𝑒𝑓𝑓 =
1

𝑥𝛾 𝛼⁄ −𝑥𝛾0
∫ 𝐷(𝑥)
𝑥𝛾 𝛼⁄

𝑥𝛾0 .                                   (3.2) 

The calculated growth rate compared with experimental data is shown in Figure 3.18. 

It can be seen that, despite the significant change of the C-curve shape due to the choice 

of carbon diffusivity, the experimental data cannot be reconciled with the trend 

predicted by any of the calculated curves. On the other hand, it is shown that the 

treatment of carbon diffusivity may influence the calculation results considerably. 

Despite the fact that the diffusion data at low temperatures is uncertain due to the long 

extrapolation applied [57], the dashed and dash-dotted curves in Figure 3.18 represent 

the two extreme cases one could expect with the available and the extrapolated 

diffusivity data of carbon. One may notice that if the maximum diffusivity at the 

interface is considered, then almost all the experimental lengthening rates are lower 

than the calculated value. While if the minimum diffusivity is considered, the 

experimental value may exceed the calculated values at temperatures approximately 

lower than 900 K (527 °C). It is thus important to consider the influence of carbon 

diffusivity when one evaluates if a diffusion-controlled model is capable to predict the 

experimental lengthening rate. 

In order to explain the unexpected shape of experimental C-curves in low carbon alloys, 

which give almost constant lengthening rate in the low temperatures range, it was 

suggested that there could be an increased deviation from local equilibrium at the tip of 

acicular ferrite at decreasing temperature, Paper III. This idea was tested with a very 

simple model, applied by Hillert [58] to predict the transition to partitionless growth in 

Fe-C-M alloys. A similar approach was independently proposed by Coates [59]. In the 

model, the ratio of diffusivity of carbon to the velocity of advancing interface, D/v, is 

compared with the distance between interstitial sites in austenite, d. The physical 

meaning of the ratio, D/v, is the estimated width of a spike of carbon accumulated at 

the moving interface. It is assumed that a deviation from equilibrium is expected when 

D/v < 10d, and a transition to diffusionless when D/v < 0.4d. The three different 

diffusivities are considered and the results are shown in Figure 3.19. Applying the 

effective diffusivity, Deff, deviation from equilibrium is observed at about 773 K 

(500 °C) in the studied alloy. This transition temperature is again influenced 
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considerably by the choice of diffusivity. As shown in Figure 3.19 that it may vary 

about 300 K if the two extremes of diffusivity at the interface are considered. Anyhow, 

such deviation from local equilibrium is not seen for high carbon alloys due to much 

lower growth rate as seen in Figure 3.16. This cause of a temperature-dependent 

deviation from local equilibrium thus should not be taken as a general feature of 

lengthening growth mechanism for acicular ferrite. 

 

Fig. 3.18. Comparison of experimental lengthening rates for the three 0.3C alloys (details of chemical 

compositions in Paper III) and calculated ones with modified Zener-Hillert model for Fe-0.3C alloy. 

The dashed, solid and dash-dotted lines represent the growth rates calculated by applying the 

diffusivities D0, Deff and Dmax, respectively. 

 

Fig. 3.19. Prediction of critical velocity for transition from diffusional to diffusionless with varying 

temperature. Three treatments of carbon diffusivity were considered, Paper III. For each treatment of 

carbon diffusivity, deviation from chemical equilibrium is expected when the growth rate exceeds the 

10d line. Similarly, transition from diffusional to diffusionless is expected when the rate exceeds the 

0.4d line. The experimentally determined growth rate, in an Fe-0.3C-0.5Si alloy, as well as the T0 are 

given for comparison. 
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Chapter 4 

Eutectoid character of bainite 

transformation  

A eutectoid reaction is defined as a solid state reaction in which one parent phase 

transforms into two daughter phases. For phase transformations in steels, the term 

eutectoid is usually referred to the formation of pearlite, where ferrite and cementite 

grow in a cooperative manner. When the growth is stable and in good cooperation 

between the two phases, the structure evolves to a lamellar type, which is known as the 

characteristic morphology of pearlite. On the other hand, pearlite transformation in 

hypoeutectoid steels and even eutectoid steels can also proceed in a less-cooperative 

manner and the structure contains rows of cementite particles or fine platelets [60] or 

the cooperation can degenerate completely. There are thus two limiting cases of 

eutectoid transformation, a cooperative mode and a degenerate mode. 

As bainite also contains ferrite and cementite as pearlite, and is transformed from 

austenite. However, bainite does not form a lamellar structure. Aaronson et al. [61] thus 

defined the bainite reaction as non-cooperative, competitive eutectoid decomposition 

of austenite. It seems that there is a general agreement, among the diffusional 

hypothesis, that bainite transformation has a eutectoid character. On the other hand, the 

diffusionless hypothesis interpret bainitic structure similar to tempered martensite [9], 

i.e. carbide precipitates from supersaturated ferrite. It remains controversial for the 

formation of carbides when it comes to discussion of lower bainite. However, there is 

a general agreement that the transformation of bainite, both upper and lower, is through 

at least two stages. The first stage, formation of primary ferrite plates, was discussed in 

a preceding chapter. The second stage which involves the formation of carbides, 

cementite in Fe-C alloys, and further growth of ferrite is to be discussed in the current 

chapter. Detailed information of content discussed in this chapter could be found in 

Papers II and IV. 

4.1 Formation of cementite 

The idea that formation of cementite at the ferrite/austenite interface may stimulate 

further growth of ferrite can be dated back to 1947 when Hultgren [62] presented a 

series of sketches for such phenomenon, Figure 4.1. Figure 4.2 shows that his sketches 

are quite close to observations. One may then wonder in what condition the cementite 

is expected to form and in what way it stimulates the continuation of ferrite growth. As 
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already discussed in a preceding chapter, primary ferrite plates formed at a grain 

boundary are often parallel to each other and together form a feather. The following 

discussion will focus on how the interspace of austenite between those parallel ferrite 

plates decomposes.  

 

Fig. 4.1. Sketch of formation of upper bainite from Hultgren [62]. 

 

Fig. 4.2. LOM showing white plates of ferrite with black particles of cementite. The small vertical plate 

indicates that the top layer of ferrite on the lower plate was formed last, Paper II. After 6 s at 773 K 

(500 °C) in an Fe-0.3C-0.5Si alloy.  

Before cementite starts to form, the primary ferrite plate is able to thicken. This process 

is relatively slow compared to the lengthening process primarily because it requires 

one-dimensional diffusion of carbon and secondly because of the low mobility of 

coherent ferrite/austenite interfaces. Figure 4.3 shows a case for a thickening process 

interrupted by quenching. It is seen that most of the ferrite mainly thickens on one side 

and the arrow indicates a sudden thickening on that side. This probably implies that the 

coherency of two broad ferrite/austenite interfaces are not identical from the very 

beginning or that one has lost its coherency during the thickening process.  

 

Fig. 4.3. Close to the growth front of a feather. The third plate from the top has suddenly started to 

thicken on one side, which indicates that this interface has turned more mobile, Paper I. After 1 s at 

873 K (600 °C) in an Fe-0.3C-0.5Si alloy. 

It is speculated that nucleation of cementite is most favored close to a grain boundary, 

because the thickening of ferrite plates could be aided by the grain boundary and thus 

coherency of ferrite/austenite interface is expected to deviate from the habit plane. 

Figure 4.4 shows a comparison of the decomposition of interspaces with austenite at 

three different isothermal holding temperatures. One could see long white bands of 

austenite remaining in the neighborhood of fully transformed regions, indicating that 

decomposition of the interspace is governed by local variations.  
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Fig. 4.4. SEM of typical microstructures of feathery bainite with only some of the prior austenite bands 

completely decomposed, Paper II. The retained austenite formed white bands and sometimes very thin 

slabs. After (a) 1 s at 823 K (550 °C), (b) 2 s at 773 K (500 °C), (c) 2 s at 673 K (400 °C) in an Fe-

0.3C-0.5Si alloy. 

4.2 Sketches of different cases of eutectoid 

transformation 

In an effort to summarize the various observations for morphology of bainite, a series 

of idealized sketches were made by accepting that the transformation of interspace of 

austenite occurs through a eutectoid reaction, Figure 4.5. Generally, there are two 

modes operating, a degenerate mode, (b) and (c), and a cooperative mode, (d). A 

degenerate mode may differ from case to case due to the various width of the austenite 

band when cementite starts to form. For the degenerate mode cementite particles are 

mainly aligned in the lengthening direction of primary ferrite. On the other hand, 

growth under a cooperative mode develops with some angle to the lengthening direction. 

In some ideal case, platelets of cementite are formed due to some cooperation between 

ferrite and cementite. One should note that the sketches are highly idealized, a real case 

is usually a mixture of all cases at all temperatures and alloy carbon contents.  

 

Fig. 4.5. Schematic illustration of the effect of different cases of the eutectoid transformation of 

austenite between two parallel plates of ferrite, Paper II. The vertical scale has been much 

compressed. Ferrite is white and cementite is black. Austenite matrix is dark grey while different 

degrees of carbon enrichment ahead of the growth front is illustrated with different shades of grey. (a) 

No cementite is formed and thickening of ferrite plates continues. Remaining austenite is enriched in 

carbon. (b) Cementite is finally available and starts a eutectoid reaction of a degenerate nature. (c) 

The eutectoid reaction is able to transform austenite of lower carbon content. The eutectoid has space 

for developing more cooperative growth. (d) The eutectoid reaction is able to transform austenite of 

even less carbon in a cooperative manner. It can cover the side of a plate. 
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4.3 Degenerate mode of eutectoid transformation 

As sketched by Figures 4.5b and c, a degenerate decomposition of austenite transforms 

it into a mixture of ferrite and cementite particles. Figure 4.6 shows a case similar to 

Figure 4.5b. The arrows indicate four cementite particles forming through such a 

process when the transformation was interrupted. It is seen that, by comparing with the 

untransformed band of austenite, simultaneous growth of ferrite has “attacked” the 

territory of remaining austenite and isolated three of the four cementite particles from 

the remaining austenite bands. It is expected that if the transformation had not been 

interrupted by quenching, this process would continue and a series of such cementite 

particles could form along with simultaneous growth of ferrite. Figure 4.7 shows such 

a case for a later stage of transformation. At the same time, it could be seen in Figure 

4.7 that there are still several bands of different widths remaining untransformed close 

to the grain boundary. Moreover, there are ghost lines indicating the location where the 

last thin austenite was replaced by ferrite. The enlarged insert in Figure 4.7 even shows 

that at least six ferrite plates have merged into one thick plate. Such phenomenon was 

reported previously as coalescence, e.g. by Ohtani et al. [63]. Similar morphology is 

observed at much lower temperature as well, 673 K (400 °C), Figure 4.8. It is thus 

concluded that degenerate eutectoid transformation is a general feature during the 

second stage of bainite transformation.  

 

Fig. 4.6. SEM of feathery bainite close to austenite grain boundary visible close to lower left corner, 

Paper II. White particles are cementite, grey bands are austenite, and dark background is ferrite. 

Lower end of some austenite bands is being transformed to ferrite due to approaching cementite 

particles. After 1 s at 873 K (600 °C) in an Fe-0.3C-0.5Si alloy.  
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Fig. 4.7. SEM of feathery bainite. White bands and lines are retained austenite, small white particles 

are cementite, and dark background is ferrite, Paper II. Insert shows ghost lines between merged 

plates of ferrite. After 1 s at 823 K (550 °C) in Fe-0.3C-0.5Si alloy.  

 

Fig. 4.8. SEM of feathery bainite. Elongated cementite particles were formed by decomposition of prior 

bands of austenite between plates of ferrite. Some bands of austenite are not decomposed and are now 

grey bands of martensite and possibly retained austenite when white, Paper II. After 2 s at 673 K 

(400 °C) in Fe-0.3C-0.5Si alloy.  

4.4 Cooperative mode of eutectoid transformation 

The cooperative mode differs from the degenerate mode with several characteristics. 

Firstly, it is observed that cementite and ferrite share a common growth front to 

austenite. Secondly, the cementite is often found to be shaped as platelets. Finally, as a 

consequence of sidewise growth of the two phases, cementite particles are aligned with 

some angle to the lengthening growth direction of primary ferrite. Those characteristics 

are demonstrated in the sketch shown in Figure 4.5d. The microstructure in Figure 4.9a 

shows a case of growth under a cooperative mode where platelets of cementite are seen 

and it is evident that cementite is in contact with the austenite in Figure 4.9b. One may 

imagine a thin primary ferrite plate in the centre of the plate which formed first before 

the eutectoid reaction starts. Such primary plate is more evident in Figure 4.10 which 

shows black thin lines in between the two eutectoid layers.  
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Fig. 4.9. (a) SEM showing eutectoid decomposition resulting in cementite lamellae. Cementite particles 

looking like platelets and not needles, both cementite and thin austenite are black, thicker bands of 

austenite are dark grey, and ferrite matrix is in grey. (b) Same but with ferrite etched. Cementite 

particles have contact with austenite, Paper II. After 6 s at 773 K (500 °C) in an Fe-0.3C-0.5Mn-0.5i 

alloy. 

 

Fig. 4.10. SEM showing very thin plates of ferrite, free of cementite particles but surrounded by 

eutectoid layers, Paper II. After 2 s at 673 K (400 °C) in an Fe-0.3C-0.5Si alloy.  

Establishment of cooperative growth requires more rigorous conditions than degenerate 

growth, e.g. a stable diffusion field between ferrite and cementite (possibly through 

austenite but can also be through ferrite), crystallography among the three phases etc. 

However, these conditions are probably rather flexible since the cooperative growth in 

the second stage of bainite transformation is rather common.  

Phenomenologically, a cooperative mode is expected to operate when there is a wide 

interspace of austenite between ferrite plates, and a degenerate mode is expected for a 

limited interspace. This can be seen in the same specimen, see Figure 4.8 and Figure 

4.10 for degenerate and cooperative mode, respectively. It is found that there are also 

more primary ferrite plates formed with decreasing temperature. This leads to that a 

much finer structure formed at low temperatures, which makes it difficult to identify 

the primary ferrites. Figure 4.11 shows such structure but by tracing the tips back, one 

can see the path of primary ferrite plates in the fully transformed region.  
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Fig. 4.11. ECCI, primary ferrite tips free from cementite. After 30 s at 673 K (400 °C) in an Fe-0.7C 

alloy. 

While the interspace within a closely packed group of fine ferrite plates is limited, the 

side of the last plate of a feather or packet, defined in section 3.2, is free to thicken. 

Figure 4.12 shows such cases where packets are separated by wide interspace of 

austenite. One would expect that a cooperative growth would appear on the two sides 

of such packets. Investigation of an Fe-0.3C alloy does not show this often. However, 

when studying an Fe-0.7C alloy, this idea was verified. Figure 4.13 shows an example 

of a thick eutectoid layer formed by sidewise growth of cementite and ferrite in a 

cooperative mode. Such layer is called side-layer. Unfortunately, the morphology 

within the side-layer generally appears blurry but the etching worked well for one 

region indicated by an arrow. A much better view of such morphology is taken by ECCI 

and shown in Figure 4.14a, which is from the same specimen but from a different region. 

One can see some elongated cementite particles along the lengthening direction, now 

placed roughly horizontal, most evident in the lower right corner. These cementite 

particles formed through a degenerate mode when the narrow interspace of austenite, 

in the interior of the packet, decomposed. On the other hand, side-layers, on the upper 

side of the packets have formed through a cooperative mode. The EBSD orientation 

map, Figure 4.14b (the region marked with rectangle in a), shows that the ferrite, 

formed through both degenerate and cooperative mode, belong to the same variant as 

the primary ferrite plates. A misorientation line scan across three packets that already 

have started to merge into one, including the side-layers is shown in Figure 4.14c. It is 

seen that maximum lattice rotation is only about 2 degrees, which indicates that ferrite 

in the side-layer has originated from the primary ferrite plates. 

 

Fig. 4.12. Chevron packets observed with LOM, separated packets resemble an incomplete feather, 

Paper IV. After 8 s at 723 K (450 °C) in an Fe-0.7C alloy. 
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Fig. 4.13. SEM, side-layers observed with SEM, the arrow indicates one area where the inner 

morphology of the side-layer is successfully revealed by the etching, Paper IV. After 8 s at 723 K 

(450 °C) in an Fe-0.7C alloy. 

 

Fig. 4.14.  (a) Morphology under ECCI, side-layers are seen mainly on one side, (b) EBSD IPF map 

and (c) result of misorientation line scan made in (b), note (a) is from the same region marked in (b), 

Paper IV. After 8 s at 723 K (450 °C) in an Fe-0.7C alloy. 
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Chapter 5 

Nature of upper and lower bainite 

The classical terms of “upper” and “lower” bainite originate from Mehl [41] who 

observed two different morphology of bainite, feathery and acicular, with LOM. Matas 

and Hehemann in 1961 [64] proposed that the distinction between upper and lower 

bainite is that in lower bainite cementite precipitates within the supersaturated ferrite 

plate and in upper bainite cementite precipitates mostly at the austenite/ferrite interface 

because there is enough time for carbon to diffuse away from the supersaturated ferrite. 

Ohmori et al. in 1971 [32] defined upper and lower bainite according to the ferrite 

morphology, i.e. upper bainite consists of lath-shaped ferrite whereas lower bainite 

consists of plate-shaped ferrite. Takahashi and Bhadeshia [65] later, in 1990, presented 

a sketch of lower bainite in which they modified Hehemann’s idea slightly by adding a 

small fraction of interlath cementite to the predominant intralath cementite for lower 

bainite morphology. In the same year, Spanos et al. [66] proposed a mechanism for 

lower bainite formation and they sketched cementite particles aligned with a certain 

angle, suggested to be roughly 55 to 60 degrees, to a primary ferrite plate which act as 

a spine. They further explained that such arrangement is due to sympathetic nucleation 

of secondary ferrite plates on the broad face of the spine with certain angle. All these 

definitions are recently reviewed by Furuhara [11] with reproduced sketches. 

It was realized for a long time that the transition from upper to lower bainite is much 

influenced by carbon content. In high carbon steels, the transition temperature from 

upper to lower was suggested by Pickering [67] to be around 623 K (350 °C). However, 

Pickering also noticed that such a transition occurred over a range of temperature and 

at some temperatures a mixture of both upper and lower bainite can be present. In Figure 

5.1, Pickering’s suggestion for the limiting temperatures for formation of lower bainite, 

as function of carbon content, is reproduced. One should note that he distinguished 

lower bainite from upper bainite by identifying how carbides formed in lower bainite 

because they “tend to precipitate at an inclined angle to the major growth direction, or 

longitudinal axis, of the bainitic ferrite grain”. With a series of Fe-C-2Mn alloys, 

Spanos et al. [68] carried out a survey for various types of bainite morphologies as 

function of both temperature and carbon content. They applied a similar criterion as 

Pickering’s, and produced a morphology map as shown in Figure 5.2. It is seen that the 

region where lower bainite predominates is rather similar to the suggestion by Pickering 

shown in Figure 5.1. 
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Fig. 5.1. Effect of carbon content on the transition temperature from upper to lower, the line indicates 

at temperature above which lower bainite was never observed. From Pickering [67]. 

 

Fig. 5.2. Map of temperature-carbon concentration regions where various forms of bainite morphology 

predominate suggested by Spanos et al. [68]. 

On the other hand, following the idea of Matas and Hehemann [64], Takahashi and 

Bhadeshia [65] developed a quantitative model for predicting the transition temperature 

as function of carbon content. The quantitative estimation was carried out by comparing 

the time 𝑡𝑑 required to decarburise a plate of ferrite with certain width, with the time 𝑡𝜃 

necessary to obtain a detectable amount of cementite precipitation in ferrite. If 𝑡𝑑 < 𝑡𝜃, 

then it is assumed that upper bainite would form and vice versa. Figure 5.3 shows the 

results of the prediction for plain carbon steels. According to the model, there would be 

only lower bainite for carbon content higher than 0.4 percent.  
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Fig. 5.3. Calculated transition temperatures from upper to lower bainite for plain carbon steels, BS, MS 

and LBS denote bainite, martensite and lower bainite start temperatures, respectively. Adapted by 

Bhadeshia [9] from Takahashi and Bhadeshia [65]. 

The current work only investigated bainite morphology of alloys with two different 

carbon content, 0.3 and 0.7 percent. In order to validate the suggestions mentioned 

above for transition temperature between upper and lower bainite, a morphological 

survey of bainite at high magnifications were carried out, Paper II and IV. When doing 

such work, one first need to define the features of upper and lower bainite. The 

definition for upper and lower bainite according to Mehl [41] is based on the external 

morphology of bainite, while the suggestion by Ohmori et al. [32] is on the shape of 

ferrite plates which is tricky for the Fe-0.7C alloy since the primary ferrite plates are 

not always observable due to the formation of large amount of carbides. Moreover, it 

is not clear to the present author how one can morphologically identify if the carbides 

have precipitated within the ferrite for plain carbon steels. It rather seems to fully rely 

on how one interpret the microstructure. It was thus decided to apply the definition of 

lower bainite according to Pickering [67] when it comes to the discussion of internal 

morphology of bainite, which was also used by Spanos et al. [66]. 

Following the discussion in preceding chapter for two modes of eutectoid 

transformation of austenite in the second stage of bainite transformation, it is proposed 

that the nature of morphological differences between upper and lower bainite is 

consequences of the eutectoid reaction being degenerate or cooperative. A general trend, 

to find characteristics of lower bainite more often at low temperatures and in alloys 

with higher carbon content, is also confirmed in current work. This is simply explained 

by the higher driving force for cementite precipitation, which enables the 

transformation of the second stage to proceed through cooperative mode. However, it 

is found that neither the factor of temperature nor of the carbon content is decisive to 

exclude the operation of either mode of the two, degenerate or cooperative. Instead, it 

is found that both upper and lower bainite can be present in a wide temperature range. 

Figure 5.4, for instance, shows characteristics of both upper and lower bainite side by 

side. Similarly, such phenomenon is observed at 723 K (450 °C), Figure 5.5, and even 

at 773 K (500 °C), Figure 5.6. It is further demonstrated that the simultaneous presence 
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of upper and lower bainite is independent of carbon content, as shown in Figure 5.7 

with an Fe-0.3C alloy. It is thus shown that there is no sharp transition of bainite 

morphology from upper to lower if definition based on morphology of carbides is 

considered. 

 

Fig. 5.4. Two packets of bainite sectioned in different direction, upper packet along its main growth 

direction shows feature of degenerate eutectoid transformation, and lower packet with some angle to 

the cross section shows cooperative eutectoid transformation, Paper IV. ECCI after 30 s at 673 K 

(400 °C) in an Fe-0.7C alloy. 

 

Fig. 5.5. A side-layer is developing at the upper right corner, cementite is platelet shape which is a 

feature of cooperative eutectoid transformation, several other similar regions are seen in fully 

transformed region, SEM after 8 s at 723 K (450 °C) in an Fe-0.7C alloy, Paper IV. 

 

Fig. 5.6. Groups of feathery bainite sectioned with certain angle to the main growth direction, the two 

arrows indicate features of degenerate and cooperative eutectoid transformations, respectively. ECCI 

after 10 s at 773K (500 °C) in an Fe-0.7C alloy. 
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Fig. 5.7. SEM showing mixtures of two kinds of bainitic microstructures, Paper II. After 1 s at 673 K 

(400 °C) in an Fe-0.3C-0.5Si alloy. 

The idea of gradual change of bainite morphology as function of temperature was 

already proposed in 1940 by Vilella [69]. In 1957, Hillert [70] noticed that elongated 

cementite particles in upper bainite were sometimes replaced by a more intimate 

mixture of ferrite and cementite. As mentioned earlier, Pickering [67] in 1967 also 

noticed that the change from upper and lower bainite occurred in a range of 

temperatures. On the other hand, a sharp transition temperature is expected according 

to the definition of lower bainite with carbides precipitation within ferrite. Furthermore, 

this definition fully relies on the interpretation which assumes that primary ferrite 

formed in the first stage is supersaturated with carbon. Practically, this is not preferred 

for the purpose of distinguishing the microstructure without involving the growth 

mechanism which still remains controversial. In order to avoid such problems, Bramfitt 

and Speer [71] in 1990 proposed a classification method based on whether the 

acicularly shaped ferrite is associated with intralath/interlath particles/films or discrete 

regions of retained austenite and other kind of secondary products. Unfortunately, this 

method is too much into details of the structure and one might identify all kinds of 

defined bainite in same specimen. Another alternative is to take the proposal by Ohmori 

et al. [32] which distinguishes upper and lower bainite by the lath and plate shape of 

ferrite. However, the change of ferrite shape as function of temperature is also gradual. 

By re-checking Mehl’s micrographs [41] and comparing with the findings in current 

work, it rather seems that he actually distinguished bainite formed at grain boundaries 

and those formed intragranularly. It is thus proposed that Mehl’s definition based on 

nucleation site, i.e. upper bainite on grain boundaries and lower bainite with 

intragranular acicular units, is most preferable due to its feasibility and it indicates a 

sharp dividing line. 
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Chapter 6 

Sectioning effect and widening of 

laths of bainite 

Discussions in preceding chapters are mainly focused on the growth of bainite in its 

lengthening and thickening direction. Efforts were made to guarantee that information 

presented is actually from these two dimensions. The method was to stick to grain 

boundary nucleated units, and in the plane of polish at low magnification, one should 

be able to track the ferrite plate from its tip all the way back to the nucleation site.  This 

is not always an easy task since one needs not only to select a group of plates sectioned 

in the right direction in the plane of polish, but also to avoid the interference from other 

groups. For this reason, all the investigations were carried out with specimens where 

the isothermal heat treatment was interrupted. Moreover, large grain size was preferred 

in current work, usually with a size of hundreds microns, in order to compress the 

interference of pearlite formation and possible hard impingement between plates 

originated from different grain boundaries. Figure 6.1 shows a case at low 

magnification where one can see several groups of packets, in which only one group, 

the longest group originated from the grain boundary in the plane of polish, is sectioned 

close to its main growth direction. A close inspection reveals that the morphology in 

high magnifications is similar for each group of parallel units. Furthermore, close to the 

right side of the grain boundary and roughly in the middle of the picture, it is seen that 

at least three groups are interwoven with each other. One may imagine that a new 

section across such a region can lead to very complicated microstructures. Being aware 

of the sectioning effect on bainite morphology, it would still be interesting to 

understand the morphology of bainite under oblique sections. The current chapter, 

which covers some of the content in Paper I, IV and V, is thus aiming to address some 

findings on this topic.  
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Fig. 6.1. Among several groups of packets, only one group has been sectioned along its main growth 

direction, nucleation sites of other groups of packets are above or below the present section, Paper V. 

SEM after 8 s at 723 K (450 °C) in an Fe-0.7C alloy. 

6.1 Shape of lath shaped ferrite plates under sectioning 

It is well established that the shape of bainitic ferrite is lath or plate like [10]. Generally, 

lath shape is found in low carbon alloys and in products transformed at high 

temperatures. However, one should not underestimate the effect of sectioning on bainite 

morphology even if the shape of bainitic ferrite is known. Figure 6.2 shows one 

example from 773 K (500 °C) in an Fe-0.3C alloy. It is seen that there are at least four 

groups of ferrite plates present. The different width of the lath actually reflects the angle 

of sectioning, and the true widths for all groups of plates may be similar. Evidently, the 

origin of the three groups with shorter length is above or below the plane of polish. 

Lathlike shaped ferrite is also observed in an Fe-0.7C alloy transformed at 723 K 

(450 °C). Figure 6.3a shows one region from the lower side of the grain boundary 

shown in Figure 6.1. They are sectioned approximately perpendicular to their main 

growth direction (one may see the tips of another group along its main growth direction 

in upper-left corner of Figure 6.3b).  Furthermore, it is seen from the separated outer 

units that the lath is widening by developing a spike from the long edges of a lath shaped 

plate. At the same time, interspaces between the units in being transformed to a mixture 

of ferrite and cementite, which then leaves a long white film of possibly retained 

austenite. A new interface has formed in the widening direction as consequence of 

coalescence of many laths. Similar phenomenon is also seen in Figure 6.3c, however, 

now it is far from the cross section but rather with a small angle to the main growth 

direction.   
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Fig. 6.2. Sections through group of plates, only the longest group is sectioned rather parallel to the 

main growth direction, Paper I. The thickness of the cross section are much magnified for the group in 

lower right corner. There are irregular protrusions at the ends. After 2 s at 773 K (500 °C) in an Fe-

0.3C-0.5Si alloy. 

 

Fig. 6.3. (a) A packet of lath shaped ferrite plates sectioned close to their cross section, a spike has just 

developed from the corner of the lath to the right, (b) higher magnification of (a), and (c) another 

packet from same specimen, Paper V. After 8 s at 723 K (450 °C) in an Fe-0.7C alloy. 

The terms “sheaves” and “subunits” are frequently seen in discussions of bainite 

morphology. Aaronson and Wells [72] proposed the term, sheaf, for a group of close 

packed plates and explained that they form through sympathetic nucleation of new 

plates on the side of existing ones. Similar morphology may also have been observed 
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by Goodenow and Hehemann [73] who called the individual unit within a sheaf as 

subunit and explained that each subunit grows rapidly to a limited length without carbon 

diffusion. Oblak and Hehemann [33] later presented sketches for morphology of 

subunits within a sheaf of upper and lower bainite in comparison with that of 

Widmanstätten ferrite, which are reproduced in Figure 3.1. Similar structure is also 

found in current work but now it is interpreted as sectioning of groups of plates actually 

originated from a grain boundary. Figure 6.4 shows a case that possibly would be called 

sheaves of bainite. The inset shows the tip of one sheaf which give the impression that 

there are many subunits which contribute to the macroscopic lengthening process of the 

sheaf. However, with a close inspection of the shape of the small units and by 

comparing Figure 6.4 with Figures 3.13f and 3.15, it is concluded that the apparent 

subunits are not shown in their full length. They are only partly displayed with their 

tips. One could even see the memory of the sectioning with the shape of their lower 

ends.  

  

Fig. 6.4. Development of sheaves in a feather, Paper I. The insert is a magnification of the top part of a 

sheaf, showing the arrangement of fine plates, sometimes regarded as subunits. After 2 s at 673 K 

(400 °C) in an Fe-0.3C-0.5Si alloy.  

6.2 Widening of laths in bainite 

Figure 6.5 shows EBSD misorientation map of four packets of bainitic ferrite aligned 

horizontally. Differing from the packet shown in Figure 6.4, they are not in contact with 

a grain boundary in the plane of polish. Each packet contains parallel units with one 

stacking on another, more evident in the quality map shown in Figure 6.6. It is 

interesting that the second largest packet in Figure 6.6 is quite similar with the “sheaves 

of subunits” as demonstrated by Bhadeshia [9], and Figure 6.7 shows the tip of the 

packet under ECCI contrast. One might come to a proposal that these packets have 

formed through intragranular nucleation. However, LOM study on the specimen shows 

that the interior of grains is free of ferrite, which indicates that intragranular nucleation 

does not happen in this case. On the other hand, a close inspection of Figure 6.5 reveals 

that the packet contains two parts, one middle part in dark blue and another part in light 

blue on both sides, Figure 6.8a. Misorientation line scan analysis, Figure 6.8b, shows 

that such a difference of colour is caused by a lattice rotation of roughly 6°. Each unit 

within the packet, some of their boundaries could be observed in Figure 6.8c, thus has 

formed through two processes. Figure 6.8d is under ECCI contrast and one could see 

an even thinner black region, in comparison with the dark blue region shown in Figure 
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6.8a, in a line between the two arrows. The arrangement of the thin black units in Figure 

6.8d is quite similar to a structure observed in another alloy with much lower carbon 

content after isothermal holding at the same temperature, Figure 6.9a. Evidently, as 

sketched in Figure 6.9b, such units are actually cross sections of lath shaped plates 

which are now sectioned approximately perpendicular to the direction of their lengths. 

It is thus concluded that the thin black region observed roughly in the middle of the 

packet in Figure 6.8d has formed before widening has started. At this stage, the width 

of a lath was initially obtained when the lath formed in contact with the grain boundary 

and maintained thereafter through advancement of a short edge of the lath. The lath 

then widened a bit along the habit plane of the broad faces, now the two long edges of 

a cross section, see Figure 6.9b for instance, but soon it changed to a new habit plane 

which accompanies a rotation of the lattice as observed in Figures 6.8a and b. Such a 

change of growth direction during widening is also observed in other temperatures and 

alloys, Figures 6.2 and 6.10.  

The apparently necessary change of habit plane for considerable widening to occur is 

possibly due to that the interfacial matching between ferrite and austenite lattices along 

the initial long edges is not preferred kinetically. One may then speculate that the 

interfacial structure of the long edges of a lath would be different from the short edges. 

It appears that most of the studies of interfacial structure were focused on the broad 

faces, which form through advancement of the short edge. On the other hand, the 

properties of the long edges were barely mentioned. An exception by Aaronson et al. 

[74] could be mentioned. They sketched that transformation disconnections exist on 

both the long edges and short edge. They further proposed that the dislocation 

components of the transformation disconnections on the long edge side have a screw 

character, which causes higher strain incompatibility in this direction, i.e. widening 

growth. This issue remains to be further studied. 

 

Fig. 6.5. EBSD map for several packets of ferrite, misorientation map to a reference point, marked as 

white cross, Paper V. After 10 s at 773K (500 °C) in an Fe-0.7C alloy. 
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Fig. 6.6. Same as Figure 6.5 but with EBSD quality map, which reveals some of the boundaries 

between the ferrite laths, Paper V. 

 

Fig. 6.7. Morphology of the tip of the second largest packet shown in Figures 6.5 and 6.6, under ECCI 

contrast, Paper V. It appears that new units has formed on top of previous ones, quite similar to the 

“sheaves of subunits” shown by Bhadeshia [9]. 

 

Fig. 6.8. High magnification for the largest packet in Figure 6.5, with (a) EBSD misorientation map to 

a reference point, marked with a white cross, (b) misorientation line scan analysis, white line marked 

in (a) from upper-left to lower-right, it shows that widening growth accompanies some lattice rotation, 

the max deviation is about 6 degrees (c) EBSD quality map, and (d) ECCI contrast, the ferrite plates in 

the middle, thin black units, are arranged with one plate stacking on another and together give a 

macroscopic thin black region in between the two white arrows. This thin black region has supposedly 

formed before widening has started, Paper V. 
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Fig. 6.9. (a) Cross sections of four plates, and (b) suggested initial cross sections and protrusions. 

After 2 s at 773 K (500 °C) in an Fe-0.3C-0.5Si alloy, Paper I. 

 

Fig. 6.10. Plates with very large protrusions, (a) after 1 s at 723 K (450 °C) in an Fe-0.3C-0.5Si alloy, 

and (b) after 5 s at 873 K (600 °C) in an Fe-0.3C-0.5Mn-0.5Si alloy, Paper I.  

Surprisingly, the widening growth has contributed to a rather large volume for the 

packet shown in Figure 6.8. Examination of its morphology, Figure 6.11, reveals that 

the widened part contains groups of fine ferrite plates and cooperative eutectoid layers, 

as indicated by the two white arrows, respectively. It appears that the fine lamellar 

structure has formed through branching of ferrite plates from the primary ferrite laths. 

In some way, these fine ferrite plates have obtained a new “lengthening” direction and 

the cooperative eutectoid layers may be interpreted as their side-layers as discussed in 

Section 4.4. 

 

Fig. 6.11. Morphology under ECCI contrast for part of the packet shown in Figure 6.8, it is evident 

that in the lower part there are groups of fine ferrite plates as well as cooperative eutectoid layers. 

These features are found in the region with light blue color in Figure 6.8a and thus was obtained 

through widening, Paper V. 
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It should finally be mentioned that the above discussion does not rule out the 

phenomenon of intragranular nucleation of new ferrite units on the side of pre-existing 

ones. An example is shown in Figure 6.12. However, for specimens with short 

isothermal holding, such a phenomenon appears only at low temperatures, at least 623 

K (350 °C) in an Fe-0.7C alloy, where sufficient driving force is available. Finally, it 

should be added that the short units, which nucleated later, do not belong to the same 

crystallographic variant as the long ones, as demonstrated with a similar structure from 

the same specimen in Figure 6.13. 

 

Fig. 6.12. LOM of intragranular packets of bainite, Paper IV. After 60 s at 573 K (300 °C) in an Fe-

0.7C alloy. 

  

Fig. 6.13.  Same specimen as Figure 6.10, (a) LOM and (b) EBSD misorientation map to a reference 

point, marked with the white cross, Paper IV. Note (b) is taken after a new polish of (a). Misorientation 

between the long (blue) and short (orange) units is roughly 55 degrees. 
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Chapter 7 

Concluding remarks and future 

work 

A morphological survey of bainite has been carried out systematically with a few Fe-C 

alloys. The main focus was to validate if there is a sharp transition between 

Widmanstätten ferrite and bainitic ferrite, or between upper and lower bainite. Such a 

validation could hopefully serve as an important evidence, from a morphological 

perspective, to be used to resolve the still remaining debate on transformation 

mechanism of bainite in steels. The findings in the current work could be summarized 

as follows: 

 There is no sharp change of the shape of ferrite plate between Widmanstätten 

ferrite and ferritic component of bainite. Investigation of acicular units as 

function of temperature, starting just below the eutectoid temperature and down 

to martensite start temperature, indicates that the only change is thickness of the 

acicular ferrite and the appearance of cementite. 

 The acicular ferrite plate originated from a grain boundary observed at all 

temperatures has been shown to be a single unit without interruption during the 

lengthening process, at least in micron level. Furthermore, it is confirmed that 

the lengthening rate changes continuously as function of temperature without 

any sharp change indicating a change of growth mechanism. 

 Following the precipitation of ferrite, the second stage of bainite transformation 

which is initiated by precipitation of cementite, is shown to have characters of 

a eutectoid reaction. 

 The eutectoid reaction in the second stage of transformation may proceed 

through two modes, a degenerate or a cooperative. It is further proposed that the 

two modes are the fundamental cause of the difference for the arrangement of 

carbide particles, i.e. parallel or with some angle to the main growth direction 

of ferrite.  

 The transition from upper to lower bainite, based on classification of the 

morphology of carbides, does not occur sharply at a certain temperature. On the 

other hand, the transition is gradual and both degenerate and cooperative 

structures can be present in a wide range of temperature. An alternative way to 

distinguish upper and lower bainite, resulting in a sharp transition temperature, 

is possibly to follow Mehl’s old idea [41] by considering the nucleation sites, 
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i.e. grain boundary nucleation for upper bainite and intragranular nucleation for 

lower bainite. 

 It is proposed that due to the complexity of the bainite structure, discussion on 

morphology of bainite should first distinguish the growth directions in the plane 

of polish.  

All the above mentioned findings support that the decomposition behaviour of austenite 

into acicular units, in Fe-C alloys, is governed by the same transformation mechanism, 

which accompanies a continuous change of morphology as function of temperature. 

Such a mechanism is valid until the velocity of interface is higher than the diffusivity 

of carbon at the holding temperature. Based on the information obtained in current work, 

it seems unlikely that this would occur above the Ms. However, it could well be a case, 

in low carbon alloys, that carbon is not fully partitioned in the low temperature range. 

Such a deviation from local full equilibrium should again be a gradual change as 

function of temperature.  

The current study was mainly performed in macroscopic level. Some of the 

interpretations were based on not yet well-established knowledge. A continuing work 

may be carried out in a more microscopic level, which will strengthen or validate the 

arguments made here. Following aspects might be considered in a future work: 

 Arguments made in current work is fully based on interpretation of 

information obtained from a 2-D section. It would be helpful to conduct a 3-D 

study to validate the arguments. However, one should be careful in selecting 

an object to do such investigation since the effect of sectioning is already 

evident in current 2-D work. 

 Based on the various shapes of ferrite particles observed, it is proposed that 

nucleation of all acicular ferrite originating from a grain boundary is governed 

by the crystallographic orientation to the two neighbouring austenite grains 

and the facets have played a crucial role in this process. A more systematic 

work on crystallography, which is coupled with the various shapes of ferrite 

particles, would be desirable. 

 The growth interface of (ferrite+cementite)/austenite in the second stage of 

bainite transformation under cooperative growth is particularly interesting in 

order to understand this process further. Unfortunately, to retain such interface 

at room temperature in an Fe-C system seems impossible. Alternatively, 

comparison of crystallographic orientation between ferrite and cementite in 

degenerate and cooperative layers could be helpful. 

 There is a lack of information on lengthening rate of acicular ferrite as function 

of temperature in Fe-C alloys with in-situ measurement.  

 On the basis of current survey on Fe-C alloys, one could go further to 

investigate the influence of other alloying elements starting in an Fe-C-X 

ternary system with various addition of alloy content. 
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