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Abstract

Studies on the e↵ect of the prior austenite grain size on the phase transformation kinetics of

bainite are contradictory. Literature explains these contradictions by the presence of two di↵erent

types of nucleation sites, the prior austenite grain boundaries and the tips of previously formed

bainitic ferrite sub-units. The di↵erence in their activation energies for nucleation, �Q , is known

to determine whether the phase transformation kinetics of bainite are accelerated by prior austenite

grain refinement or coarsening. However, the factors that influence�Q are not entirely understood,

which is the reason why the contradictory results regarding the e↵ect of the prior austenite grain

size on the phase transformation kinetics of bainite observed in the di↵erent studies cannot be

explained yet.

This master thesis investigates the e↵ect of the prior austenite grain size on the phase transforma-

tion kinetics of bainite at di↵erent transformation temperatures in a low-carbon high-silicon steel.

The experiments were divided into two groups, with one group consisting of specimens with finer

prior austenite grains and one with coarser prior austenite grains. Specimens were transformed

to bainite at three di↵erent isothermal transformation temperatures, 440 °C, 410 °C and 380 °C.

Bainite formation was investigated by in-situ synchrotron XRD experiments performed at DESY

to study the evolution of the phase fractions, lattice parameters and microstrains of bainitic ferrite

and austenite. Furthermore, microstructure investigations on the specimens transformed at DESY

and additional interrupted quenching experiments were conducted to understand the e↵ect of the

prior austenite grain size and the isothermal transformation temperature on the microstructure and

the sheaf morphology formed in the early stages of the phase transformation. Finally, simulations

were performed to determine the e↵ect of the prior austenite grain size and the transformation

temperature on �Q .

The experiments showed that, by decreasing the transformation temperature, the phase trans-

formation kinetics of the group with fine prior austenite grains were decelerated, whereas the

phase transformation kinetics of the group with coarse prior austenite grains were accelerated.

The simulations exhibited an increase in �Q as the isothermal transformation temperature was

decreased, indicating that sheaf growth by successive nucleation events at the tips of previously

formed sub-units becomes increasingly prevalent. While the specimens with coarse prior austenite

grains provide more potential nucleation sites at the tips of previously formed sub-units, the speci-

mens with fine prior austenite grains provide more nucleation sites for grain boundary nucleation,

which explains the reverse e↵ect of the transformation temperature on the phase transformation

kinetics of the two experiment groups. Microstructure observations have shown that the e↵ect of

the transformation temperature on processes, such as carbon partitioning and the transition from

upper to lower bainite, could play an important role in explaining the observed e↵ect of the prior

austenite grain size on the phase transformation kinetics of bainite.
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1 Introduction

Materials used in automobile applications have to satisfy a complex set of requirements. Be-

sides passenger safety, material and manufacturing costs are some of the most important ones.

Nowadays, the aim to reduce fuel consumption, and hence greenhouse gas emissions, makes the

development of materials for the automobile industry even more challenging [1, 2]. Therefore, auto-

mobile and steel manufacturers started to develop advanced high-strength steels (AHSS). Figure 1

plots two of the most important material properties that are to be improved with the development

of AHSS: tensile strength and elongation [2, 3]. Both properties are known to be antagonistic,

which makes their simultaneous improvement challenging. Besides these two properties, the ma-

terial’s yield strength and lightweight design are of high importance and thus are considered during

the development [1].

Figure 1: Representation of multiple steel grades in an elongation vs. tensile strength diagram [2].

There are three generations of advanced high-strength steels, with the third one being currently

under development. The first generation of AHSS started with the development of dual-phase

steels and steels deforming by the transformation induced plasticity (TRIP) e↵ect, which are also

known as TRIP steels [1]. With the focus on improving ductility, high-manganese-containing steels

that deform by twinning induced plasticity (TWIP) have been developed in the second generation

of AHSS. However, their low yield strength, poor weldability and high costs limit their use in

automobile manufacturing to very specific components. Nowadays, the development of the third

generation of AHSS is in progress, which includes quench and partitioning (Q&P) steels, duplex

medium-Mn steels and carbide-free bainitic steels [2].

As a phase providing favorable mechanical properties, bainite is often used as a microstructure

constituent of many di↵erent steel types, such as complex phase steels, bainitic multiphase steels

or Q&P [3]. As part of the third generation of AHSS, the combination carbide-free bainite and

retained austenite has been developed to produce steels providing high formability while at the

1



same time possessing high strength [4, 5]. Their microstructural features, consisting of carbide-free

plate-shaped bainitic ferrite and carbon enriched retained austenite, have been observed to improve

the mechanical performance of steels significantly. The carbide-free bainitic ferrite improves the

mechanical properties by increasing the steel’s strength due to its high dislocation density and

its uniform, fine plate-shaped microstructure. Furthermore, the retained austenite enhances the

steel’s ductility, since it enables deformation by the TRIP e↵ect. The properties of bainitic steels

depend on size, morphology and fraction of bainitic ferrite and retained austenite, as well as on

the austenite stability at room temperature [6, 7].

The production of carbide-free bainitic steels starts with an austenitization step, followed by rapid

cooling to the isothermal holding temperature. During isothermal holding bainitic ferrite forms

and carbon partitioning takes place. The partitioning process results in an increased carbon con-

centration in the remaining austenite, which can be retained at room temperature if it is su�ciently

enriched in carbon. After isothermal holding, the steel is quenched to room temperature. From

an industrial point of view, the acceleration of the bainitic phase transformation is favorable, since

it decreases the steel’s manufacturing time and costs [4, 8]. The development of economical man-

ufacturing routes, resulting in optimal mechanical properties requires a detailed understanding of

the isothermal bainitic phase transformation and carbon partitioning process.

Therefore, the master thesis aims to investigate the prior austenite grain size and the isothermal

transformation temperature as two of the factors that a↵ect the phase transformation kinetics

of bainite. The work of the thesis is divided into seven sections. In section 2 a comprehensive

literature review is provided to develop a profound understanding on the phase transformation

mechanism of bainite and the factors influencing its phase transformation kinetics. Furthermore,

the literature review is meant to uncover research gaps, part of which are investigated in the master

thesis. Section 3 describes the experimental procedure applied to investigate the defined research

objectives, followed by section 4, which presents the results observed during the experiments.

Subsequently, the results are discussed in section 5. The challenges and limitations of the thesis

are given in section 6. Finally, section 7 summarizes the conclusions and recommendations for

future research based on the results and discussions provided in the previous sections.
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2 Literature review

2.1 Microstructure of bainite

In general, bainite can be described as a microstructure consisting of bainitic ferrite plates, which

are separated by carbides [9]. Its formation can be observed in a temperature range between 250

°C and 550 °C. So-called carbide-free bainite forms under conditions in which carbide precipitation

between the bainitic ferrite plates is inhibited, which results in carbon enrichment of the remaining

austenite as the phase transformation progresses. Austenite that is su�ciently enriched in carbon

becomes metastable at room temperature, while the unstable part transforms into martensite dur-

ing final quenching. Therefore, retained austenite and martensite can be part of the microstructure

of carbide-free bainitic steels [10].

Bainite forms in an intermediate temperature range between the reconstructive pearlite formation

and the displacive martensite formation [9]. Figure 2 depicts a schematic of a Time-Temperature-

Transformation (TTT) diagram of steel with two separate C-curves. While the upper C-curve

is associated with the transformation of austenite to phases such as ferrite or pearlite, which

progress in a reconstructive manner [11], the lower C-curve is associated with the transformation

of austenite to bainite. In contrast to the schematic depicted in Figure 2, overlapping C-curves

can be observed for plain carbon steels [12]. Researchers found bainite to exhibit features of both

pearlite and martensite transformation, which made the bainitic phase transformation mechanism

a subject of debate for decades [9]. Therefore, two theories have been developed in the past.

While one of them describes the transformation from austenite to bainite as a di↵usional phase

transformation, the other one describes it as di↵usionless [6, 13]. To gain a better understanding

of both theories, section 2.2 is dedicated to discuss them in more detail.

2.1.1 Upper and lower bainite

During bainite formation, face-centered cubic (FCC) austenite decomposes into a fine aggregate

of body-centered cubic (BCC) ferrite plates and carbides. Depending on the transformation tem-

perature, bainite can be divided into upper and lower bainite [12, 14]. The following explanations

of the formation mechanisms of upper and lower bainite are based on the assumptions of the dif-

fusionless theory. Upper bainite generally forms during transformation in the temperature range

between 400 °C and 550 °C [14]. Figure 3 a) shows the plate morphology of bainitic ferrite in

upper bainite, surrounded by fresh martensite, which has formed during final cooling to room

temperature [14]. The microstructural features of upper bainite result from its two characteristic

transformation stages. In the first stage, bainitic ferrite nucleates at the prior austenite grain

boundaries. The di↵usivity of carbon is relatively high in the temperature range at which up-

per bainite forms, which is the reason why carbon partitioning from bainitic ferrite proceeds fast

3



Figure 2: Schematic illustration of a TTT diagram of steel with separate C-curves [14].

and a relatively low carbon concentration is retained in solid solution within the bainitic ferrite.

Thus, the remaining austenite becomes enriched in carbon, which may result in the precipitation

of carbides from areas of austenite with high carbon concentrations in the second transformation

stage. Usually, the austenite films in between bainitic ferrite plates are significantly enriched in

carbon, which is the reason why carbide precipitation predominates in such areas. Depending on

the steel’s carbon content, these precipitates can appear as individual particles or as a continuous

layer [14].

Figure 3: Optical microscopy image of a) upper bainite and b) lower bainite [14].

A transition from upper to lower bainite occurs at around 400 °C. The plate morphology of bainitic

ferrite in lower bainite is depicted in Figure 3 b). One of the main microstructural di↵erences of

lower bainite, in comparison to upper bainite, is the presence of carbides inside bainitic ferrite.

The transition from upper to lower bainite can be explained by the competing e↵ect of carbon par-

titioning from the bainitic ferrite into the remaining austenite and carbide precipitation inside the
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supersaturated bainitic ferrite. At elevated temperatures, carbon di↵usion is relatively fast, which

is the reason why the decarburization process of bainitic ferrite is too rapid to allow for carbide

precipitation inside bainitic ferrite and hence upper bainite is formed. As the transformation tem-

perature is reduced, the time required for excess carbon to partition from bainitic ferrite into the

remaining austenite increases. When the driving force for carbide precipitation inside the bainitic

ferrite overcomes the kinetics of carbon partitioning into the remaining austenite, a fraction of the

carbon escapes the solid solution by precipitating as fine carbides inside the bainitic ferrite. This

results in a smaller fraction of carbon to partition to the remaining austenite and hence fewer and

finer carbides precipitate from the remaining austenite in lower bainite. This is the reason why

lower bainite preserves higher toughness, even though it also has superior strength in comparison

to upper bainite. It has been observed that the carbides present in lower bainite exhibit a specific

orientation relationship with the bainitic ferrite from which they precipitate, which is similar to

the one present when carbides precipitate during tempering of martensite [12, 14].

2.1.2 Phase constituents of bainite

Bainitic ferrite

Bainitic ferrite grows in the morphology of plates, which are assembled of smaller sub-units. Fig-

ure 4 shows an image, taken by transmission electron microscopy (TEM), with such a sub-unit

structure. The sub-units first nucleate at prior austenite grain boundaries, followed by nucleation

of further sub-units at the tip of already existing ones. This process is known as autocatalytic

nucleation. Several sub-units together form a sheaf, which can be resolved by optical microscopy

[14, 15].

Figure 4: TEM image of a sub-unit structure [14].

Experimental observations have shown that the bainitic phase transformation results in the form-
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ation of a surface relief, similar to the one present after martensite formation, which is known to

progress via a displacive phase transformation mechanism [16, 17]. During displacive transforma-

tions, a change in crystal structure at low transformation temperatures is enabled by a coordinated

motion of atoms, instead of reconstruction by di↵usion. To minimize the strains resulting from

such a transformation mechanism, the product phase grows as thin plates [11].

Furthermore, experimental observations have shown that bainitic ferrite is supersaturated in carbon

after its formation [10, 18, 19]. Part of the increased carbon content in bainitic ferrite can be

attributed to the trapping of carbon at defect sites, such as dislocations. However, there seems

to be evidence that the elevated concentration of carbon kept in solid solution distorts the body-

centered cubic unit cell. Thus, some researchers argue that bainitic ferrite could form taking a

body-centered tetragonal (BCT) or body-centered orthorhombic structure [18]. The role of carbon

atoms at the migrating interface is perhaps one of the most debated features of the bainitic phase

transformation and will be explained in more detail in section 2.2.

Remaining austenite

In the case of carbide-free bainite, the remaining austenite becomes increasingly enriched in carbon

as the phase transformation progresses. When the remaining austenite reaches a critical carbon

concentration, the formation of bainitic ferrite stops prematurely, which is known as the incom-

plete transformation phenomenon since the phase transformation ceases before austenite reaches

carbon concentration at paraequilibrium. The higher the transformation temperature, the lower

the critical carbon concentration in the remaining austenite at which the phase transformation

ceases. Thus, the formation of smaller fractions of bainitic ferrite can be expected at increasing

transformation temperatures [9, 14]. Carbon enrichment stabilizes the remaining austenite, and

hence lowers its martensite start temperature Ms [20], which can lead to the presence of retained

austenite at room temperature [10].

The growth characteristics of bainitic ferrite lead to the formation of remaining austenite of di↵erent

morphologies and sizes, such as blocky, film-like or slab-like remaining austenite [6, 10]. The size

and shape of the remaining austenite unit, as well as the surrounding structure, a↵ect its carbon

enrichment. While film-like units, being located between two plates of bainitic ferrite, are relatively

flat and small, blocky units are large areas between sheaves of bainitic ferrite. Therefore, film-like

austenite becomes enriched in carbon much faster than blocky austenite [6]. This results in the

development of carbon-poor and carbon-rich regions of remaining austenite, which can observed

by the splitting of austenite peaks in XRD patterns [21, 22]. The morphologies of film-like and

blocky units of remaining austenite are depicted in Figure 5, which has been taken using scanning

electron microscopy (SEM).

Carbides

Carbides are an important part of the microstructure of bainite. The loss of carbon concentration
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Figure 5: SEM image showing di↵erent morphologies of remaining austenite [6]. BF: bainitic
ferrite, C: carbides, RA: remaining austenite.

in the remaining austenite due to carbide precipitation prevents the austenite from reaching the

critical carbon concentration at which the phase transformation stops. This results in a decrease in

austenite stability, and hence its decomposition to bainitic ferrite can continue [9, 15]. In carbide-

free bainite, however, the precipitation of carbides is retarded by the addition of alloying elements,

such as Si or Al. This causes all or most of the carbon to be kept in solid solution in the remaining

austenite, which results in its stabilization as the phase transformation progresses. Carbide-free

bainite can also be observed in steels with extremely low carbon concentrations below 0.02 wt. %

carbon [9].

2.2 Phase transformation mechanism

2.2.1 Di↵usionless theory

The di↵usionless theory assumes that the bainitic phase transformation proceeds via a di↵usionless-

displacive transformation mechanism. Thereby, all carbon is trapped by the advancing interface,

and hence bainitic ferrite inherits the carbon content of the parent austenite during its formation

[6, 14]. Subsequently, carbon partitions from the supersaturated bainitic ferrite into the remaining

austenite. As mentioned previously, bainitic ferrite sheaves are assembled of sub-units. These sub-

units have an identical crystallographic orientation and may be separated by low misorientation

boundaries, cementite or austenite [14]. The bainitic phase transformation starts with the nucle-

ation of sub-units at prior austenite grain (PAG) boundaries. The sub-units have been observed to

have a Kurdjumov-Sachs orientation relationship with the austenite after nucleation at the prior

austenite grain boundary [12]. This orientation relationship can be described as follows [23]:
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The macroscopic shape change left after the bainitic phase transformation can be described as an

invariant-plane strain with a large shear component in addition to the volume strain caused by a

displacive transformation mechanism of the crystal structure. The high strains resulting from this

shape change are accommodated by plastic deformation of the adjacent remaining austenite. Thus,

the dislocation density in the plastically deformed austenite is increased, which in turn increases

the strength of the remaining austenite until it prevents the bainitic ferrite sub-unit from growing

further. Therefore, the sub-units can only reach a limited size, which is substantially smaller

than the size of a prior austenite grain [9, 14]. The growth of sheaves continues via autocatalytic

nucleation, as schematically demonstrated in Figure 6. Hence, the di↵usionless theory assumes

the presence of two di↵erent types of nucleation sites for bainitic ferrite, namely the initial prior

austenite grain boundaries and the newly created, incoherent interface boundaries between bainitic

ferrite sub-unit tips and the austenite matrix [24].

Figure 6: Schematic illustration of sheaf growth via autocatalytic nucleation [9].

Experimental observations using hot-stage photoemission electron microscopy have shown that

bainitic ferrite sub-units exhibit a much faster lengthening rate than expected from a di↵usion-

controlled process. However, measurements of sheaf growth rates reveal deviations from the rapid

growth rates of sub-units. The deviation in their lengthening rates is explained by a time interval

between successive nucleation of sub-units [9, 14].

The decomposition from austenite to bainite occurs at temperatures at which the free energy of

bainitic ferrite G↵ is lower than the free energy of austenite G� at the same composition. The
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temperature at which the free energies of both phases are equal defines T0 and is demonstrated in

Figure 7 [6, 14]. As the phase transformation progresses, carbon partitions from the bainitic ferrite

and the new sub-units nucleate from carbon enriched austenite. The carbon enrichment of remain-

ing austenite causes T0 to decrease. At the point at which T0 and the transformation temperature

are equal, the di↵usionless phase transformation becomes thermodynamically impossible and the

transformation reaches stasis. This is known as the incomplete transformation phenomenon, since

the phase transformation ceases before austenite reaches its carbon content at equilibrium, which

is given by the Ae3 line [9, 14].

Figure 7: Schematic illustration of the origin of the T0 construction [14].

Furthermore, the gain in free energy �G�!↵ from bainite formation also has to overcome an

additional energy barrier GSB associated with the energy required for the creation of interfaces

and the shape change caused by the displacive phase transformation mechanism [6]. This criterion

is defined by the following equations:

�G�!↵ < �GSB (1)

�G�!↵ = G↵ �G� (2)

The additional energy barrier has an influence on the theoretical thermodynamic limit at which

the bainitic transformation ceases. The corrected thermodynamic limit is known as T 0
0 [6, 14]

and is defined by the temperature at which the gain in free energy from bainite formation equals

the energy barrier (�G�!↵ = GSB ) [15]. This energy barrier is often suggested to be about 400

Jmol�1 [10, 14, 15].
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Another limit considered by the di↵usionless-displacive theory is given by Th , which can be defined

as follows:

�Gm < GN (3)

�Gm = G↵
m �G�

m (4)

In order for the phase transformation to occur, the maximum driving force for bainitic ferrite

nucleation �Gm has to be more negative than the universal nucleation function GN . �Gm is

the maximum reduction in free energy that can be achieved by bainitic ferrite nucleation with

carbon redistribution without a↵ecting the composition of the adjacent austenite and is defined by

Equation 4. G↵
m and G�

m are the free energies of the respective phase at the condition of maximum

free energy reduction. The temperature at which the two parameters in Equation 3 are equal is

known as Th and defines another limit of the bainitic phase transformation [15].

Only if the transformation temperature is lower than T 0
0 and Th , bainitic ferrite continues to

form [14, 15]. The carbon enrichment of the remaining austenite during the phase transformation

causes Th and T 0
0 to decrease. At the point at which Th or T 0

0 becomes equal to the transformation

temperature, the phase transformation will cease [15, 24].

2.2.2 Di↵usional theory

According to the di↵usional theory, the bainitic phase transformation is not fundamentally di↵erent

from the decomposition of austenite to Widmanstätten ferrite. Thus, their phase transformation

rate should be represented by a common C-curve for acicular ferrite in TTT diagrams [25, 26]. In

contrast to the di↵usionless theory, the di↵usional theory assumes carbon to partition during the

growth of bainitic ferrite. Therefore, the di↵usion of carbon away from the migrating interface into

the remaining austenite is defined as the rate-limiting process for the phase transformation [13, 27].

Originally, it was assumed that bainite forms under local equilibrium carbon concentration, which

has led to the hypothesis that bainitic ferrite would form without supersaturation in carbon [13].

The presence of carbides in bainitic ferrite in lower bainite was explained by their precipitation

from austenite at the bainitic ferrite-austenite interface and subsequent incorporation into the

ferrite matrix due to the growth of the product phase [9].

Besides the phenomenon of supersaturation, the shape of the C-curves in TTT diagrams of dif-

ferent steel alloys is one of the main points of discussion between the two theories. As mentioned

previously, many alloy systems exhibit two separate C-curves. However, for plain carbon steels only

one C-curve can be observed [14]. Two distinct C-curves would imply the presence of two di↵er-
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ent transformation mechanisms, with the upper one being representative for reconstructive phase

transformations and the lower one for displacive phase transformations [16]. However, according

to the di↵usional theory, the existence of the bay between the two C-curves in TTT diagrams is

related to the e↵ect of certain alloying elements, known as the ”solute drag e↵ect”. The solute

drag e↵ect arises from specific alloying elements that segregate to the interface between bainitic

ferrite and austenite. Thereby, they exert a drag force on the migrating interface, which leads

to a decrease in its mobility. A low driving force at higher transformation temperatures in com-

bination with a high drag force causes the kinetics of bainite formation to slow down. At lower

temperatures the driving force for transformation increases and overcomes the drag force so that

the interface mobility increases again, which results in the appearance of a bay in TTT diagrams.

The solute drag model has later been modified to the solute drag-like e↵ect. However, the presence

of a transformation bay is observed in many steel alloy systems and seems to be a rather general

phenomenon instead of being attributable to the e↵ect of specific alloying elements [9]. Nowadays,

many supporters of the di↵usional theory accept the formation of bainite to occur by a displa-

cive phase transformation mechanism [6, 28]. However, whether the growth rate is determined by

carbon di↵usion or not remains a subject of debate.

The Zener-Hillert model is oftentimes used to describe the growth kinetics of bainitic ferrite based

on the di↵usional growth mechanism [9, 25, 29]. Hillert modified the original equation for di↵usion-

controlled edgewise growth of plates developed by Zener, to explain the growth of acicular ferrite

[16]. He assumed the lengthening rate of bainitic ferrite plates to be controlled by long-range

carbon di↵usion away from the migrating bainitic ferrite-austenite interface, which creates a local

carbon equilibrium [9, 13]. Figure 8 represents a schematic of the edgewise growth mechanism of

bainitic ferrite. In the Zener-Hillert model, bainitic ferrite clusters are treated as a single entity,

which grows continuously instead of growing by the successive nucleation of sub-units [9]. Thereby,

the lengthening rate of bainitic ferrite plates can be calculated by:

v

D
=

(x�↵ � x0)2

(x0 � x↵�)
· RT

8�Vm
(5)

where v is the lengthening rate at temperature T , D is the di↵usion coe�cient of carbon in

austenite, x0 is the mole fraction of carbon in the steel alloy, x↵� and x�↵ are the paraequilibrium

mole fractions of carbon in the bainitic ferrite and austenite respectively, Vm is the molar volume

of ferrite and � is the interfacial energy per unit area [9].

However, experimental observations of Hillert and other researchers have shown that the actual

growth rates of bainitic ferrite plates are slower than predicted by the Zener-Hillert model. While

Kaufman et al. [30] assumed these deviations to be within the range of uncertainties arising from

the calculation, Hillert [27] explained this deviation by the existence of a thermodynamic barrier

to growth. From his growth rate analyses, Hillert concluded that the experimental growth rates
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Figure 8: Schematic illustration of the edgewise growth mechanism of bainitic ferrite [27].

are continuous across the temperature range associated with Widmanstätten and bainitic ferrite

formation [9, 26]. According to the Zener-Hillert model, the variation in the lengthening rate

of acicular ferrite plates at a given temperature is approximately linearly related to the carbon

content of the steel alloy. Thus, the extrapolation of the lengthening rate to zero allows to obtain

the critical carbon content in austenite above which acicular ferrite cannot grow [26]. This critical

carbon content defines the WBs temperature, the Widmanstätten and bainite start temperature

Bs [9, 16, 26]. Hillert [26] found that this critical carbon content deviates significantly from the

Ae3 line, which he used to explain the incomplete transformation phenomenon.

Regardless of the reason for the deviating growth rates, the measurement of even slower growth

rates than predicted by calculations using the Zener-Hillert model have been interpreted as a

confirmation of the presence of a di↵usion-controlled growth mechanism being active during bainite

formation. According to the supporters of the di↵usional theory, the measured growth rates would

be too low to allow for growth of bainitic ferrite with carbon supersaturation [9, 16, 27].

Nevertheless, the deviations of the calculations from the measured growth rates of acicular ferrite

remain one of the main criticisms against the Zener-Hillert model [13]. Leach et al. [29] modified

the Zener-Hillert model by the introduction of a ’barrier energy’, which would increase as the

carbon content in austenite increases. Additionally, their work suggested changes to the Zener-

Hillert model, which would reduce the existent uncertainties in the calculations.

Benrabah et al. [28] worked on finding a physical explanation for the energy barrier introduced by

Leach et al. [29]. They assumed a di↵usional-displacive phase transformation mechanism, which

proceeds via the movement of disconnections at the migrating interface boundary. According to

their theory, the movement of these disconnections controls the rate of bainite formation. The

presence of defects in the matrix can exert a force acting opposite to the direction of the migrating

interface, due to interactions between the defects and the moving disconnections. Figure 9 shows

a schematic representation of such interactions between disconnections and defects. The min-

imum force required to activate disconnection motion at the interface is called the back stress and

originates from both dislocation-disconnection interactions, as well as from disconnections-solute

interactions. When the driving force for transformation overcomes the energy barrier that arises

from the back stress, the bainitic phase transformation proceeds [28].

Another point of criticism raised against the Zener-Hillert model is the fact that it cannot predict
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Figure 9: Schematic illustration of interactions between interface disconnections and defects present
in the austenite matrix [28].

carbon supersaturation in bainitic ferrite. However, the use of modern characterization techniques,

such as atom probe tomography (APT) or synchrotron X-ray di↵raction (XRD), confirmed the pres-

ence of elevated carbon concentrations in bainitic ferrite, which increases as the transformation

temperature decreases [13]. The original assumption of local equilibrium carbon concentration at

the migrating interface might be realistic for phase transformations at elevated temperatures. How-

ever, as the transformation temperature is lowered carbon di↵usivity is decreased, which makes

the validity of the local equilibrium assumption for carbon less realistic. The di↵usional phase

transformation mechanism can be described by a two-step process. At first, carbon di↵uses across

the interface from bainitic ferrite to austenite, followed by subsequent carbon di↵usion inside the

remaining austenite away from the interface. The first process is negligible at higher transform-

ation temperatures, since carbon di↵usivity is relatively high. Therefore, the rate of the phase

transformation is mainly governed by carbon di↵usion in the remaining austenite. At lower trans-

formation temperatures, however, carbon di↵usivity decreases significantly, which results in the

carbon transfer across the interface becoming the rate-limiting process and thus, leading to devi-

ation from local equilibrium at the phase boundary. Based on these assumptions Benrabah et al.

[13] suggested to modify the Zener-Hillert model, by relaxing the assumption of local equilibrium

carbon concentration at the migrating interface. This allows for the existence of a di↵erence in

carbon activity that makes it possible to predict a carbon supersaturation in bainitic ferrite, which

increases with decreasing transformation temperatures.

Benrabah et al. [13] used their modified model for calculating the carbon content of the product

phase at transformation temperatures below the Ms temperature and found two solutions. One
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solution predicts the growth of bainitic ferrite with partial supersaturation, while the other solution

predicts the growth of a phase containing a carbon concentration approaching the nominal bulk

content. The second solution is only present at transformation temperatures below the Ms temper-

ature. The authors interpret the two solutions to imply the presence of two di↵erent transformation

products, one being bainitic ferrite and the other one being martensite. This is consistent with

experimental observations of phase transformations proceeding below the Ms temperature, where

both bainite and martensite are present in the forming microstructure [10].

Based on the fundamentals explained in this chapter, the following part will explain the e↵ect of

the isothermal holding temperature, as well as the prior austenite grain boundaries, on the bainite

formation kinetics. To ensure an in-depth understanding of the following chapter, the main find-

ings of this chapter are summarized. Bainite consists of a fine plate-like structure of bainitic ferrite

and carbides. Carbide precipitation is retarded by alloying with elements, such as Al and Si, which

results in the formation of carbide-free bainite. In carbide-free bainite, less carbon escapes from

solid solution of the remaining austenite by carbide precipitation and hence the remaining austen-

ite becomes enriched in carbon. This results in a decreasing driving force for bainite formation

and hence can cause the phase transformation to terminate prematurely. This is known as the

incomplete transformation phenomenon. In the past, two theories about the mechanism of bainite

formation have been developed: the di↵usional and di↵usionless theory. Today, both theories agree

that bainitic ferrite forms by a displacive phase transformation mechanism. However, whether car-

bon partitions during or after the formation of bainitic ferrite is still a subject of discussion. Each

theory has defined its own criterion for stasis of the transformation process, with the T0 and T 0
0

temperature being the criteria defined by the di↵usionless theory and the WBs temperature being

the criterion defined by the di↵usional theory. Experimental observations have shown that bainitic

ferrite starts to form at the boundaries of prior austenite grains. Nowadays, many scientists agree

on the fact that bainitic ferrite sheaves are assembled of individual sub-units, which nucleate at

the tip of previously formed ones. A process known as autocatalysis.

2.3 Phase transformation kinetics of bainite

Bainite formation kinetics are often studied at constant transformation temperatures, which is

known as an isothermal phase transformation. The phase transformation starts with an incubation

time [6, 19], followed by a rapid increase in the transformation rate. After reaching its maximum,

the transformation rate gradually slows down until it stops. Plotting the bainitic ferrite fraction

formed as a function of time results in a sigmoidal curve [10, 14]. The following chapter is designated

to explain the influence of di↵erent factors on the bainitic phase transformation kinetics. While the

first section focuses on the e↵ect of the isothermal holding temperature on the phase transformation

kinetics and the carbon partitioning process, the second part is designated to discuss the influence

of the microstructure present prior to the start of the bainitic phase transformation. The following
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part aims to explain the findings on the e↵ect of the prior austenite grain size on the phase

transformation kinetics of bainite.

2.3.1 Influence of isothermal transformation temperature and prior microstructure

on the phase transformation kinetics of bainite

One of the most important factors influencing the phase transformation kinetics of bainite is the

isothermal transformation temperature. The lower C-curve in Figure 2 schematically represents the

e↵ect of the transformation temperature on the bainite formation kinetics. When decreasing the

transformation temperature from Bs temperature towards the center of the C-curve, the bainitic

phase transformation kinetics accelerate [4, 10, 31]. The enhanced transformation kinetics observed

at decreasing transformation temperatures are a result of the higher driving force for bainitic ferrite

nucleation at higher undercoolings [9, 32]. In the middle of the C-curve, the so-called nose, the

phase transformation kinetics of bainite forming above Ms temperature are the fastest. Further

decreasing the transformation temperature towards the lower end of the C-curve, the temperature

range in which lower bainite forms, results in a deceleration of the phase transformation kinetics

[19, 33].

Several studies have shown that the fraction of bainitic ferrite formed increases as the isothermal

holding temperature approaches the Ms temperature [6, 10, 33]. At lower transformation temper-

atures, the critical carbon concentration at T 0
0 is increased, which results in a larger fraction of

bainitic ferrite to be formed before the remaining austenite is su�ciently enriched in carbon to

reach stasis [14].

Furthermore, the carbon partitioning process in bainite is a↵ected by the isothermal transform-

ation temperature [10, 19]. Rampelberg et al. [10] observed that bainitic ferrite in carbide-free

bainite exhibits a higher carbon concentration at the end of the phase transformation when it

has formed at lower transformation temperatures. This has been explained by the lower carbon

di↵usivity at decreasing transformation temperatures, which results in a higher carbon content

remaining trapped in the bainitic ferrite at the end of the phase transformation. Furthermore,

the researchers found that in carbide-free bainitic steels the carbon concentration in the remaining

austenite at the end of the phase transformation increases, as the transformation temperature de-

creases. Even though carbon di↵usivity is higher at increasing transformation temperatures, the

amount of carbon to partition from bainitic ferrite is smaller due to the smaller fraction of bainitic

ferrite forming in comparison to the larger fraction of remaining austenite being present at higher

transformation temperatures. Thus, a lower carbon concentration in the remaining austenite at

higher transformation temperatures can be observed [10, 22].

Lower transformation temperatures have been found to result in a higher dislocation density be-

ing present in the remaining austenite and bainitic ferrite [6, 19]. Foster et al. [19] explained the
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increased dislocation density to result from the increased strength of the phases at lower transforma-

tion temperatures. Furthermore, the researchers reported that higher transformation temperatures

can result in the annihilation of dislocations during the progress of the phase transformation. Lin et

al. [6] investigated the influence of the Si concentration in steels on the bainitic phase transforma-

tion kinetics and reported decreasing phase transformation kinetics, as well as a smaller fraction of

bainitic ferrite formed, as the Si concentration is increased. Part of the deceleration of the kinetics

with increasing Si concentrations has been explained by the retardation of carbide precipitation

due to alloying with Si, which causes the remaining austenite to become increasingly enriched in

carbon as a result of carbon partitioning from bainitic ferrite. The increased carbon concentration

in the remaining austenite causes a decrease in the driving force for bainite formation. Secondly,

an increase in dislocation density in the remaining austenite with increasing Si concentrations has

been observed. It was explained that the increase in dislocation density results from the increased

strength of the phases due to solid solution hardening by Si. Solid solution hardening and the in-

creased dislocation density in the remaining austenite pose additional resistance to the migration

of the bainitic ferrite interface and hence can have a further decelerating e↵ect on the kinetics of

the bainitic phase transformation.

Rees and Bhadeshia [21] explained that a heterogeneous carbon distribution also e↵ects the trans-

formation kinetics of carbide-free bainite. As explained in section 2.1.2, the presence of di↵erent

remaining austenite morphologies leads to the development of carbon-rich and carbon-poor regions.

There is experimental evidence that the film-like remaining austenite present between bainitic fer-

rite plates can be significantly enriched in carbon. The researchers assume film-like remaining

austenite to reach carbon concentrations higher than given by the T 0
0 criterion. Similar to the

principle of carbide precipitation, the trapping of carbon inside austenite films that are isolated

from the blocky austenite by bainitic ferrite plates removes carbon from the austenite matrix.

Therefore, the remaining austenite that is present in blocks will be less enriched in carbon, which

in turn leads to a larger maximum volume fraction of bainitic ferrite formed.

The previously existing microstructure can have a significant e↵ect on the bainite formation kin-

etics. One of these influencing factors is the prior austenite grain size, which will be discussed in

more detail in section 2.3.2. Furthermore, the presence of di↵erent phases prior to the formation

of bainite can have an influence on its formation kinetics. Several studies have found that the

formation of bainite at isothermal transformation temperatures below the steel’s Ms temperature

is accelerated because of the formation of athermal martensite prior to the onset of the bainitic

phase transformation [31, 34, 35, 36]. Navarro-López et al. [31] investigated the e↵ect of prior

martensite on the bainitic phase transformation kinetics and plotted the bainitic ferrite fraction

formed as a function of time for isothermal transformations with a similar fraction of bainite formed

above and below the steel’s Ms temperature, at 330 °C and 310 °C respectively. Instead of finding

a sigmoidal curve, which is typical for bainite transformation kinetics above the Ms temperature,

at isothermal transformation temperatures below the Ms temperature the maximum transform-
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ation rate was already observed at the start of the phase transformation, as it is demonstrated

in Figure 10. The transformation rate was 2 to 3 orders of magnitude higher in the presence of

small fractions of prior martensite in comparison to the transformation rate of treatments above

Ms temperature. However, this accelerating e↵ect has only been observed at the beginning of

the phase transformation and the initial maximum nucleation rate is followed by a gradual de-

crease in the transformation kinetics. Therefore, the accelerating e↵ect has been attributed to the

presence of a higher number of potential nucleation sites resulting from the formation of newly

formed austenite-martensite interfaces. The researchers emphasized that instead of the martensite

volume fraction formed, it is the area of austenite-martensite interfaces that increases the number

of potential nucleation sites for bainite nucleation.

Figure 10: Bainite fraction as a function of time at 330 °C (above Ms temperature) and 310 °C
(below Ms temperature) to demonstrate the initial accelerating e↵ect of prior martensite [31].

Furthermore, Ravi et al. [37] found that the presence of less than 5 % ferrite, formed during

an intermediate annealing treatment prior to bainite formation, accelerates the transformation

kinetics. Similar to the formation of martensite, the formation of ferrite results in an increase

in potential nucleation sites, due to the presence of newly created ferrite-austenite interfaces.

However, as the ferrite fraction formed prior to the onset of bainite formation increases to higher

fractions, the carbon concentration in the austenite available for bainite formation increases as

well. This stabilizes the austenite and hence increases the activation energy for subsequent bainitic

ferrite nucleation. Therefore, only small fractions of ferrite formed prior to bainite formation have

an accelerating e↵ect on its phase transformation kinetics. Furthermore, the researchers observed

that preceding isothermal treatments without any detectable ferrite formation can lead to the

acceleration of subsequent bainite transformations. Their investigations revealed the formation of

carbon-rich and carbon-poor regions as a result of carbon segregation to austenite grain boundaries.

Regions of low carbon concentration can assist the nucleation of bainitic ferrite since the driving

force for bainite formation increases as the carbon concentration in the austenite matrix decreases.
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Thus, carbon segregation resulting from preceding heat treatments also plays an important role in

the kinetics of bainite formation.

2.3.2 Influence of prior austenite grain size on the phase transformation kinetics of

bainite

In steels, many product phases start to form at the grain boundaries of the parent austenite, which

is the reason why their phase transformation kinetics are often influenced by the austenite’s mor-

phology and grain size. Usually, the refinement of prior austenite grains results in an acceleration

of the phase transformation kinetics in di↵usional transformations, such as pearlite formation. In

contrast, displacive phase transformations, like the formation of martensite, do not show a strong

dependence on the grain size of the parent phase [38]. In the case of bainite, experimental results

concerning the influence of the prior austenite grain size on the transformation kinetics are con-

tradictory. Several studies have shown that the refinement of prior austenite grains results in an

acceleration of the bainite formation kinetics [39, 40]. Barford and Owen [39] based their explana-

tion for the accelerating e↵ect of smaller PAGs on the fact that the bainitic phase transformation

starts from the grain boundaries. Thus, decreasing the size of the prior austenite grains results

in a larger grain boundary area and hence in a higher number of potential nucleation sites for

bainitic ferrite. However, the opposite behavior has been reported as well. Hasan et al. [38] found

accelerated transformation kinetics, as well as an increasing fraction of bainitic ferrite formed when

the steel’s microstructure consisted of larger prior austenite grains. The researchers found that the

nucleation rate at the beginning of the phase transformation is higher for smaller prior austenite

grain sizes, which is related to the higher number of potential nucleation sites as a result of the

larger grain boundary area available at smaller PAG sizes. However, the maximum nucleation rate

reached during the process of the phase transformation increases and the time needed to reach this

maximum nucleation rate decreases consistently with an increase in the PAG size. This has been

explained by the fact that sheaves cannot grow beyond prior austenite grain boundaries. Thus,

smaller prior austenite grains restrict the growth of sheaves, which results in the deceleration of the

phase transformation process, if the overall transformation kinetics are dominated by autocatalysis.

In contrast to the previously mentioned studies, Davenport et al. [41] reported that the bainitic

phase transformation kinetics are not a↵ected by the size of the prior austenite grains.

Matsuzaki and Bhadeshia [42] found that the e↵ect of the PAG size on the bainite formation

kinetics depends on the steel composition. The investigated steels showed an opposite relationship

between the PAG size and the kinetics of bainite formation. While steel A (Fe-0.12C-2.03Si-

2.96Mn) showed an acceleration of the bainite formation kinetics with an increase in PAG size,

steel B (Fe-0.96C-0.21Si-0.38Mn-1,26Cr) showed an acceleration with a decrease in PAG size. Their

microstructure observations at the early stages of the phase transformation, presented in Figure 11,

revealed that steel A exhibited relatively large bainitic ferrite sheaves. This implies that the rate
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of autocatalytic nucleation is relatively high in comparison with the rate of sub-unit nucleation

at the PAG boundaries. In contrast, the microstructure of steel B showed that the majority of

bainitic ferrite sub-units have formed at the PAG boundaries. Therefore, they concluded that if

the overall transformation kinetics are limited by a slow sheaf growth rate, a smaller PAG size

leads to an acceleration of the transformation kinetics. In contrast, if the growth rate of sheaves is

relatively high, prior austenite grain refinement reduces the total volume transformed per nucleus

formed at the prior austenite grain boundaries and hence retards the bainite formation kinetics.

Figure 11: Microscopy images of the sheaf morphology formed at the early stages of the phase
transformation [42].

Ravi et al. [15] developed a physically based model considering the di↵erence in QGB , the activation

energy for grain boundary nucleation, and QA, the activation for autocatalytic nucleation, to

enable the prediction of the kinetics of bainite formation. Whether sub-unit nucleation occurs

preferentially at prior austenite grain boundaries or at the tip of previously existing sub-units

depends on the activation energy for nucleation at the specific nucleation site. The di↵erence in

activation energy for grain boundary and autocatalytic nucleation is denoted as �Q and is defined

as follows:

�Q = QGB �QA (6)

Calculations of Ravi et al. [15] showed that the activation energy at both types of nucleation

sites decreases linearly with increasing undercooling, which is the reason why the researchers as-

sume bainite nucleation to occur by thermally activated migration of partial dislocations creating

a stacking fault. While grain boundary nucleation occurs at �/� interfaces and results in the cre-

ation of ↵/� interfaces, autocatalytic nucleation occurs at ↵/� interfaces and results in the creation

of new ↵/�, as well as ↵/↵ interfaces. The researchers explained that the activation energy for

autocatalytic nucleation may be lower in comparison to the activation energy for grain boundary

nucleation, due to the formation of coherent ↵/↵ interfaces, which are energetically more favor-

able than ↵/� interfaces. Additionally, their calculations showed that the activation energy for

nucleation at the di↵erent types of nucleation sites also depends on the chemical composition of

the steel and hence is influenced by the concentration of carbon and other alloying elements.
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Dos Santos Avila et al. [24] modified the model developed by Ravi et al. [15] to account for

the e↵ect of the prior austenite grain size and the bainitic ferrite sub-unit size on the bainite

formation kinetics. From simulations with their developed model, the researchers concluded that

the larger �Q , the more autocatalytic nucleation is preferred over grain boundary nucleation and

thus a larger PAG size results in the acceleration of the bainite formation kinetics. Furthermore,

they observed that �Q increases with low carbon concentrations, as well as low undercoolings.

Thus, the e↵ect of PAG size on the bainite formation kinetics depends on the steel’s composition

and the transformation temperature. �Q can be a↵ected by the segregation of alloying elements

to interfaces and the build-up of carbon at the tip of bainitic ferrite sub-units as a result of

carbon partitioning, which can cause the driving force for bainitic ferrite nucleation at a specific

nucleation site to decrease [24, 32]. Besides �Q , the sub-unit volume has an important influence

on the bainite formation kinetics. Larger sub-units accelerate the transformation process since the

volume of austenite that is transformed per nucleation event is larger. Using the modified model,

dos Santos Avila et al. [24] showed that a variation in sub-unit volume can reverse the previously

observed e↵ect of PAG size on the bainite formation kinetics. Among other parameters, the size

of sub-units is dependent on the prior austenite grain size. Eres-Castellanos et al. [43] reported

that the sub-unit thickness is significantly a↵ected by the yield strength of austenite, which is the

reason why it could be expected that a refinement of the PAG size results in a smaller sub-unit

size [24]. However, their correlation is not straightforward and the opposite behavior has been

reported as well [44]. Thus, understanding the factors influencing the bainitic ferrite sub-unit size,

as well as the value of �Q , is of high importance for explaining and simulating the e↵ect of prior

austenite grain size on the bainite formation kinetics.

In summary, it can be said that the transformation temperature, as well as the previously existing

microstructure, have a significant e↵ect on the bainite formation kinetics. In carbide-free bainite,

a decreasing isothermal transformation temperature results in a higher fraction of bainitic fer-

rite formed. The dependence of the bainitic phase transformation kinetics on the transformation

temperature can be represented by a C-curve in a TTT-diagram. Therefore, in the higher trans-

formation temperature range a decrease in isothermal holding temperature results in an increase in

the bainite transformation kinetics until the nose of the curve is reached. Below the nose, further

reducing the isothermal holding temperature leads to decreasing phase transformation kinetics of

the bainite. The lower end of the C-curve is often superimposed by the formation of prior martens-

ite, which has an accelerating e↵ect on the phase transformation kinetics of bainite. Furthermore,

the isothermal transformation temperature a↵ects the process of carbon partitioning. The higher

the transformation temperature, the higher the carbon di↵usivity, which results in faster parti-

tioning of carbon into the remaining austenite. The contradictory results on the influence of prior

austenite grain size on the bainite formation kinetics can be explained by the presence of two types

of nucleation sites, namely the PAG boundaries and the tip of previously existing sub-units. The

di↵erence in activation energy for bainitic ferrite nucleation at the two types of nucleation sites is
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denoted as �Q and determines the preferred site for bainitic ferrite sub-unit nucleation. In the

case of a high �Q , autocatalytic nucleation is preferred over grain boundary nucleation. Thus,

the bainite formation kinetics are accelerated by prior austenite grain coarsening, since bainitic

ferrite sheaves can grow larger. A low value of �Q implies preferred grain boundary nucleation. In

that case, the bainite formation kinetics are accelerated by prior austenite grain refinement since

it increases the grain boundary area at which sub-units can nucleate. Besides �Q , the size of

bainitic ferrite sub-units a↵ects the bainite formation kinetics.

2.4 Conclusion and research gaps

The objective of this literature review was to gain a fundamental understanding of the bainitic phase

transformation mechanism, as well as the e↵ects of the isothermal transformation temperature and

microstructural features, such as the prior austenite grain size, on the bainite formation kinetics.

This chapter is designated to present the main findings, as well as the research gaps that have been

identified in the process of the review. The main findings on the phase transformation mechanism

and microstructure of bainite are:

1. Bainite consists of a fine plate-like structure of bainitic ferrite and carbides. Alloying bainitic

steels with Si or Al retards carbide precipitation, which may result in the formation of carbide-

free bainite. Instead of carbide precipitation, the remaining austenite becomes enriched

in carbon, which decreases the driving force for bainite formation and causes the phase

transformation to terminate prematurely. This is known as the incomplete transformation

phenomenon. Those areas of austenite that are su�ciently enriched in carbon are retained

after final cooling to room temperature.

2. In the past, two theories about the mechanism of bainite formation have been developed: the

di↵usional and di↵usionless theory. Nowadays, both theories agree on the fact that bainite

forms by a displacive phase transformation mechanism. However, whether carbon partitions

during or after bainite formation is still a subject of discussion. Each theory has defined its

own criterion for stasis of the transformation process, with the T0 and T 0
0 temperature being

the criteria defined by the di↵usionless theory and the WBs temperature being the criterion

defined by the di↵usional theory.

3. Experimental evidence confirmed that bainitic ferrite is supersaturated in carbon after its

formation. Some researchers argue that the supersaturation leads to the distortion of the

body-centered cubic unit cell, so that bainitic ferrite takes a body-centered tetragonal or

body-centered orthorhombic structure.

4. Bainitic ferrite starts to form at the boundaries of prior austenite grains. Sheaves grow by

the subsequent nucleation of bainitic ferrite sub-units at the tip of previously formed ones.

A process known as autocatalysis.
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The main findings on the e↵ect of the isothermal transformation temperature and prior micro-

structure on the bainite formation kinetics are:

1. Investigations have shown that the isothermal transformation temperature influences the

bainite formation kinetics, which can be described by the shape of a C-curve in a TTT-

diagram.

2. The isothermal transformation temperature a↵ects the process of carbon partitioning. The

higher the transformation temperature, the higher the carbon di↵usivity, which results in

faster partitioning of carbon from bainitic ferrite into the remaining austenite.

3. The formation of small fractions of martensite or ferrite has been observed to accelerate the

bainite formation kinetics. This has been explained by an increase in the number of potential

nucleation sites.

4. Additionally, the thermal history seems to play an important role in the kinetics of bainite

formation. It has been observed that the formation of carbon-rich and carbon-poor regions

during a heat treatment prior to bainite formation can result in the acceleration of the

kinetics. This may be explained by an increased driving force for bainite formation in carbon-

poor austenite areas.

The main findings on the e↵ect of prior austenite grain size on the bainite formation kinetics are:

1. Contradictory results on the influence of prior austenite grain refinement on the bainite

formation kinetics have been found in the literature. Many studies explain their observations

based on the presence of two types of nucleation sites, namely the prior austenite grain

boundaries and the tip of previously existing sub-units.

2. The di↵erence in activation energy for nucleation at the two types of nucleation sites is

denoted as �Q and determines the preferred site for bainitic ferrite sub-unit nucleation. In

the case of a high �Q , autocatalytic nucleation is preferred and hence the bainite formation

kinetics are accelerated by prior austenite grain coarsening since bainitic ferrite sheaves can

grow larger. A low value of �Q implies preferred grain boundary nucleation. In that case,

the bainite formation kinetics are accelerated by prior austenite grain refinement since it

increases the grain boundary area at which sub-units can nucleate. Studies have shown

that the value of �Q can be a↵ected by the transformation temperature and the carbon

concentration in austenite.

3. Simulations have shown that the e↵ect of the prior austenite grain size on the bainite forma-

tion kinetics can be reversed by changing the size of the bainitic ferrite sub-units. However,

it has not been fully understood yet, how the sub-unit size is a↵ected by di↵erent factors.
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Based on the work summarized in the literature review, the following research gaps were identified:

1. Extensive research has been conducted to gain a profound understanding of the transform-

ation mechanism of bainite. However, no consensus yet exists on whether bainite formation

occurs by a di↵usional or di↵usionless transformation mechanism. While the majority of

researchers agree on the fact that the bainitic phase transformation proceeds by a displacive

phase transformation mechanism, whether carbon partitioning occurs during or after bainite

formation is still a subject of debate.

2. Therefore, it has not yet been possible to determine the actual criterion for the incomplete

transformation phenomenon during bainite formation. Several studies compare their findings

on transformation stasis to the T0 and T 0
0 temperature defined by the di↵usionless theory

and / or to the WBs temperature defined by the di↵usional theory. However, the supporters

of the two theories have not found an overall agreement on these criteria yet.

3. There is experimental evidence that bainitic ferrite is supersaturated in carbon after its form-

ation. However, it is still uncertain whether this supersaturation leads to the distortion of the

body-centered cubic unit cell to a body-centered tetragonal or a body-centered orthorhombic

structure.

4. The contradictory results regarding the e↵ect of prior austenite grain refinement on bainite

formation kinetics cannot be fully explained yet. Researchers have found that one of the

factors influencing the e↵ect of the prior austenite grain size on the bainite formation kinetics

is the di↵erence in activation energy for autocatalytic and grain boundary nucleation, which

in turn seems to be influenced by the transformation temperature and the steel composition.

Furthermore, the observed e↵ect of the prior austenite grain size is dependent on the size of

bainitic ferrite sub-units.

5. To understand the correlation between the prior austenite grain size and the phase transform-

ation kinetics of bainite, a profound understanding of the underlying mechanisms influencing

the bainitic ferrite sub-unit size and the di↵erence in activation energy for autocatalytic and

grain boundary nucleation is required.

2.5 Research approach

The contradictory results reported regarding the e↵ect of the prior austenite grain size on the

bainite formation kinetics are often explained based on the presence of two di↵erent types of

nucleation sites. Their di↵erence in activation energy for nucleation, �Q , determines the preferred

site for bainitic ferrite sub-unit nucleation. Researchers have shown that the steel composition, as

well as a change in the bainitic ferrite sub-unit size, can reverse the e↵ect of the prior austenite grain

size on the kinetics of bainite formation. Many studies performed their experiments with varying
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prior austenite grain sizes at a fixed transformation temperature. However, the transformation

temperature is known to a↵ect the activation energy for nucleation at both types of nucleation

sites. Furthermore, it can a↵ect the steel composition locally due to the e↵ect of temperature on

processes, such as carbon partitioning. Therefore, experiments with varying prior austenite grain

sizes at di↵erent transformation temperatures would support understanding the e↵ect of the prior

austenite grain size on the phase transformation kinetics of bainite.

The high brilliance of synchrotron XRD makes it possible to conduct in-situ experiments to in-

vestigate phase transformations [45, 46]. Its application enables to investigate the evolution of the

phase fractions of bainitic ferrite and austenite, the redistribution of carbon and the development

of a heterogeneous microstructure, the evolution of the dislocation density and potential recovery

and in some cases the formation of carbides. Therefore, in-situ synchrotron XRD is a suitable

characterization technique to investigate the e↵ect of the prior austenite grain size on the phase

transformation kinetics of bainite.

This leads to the definition of the following research approach, which is related to research gaps

4 and 5 defined in section 2.4. The research approach of the master thesis is divided into three

parts. The first part focuses on analyzing in-situ synchrotron XRD experiments performed dur-

ing bainite formation in a low-carbon high-silicon steel. The experiments were divided into two

experiment groups based on the prior austenite grain size, with one group consisting of specimens

with finer prior austenite grains and one group consisting of specimens with coarser prior aus-

tenite grains. One specimen per experiment group was transformed to bainite at three di↵erent

isothermal transformation temperatures (440 °C, 410 °C, and 380 °C), resulting in a total of six

di↵erent combinations of prior austenite grain sizes and isothermal transformation temperatures.

The analysis of the in-situ synchrotron XRD data allows to obtain information on the evolution

of the phase fractions, lattice parameters and microstrains during the phase transformation. Fur-

thermore, microstructure investigations using optical microscopy and scanning electron microscopy

were performed on the specimens transformed during the in-situ synchrotron XRD experiments.

Secondly, microstructure investigations on interrupted quenching experiments were conducted.

Finally, simulations to determine the activation energy for grain boundary and autocatalytic nuc-

leation, �Q , were performed using the model developed by dos Santos Avila [24]. The objective

of the defined research approach is to understand the e↵ect of the prior austenite grain size and

the isothermal transformation temperature on the following aspects:

1. The microstructure formed during bainite formation.

2. The phase transformation kinetics.

3. The di↵erence in activation energy for grain boundary and autocatalytic nucleation �Q .

4. The carbon partitioning process and its influence on �Q .
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3 Material and experimental procedure

3.1 Material and pretreatment

The composition of the low-carbon high-silicon steel investigated in the experiments is given in

Table 1. Alloying the steel with carbon and manganese decreases the driving force for ferrite

formation during initial quenching from the austenitization temperature to the isothermal trans-

formation temperature [2, 31] and decelerates the phase transformation kinetics of bainite. The

fraction of carbides in the final microstructure of bainite increases with carbon concentration [14].

Furthermore, manganese is known to segregate to prior austenite grain boundaries, which results

in further deceleration of the bainite formation kinetics [2].

Element C Mn Si Fe
Concentration in wt.% 0.24 2.3 1.5 bal.

Table 1: Chemical composition of the bainitic steel investigated.

Alloying with silicon retards or even suppresses carbide precipitation entirely, which results in the

formation of carbide-free bainite. Therefore, most or all of the carbon that partitions into the

remaining austenite is kept in solid solution, leading to the stabilization of the remaining austenite

and hence to the deceleration of the phase transformation kinetics of bainite [6]. The relevant

transformation temperatures of the steel investigated are given in Table 2.

Ac1 Ac3 Bs Ms

Temperature 745 °C 860 °C 558 °C 359 °C

Table 2: Transformation temperatures of the bainitic steel investigated.

The temperatures at which the steel’s transformation to austenite starts and finishes during heating

at a rate of 20 °C/s, Ac1 and Ac3 , and the martensite start temperature, Ms , were determined

using dilatometry. The bainite start temperature, Bs , was calculated using the equation 7, which

determines Bs with an accuracy of ± 25 °C [14].

Bs = 830� 270xc � 90xMn � 70xCr � 83xMo � 37xNi (7)

The specimens used for the in-situ synchrotron XRD and the interrupted quenching experiments

were manufactured from cold rolled steel sheets. The sheets were cut into plate-shaped 10 x 5 x

1 mm3 dilatometry specimens with the long direction of the specimen being parallel to the rolling

direction of the sheet. To ensure a homogeneous distribution of elements across the microstructure

of all specimens, homogenization was performed at 1250 °C for 48 hours in a sealed quarz tube

inside a furnace with a protective atmosphere, to avoid oxidation or decarburization. After the

homogenization process, the prior austenite grains are expected to be relatively large. Therefore,
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thermal cycling, as illustrated in Figure 12, was used to reduce the prior austenite grain size of the

specimens at the start of the experiments. During the thermal cycling heat treatment, the steel

was rapidly heated from room temperature to 900 °C, which is above its Ac3 temperature, at a

rate of 20 °C/s. After being held at 900 °C for 120 seconds, the specimens were quenched to 30 °C

at a rate of 50 °C/s. The procedure was repeated four times. Such a rapid austenitization process

starting from a fine initial microstructure, such as martensite, leads to the refinement of the prior

austenite grain structure [47]. The resulting microstructure makes it possible to adjust the PAG

size during the initial austenitization step of the following experiments by varying the maximum

austenitization temperature

Figure 12: Thermal cycling heat treatment for PAG size reduction after homogenization.

3.2 In-situ synchrotron XRD at DESY

3.2.1 Experimental setup and heat treatment

In-situ synchrotron XRD experiments were performed at the P07 High Energy Materials Science

Beamline at PETRA III synchrotron facility, Deutsches Elektronen-Synchrotron (DESY) in Ham-

burg, Germany. A Bähr DIL 805 A/D dilatometer, integrated in the beamline, was used for the

heat treatment of the specimens. A thermocouple was spot-welded in the middle of the specimen

to enable temperature measurement and control. The specimens were irradiated by a monochro-

matic beam of energy E = 103.2 keV (corresponding to a wavelength of � = 0.11994 Å) and beam

size of 1 x 1 mm2. The PerkinElmer XRD 1621 flat panel detector was placed approximately 1651

mm behind the specimen to collect two-dimensional di↵raction patterns during the experiments.

A schematic of the experimental setup is presented in Figure 13. A measurement of a National

Institute of Standards and Technology (NIST) standard LaB6 powder (SRM 660b) was used to

calibrate the experimental setup, to obtain the specimen-to-detector distance, the position of the

center of the beam and the tilt angle of the detector.
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Figure 13: Schematic representation of the experimental setup at DESY PETRA III P07 beamline.

All specimens were homogenized and thermally cycled as explained in section 3.1 before performing

the in-situ synchrotron XRD experiments. The experiments were divided into two groups, with

one group consisting of specimens with finer prior austenite grains and one with coarser prior aus-

tenite grains. The prior austenite grain size was adjusted by varying the maximum austenitization

temperature for the coarser and finer grain sizes. Figure 14 represents the heat treatment of speci-

mens with finer prior austenite grains. The heat treatment started with heating the specimens at

a rate of 20 °C/s to 900 °C, where they were held for 120 seconds. Austenitization was followed by

quenching the specimens at a rate of 50 °C/s to the isothermal holding temperature, where they

were held for 600 seconds for bainite formation. Isothermal phase transformations were performed

at 440 °C, 410 °C and 380 °C. Finally, the specimens were quenched to room temperature. Helium

gas was used for all quenching processes in the experiments.

Figure 15 shows the heat treatment of specimens with coarser prior austenite grains. The heat

treatment of these specimens was similar to the heat treatment applied to specimens with finer

prior austenite grains, with the only di↵erence in the process step of austenitization. To obtain

a larger PAG size, the specimens were initially heated to 1100 °C, where they were held for 120

seconds. Subsequently, the specimens were quenched at a rate of 20 °C/s to 900 °C, where they

were held for another 120 seconds until they were quenched to their isothermal holding temper-

atures. This procedure eliminates sub-microscopic di↵erences arising from varying austenitization

temperatures and thus makes it possible to study the e↵ect of the prior austenite grain size, while

excluding the e↵ect of the austenitization temperature on the phase transformation kinetics [39,

42]. Post-processing of the data revealed that the cooling rates during the final quenching to room

temperature were di↵erent for some of the experiments. While experiments with isothermal trans-

formation temperatures at 440 °C and 380 °C experienced a cooling rate of 9 °C/s, the experiments
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Figure 14: Heat treatments to obtain fine PAGs in experiments performed at DESY.

with transformation temperatures at 410 °C experienced a cooling rate of 35 °C/s. The di↵erent

cooling rates may have minor e↵ects on the fraction of fresh martensite formed during the final

quenching process.

Two di↵erent data acquisition rates were used to monitor the phase transformation processes,

namely the ”fast mode” and the ”slow mode”, which record XRD patterns every 0.1 and every

5 seconds, respectively. The slow mode records XRD patterns with the best resolution, but at a

relatively slow rate. Therefore, rapid proceeding changes during processes, such as quenching or the

beginning of the bainitic phase transformation, were recorded with the fast mode. To reduce the

total amount of data recorded during the experiments, the slow mode was used in between. In the

experiments the first 150 seconds, which include heating to the austenitization temperature and a

part of the austenitization process, were recorded using the slow mode. The following 150 seconds

of the experiment were recorded using the fast mode, which include the remaining time of the

austenitization process, cooling to the isothermal holding temperature and the first 130 seconds of

holding at the isothermal transformation temperature. The remaining part of the experiment was

monitored using the slow mode again, which includes the rest of the holding time at the isothermal

transformation temperature, as well as the final quenching to room temperature. The seconds

given for the respective intervals are approximate numbers, since the time needed for heating or

cooling to the austenitization or isothermal holding temperatures may di↵er.

To calculate the phase transformation time, a start time needed to be defined. Setting the start

time of the isothermal holding is not straightforward, since the temperature does not always
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Figure 15: Heat treatments to obtain coarse PAGs in experiments performed at DESY.

reach the defined isothermal holding temperature immediately after quenching. In this study, the

temperature fluctuated by up to ± 5 °C around the defined holding temperature. The fluctuations

continued for up to 13 seconds until the isothermal holding temperature stabilized. However, during

the time of the fluctuations, the phase transformation is expected to start already. Therefore, the

starting time of the phase transformation was defined by the first temperature minimum that

occurred in a range of ± 5 °C of the intended isothermal transformation temperature during the

quenching process. Appendix A provides examples to clarify the definition of the starting time of

the phase transformation.

As the number of specimens was limited, each specimen was used for two experiments. Between

the heat treatments of the two experiments, the specimens were heated at a rate of 20 °C/s to

900 °C and were austenitized for 120 seconds. Subsequently, they were quenched at a rate of

50 °C/s to room temperature. After restoring the initial microstructure, the second experiment

was conducted. The specimens used for experiments 1100-380 and 900-380 were used for a second

experiment run with bainite formation at 360 °C, named 1100-360 and 900-360. These experiments

were excluded from the interpretations regarding the e↵ect of the prior austenite grain size and

the isothermal transformation temperature on the phase transformation kinetics as martensite is

expected to form during cooling to the isothermal transformation temperature. A schematic of a

full heat treatment experienced by each specimen is presented in Figure 16.

The four specimens were named according to the following structure: X-Y-Z with X being the

maximum austenitization temperature, Y being the isothermal transformation temperature of the

first experiment and Z being the isothermal transformation temperature of the second experiment.
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Figure 16: Heat treatment experienced by one specimen during in-situ synchrotron XRD experi-
ments.

The individual experiments are referred to as X-Y with X being the maximum austenitization

temperature and Y being the isothermal transformation temperature. All information about heat

treatments experienced by the specimens and the individual experiments is given in Table 3. Per-

forming two experiment runs per specimen implies that microstructure investigations after the

formation of bainite cannot be performed for experiments 1100-440, 900-440, 1100-380 and 900-

380. Therefore, the only experiments with bainite formation above Ms available for microstructure

investigations are 1100-410 and 900-410. In order to obtain information on the e↵ect of the trans-

formation temperature on the final microstructure in specimens with di↵erent prior austenite grain

sizes, the specimens transformed at 360 °C will be shown in the sections presenting and discussing

the microstructure.

Specimen name First experiment run Second experiment run
1100-440-410 1100-440 1100-410
1100-380-360 1100-380 1100-360
900-440-410 900-440 900-410
900-380-360 900-380 900-360

Table 3: Information about specimens and experiments conducted at DESY. The second experi-
ment run defines the final microstructure of the sample available for microstructure investigations.
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3.2.2 Data processing with MAUD

After performing the in-situ synchrotron XRD experiments, 2D di↵raction patterns recording the

evolution in the microstructure are available. The 2D di↵raction patterns need to be further

processed to obtain information on the fractions, lattice parameters and microstrains of the phases.

For each experiment, 15 to 20 2D di↵raction patterns have been selected for further analysis

with the software MAUD (version 2.999) [48]. The selection of the patterns to be analyzed was

conducted using the dilatometry curves recorded simultaneously with in-situ XRD experiments.

The dilatometry curves enable the estimation of the fraction of bainitic ferrite that has formed at

a certain point in time in the phase transformation. In addition to the patterns recorded during

the phase transformation of bainite, patterns at room temperature before the start of the heat

treatment, at the end of the austenitization process and after quenching to room temperature were

analyzed for each experiment.

Step 1: Integration of 2D di↵raction patterns

The 2D di↵raction patterns recorded during the heat treatment were integrated using the program

ImageJ with an additional plug-in of the software MAUD. After calibration, all 2D di↵raction

patterns were integrated over the azimuthal angle range of 360°. As a result, 1D di↵raction

patterns with the intensity (I ) as a function of the di↵raction angle (2✓) were obtained for further

analysis using Rietveld refinement.

Step 2: Rietveld refinement

The Rietveld analyses was performed using the software MAUD, which enables the refinement of the

phase fractions, lattice parameters and microstrains for each 1D XRD pattern. The resulting phase

fractions are determined from the relative intensities of bainitic ferrite (BCC, ↵) and austenite

(FCC, �) during the Rietveld refinement. Di↵raction patterns from the later stages of the phase

transformation exhibited minor fractions of carbides. However, the carbide peaks were too small to

refine the carbide fraction by Rietveld analysis. The bainitic ferrite and austenite lattice parameters

were determined based on their peak positions. Patterns exhibiting asymmetric austenite peaks

arising from a heterogeneous carbon distribution were refined using a second austenite phase for

carbon-rich austenite, which was denoted as �+. An example of peak asymmetry observed in

the di↵raction patterns is depicted in Appendix B. The microstrain present in bainitic ferrite and

austenite was a direct output parameter of the Rietveld refinement. The software MAUD is capable

of separating the simultaneous e↵ects of crystallite size and microstrain on peak profiles, using the

method described in the publication of Lutterotti and Scardi [49], which enables to determine the

microstrain present in a phase from the recorded XRD patterns.

The quality of the individual refinements was evaluated using three di↵erent indicators: the stand-

ard deviation of the profile function, weighted profile R-factor and the visual fit of the refined

function. The range of the refinement was reduced to 2.0  2✓  6.9, since no peaks were vis-
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ible at 2✓ angles smaller than 2.0 and all Debye-Scherrer rings at 2✓ angles larger than 6.9 were

incomplete as a result of the limited detector size. The remaining 2✓ range includes the follow-

ing peaks: {111}� , {200}� , {220}� , {311}� , {222}� , {110}↵, {200}↵, {211}↵ and {220}↵. At

the beginning of the phase transformation to bainite, only austenite grains were expected to be

present. Especially for experiments with the maximum austenitization temperature at 1100 °C,

prior austenite grains can be relatively large, which can result in discontinuous Debye-Scherrer

rings that exhibit relatively large individual spots. This a↵ects the shape of FCC peaks in the 1D

di↵raction patterns and hence the accuracy of the refinement. An example of the e↵ect of large

PAGs on the Debye-Scherrer rings and the peak shape in the 1D di↵raction patterns is presented

in Appendix C . Therefore, the values of the phase fraction, lattice parameter and microstrain

of austenite during austenitization and at the beginning of the phase transformation may be less

accurate for experiments with a maximum austenitization temperature of 1100 °C. Bainitic ferrite

sheaves divide large austenite grains into smaller areas, which is the reason why the perviously

mentioned inaccuracies become insignificant after a fraction of approximately 10 wt.% of bainitic

ferrite has formed. Information about the individual refinements is provided in Appendix D.

Step 3: Error estimation

After calibrating the experimental set-up, the lattice parameter obtained from the refinement of the

XRD patterns compared to the NIST standard value is expected to be ± 1.7 × 10�4 Å [6]. However,

di↵erences in the specimen-to-detector distance or inaccuracies in temperature measurements may

increase the error when it comes to the comparison between di↵erent experiments. Therefore,

the expected relative error of the lattice parameter was determined by refining XRD patterns at

the end of austenitization, right before quenching to the isothermal transformation temperature.

At this point in the heat treatment, the lattice parameter of austenite should be the same for

all specimens. Therefore, the average of the standard deviation, calculated from the variation of

the austenite lattice parameter among the experiments, was used to estimate the relative error.

The error determined for the lattice parameter is 0.035 %. Due to the e↵ect of large PAGs on

the accuracy of values refined from patterns recorded during austenitization, only patterns of

experiments with no or little e↵ect of discontinuous or spotty Debye-Scherrer rings on the peak

shapes have been selected for the error determination.

To estimate the relative error of the microstrain, the refined XRD patterns from the end of aus-

tenitization could not be used. The e↵ect of large PAGs on the peak shapes significantly a↵ects

the value of the microstrain. Therefore, the same procedure as described for the determination of

the relative error of the lattice parameter was performed using XRD patterns recorded before the

heat treatment of the first experiment run started. At this point, the initial microstructure should

be equivalent for all specimens and hence the microstrain of BCC should be similar. However, the

relative error calculated from these patterns only includes di↵erences in the specimen-to-detector

distance and not potential inaccuracies in temperature measurements. The error determined for
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the microstrain is 3.932 %.

The estimated error of the phase fractions was given as a direct output parameter of the Rietveld

refinement of the in-situ synchrotron XRD data. Therefore, an individual error was determined

for each phase fraction refined and is listed in Appendix D. The errors are indicated by error bars

in the plots presented in the following chapters.

The temperature fluctuations and the e↵ect of large prior austenite grains on the peak shapes in

the 1D XRD patterns a↵ect the values of the phase fractions, lattice parameters and microstrains

determined at the beginning of the phase transformation. Furthermore, the visual fit of the refined

function at bainitic ferrite peaks was less accurate when the fraction of bainitic ferrite was very

low. The temperature in the center of the specimen stabilized after approximately 13 seconds. The

e↵ect of large PAGs on the peak shapes is expected to be reduced significantly after approximately

10 wt.% of bainitic ferrite has formed, which can take up to 20 seconds. Also the visual fit of the

refined function at bainitic ferrite peaks can be expected to be appropriate after 10 wt.% of bainitic

ferrite has formed. All three phenomena a↵ect the values determined from the refinement of XRD

patterns recorded at the beginning of the phase transformation. To raise the reader’s awareness

for these e↵ects, all plots are provided with a transparent gray box positioned in front of the first

20 seconds of the phase transformation.

3.3 Interrupted quenching experiments

Interrupted quenching experiments were performed in order to investigate the microstructure

formed in the early stages of the phase transformation. Specimens used for the interrupted

quenching experiments were prepared and heat treated as described in section 3.1. The inter-

rupted quenching heat treatments were performed using a Bähr 805 A/D dilatometer, equipped

with two quartz rods to place the specimens in the dilatometer. The specimens were heated by

an induction coil. Quenching was performed by spraying helium gas on the specimen. To measure

and control the temperature, a thermocouple was spot-welded in the middle of the specimen.

The interrupted quenching heat treatments were similar to the heat treatments performed at DESY.

The only di↵erence was the interruption of the heat treatment in the early stages of the phase

transformation to bainite by quenching to room temperature. The holding times at the isothermal

transformation temperature were between 15 to 40 seconds, depending on the combination of

the PAG size and transformation temperature. The selection of the holding times for each prior

austenite grain size and isothermal transformation temperature combination was conducted using

the dilatometry curves recorded during the experiments at DESY.

The interrupted quenching specimens were named according to the following structure: IQ-X-Y-Z

with IQ referring to ”interrupted quenching”, X being the maximum austenitization temperature, Y

being the isothermal transformation temperature and Z being the holding time before quenching
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to room temperature. All specimens that were part of the interrupted quenching experiments

are listed in Table 4. The interrupted quenching experiments also include specimens that were

transformed at 360 °C, since the potential formation of martensite during quenching to 360 °C was

detected during the analysis of the in-situ synchrotron XRD data. At that time the interrupted

quenching experiments were already performed, which is the reason why the samples transformed at

360 °C will be shown in the sections presenting and discussing the microstructure of the interrupted

quenching experiments. After the interrupted quenching heat treatment, the samples were prepared

for OM and SEM investigations.

specimen Austenitization Isothermal transformation Holding
name temperature temperature time

IQ-1100-440-40 1100 °C 440 °C 40 s
IQ-1100-440-15 1100 °C 440 °C 15 s
IQ-900-440-15 900 °C 440 °C 15 s
IQ-1100-380-30 1100 °C 380 °C 30 s
IQ-1100-380-15 1100 °C 380 °C 15 s
IQ-900-380-15 900 °C 380 °C 15 s
IQ-1100-360-25 1100 °C 360 °C 25 s
IQ-1100-360-15 1100 °C 360 °C 15 s
IQ-900-360-15 900 °C 360 °C 15 s

Table 4: Austenitization temperature, isothermal transformation temperature and holding time of
interrupted quenching experiments.

3.4 Microstructure investigations with OM, SEM and EBSD

3.4.1 Specimen preparation

For metallographic specimen preparation, 4 to 5 specimens were clamped in a metallic specimen

holder, as shown in Figure 17. This enables to prepare and characterize the sides of several

specimens at the same time. Grinding of the specimens was performed in six steps, with the finest

emery paper in the final step being a P2000 EU SiC grit. After grinding, the specimens were

cleaned for five minutes using ultrasonic cleaning in isopropanol. Then polishing was performed

at 3 µm, followed by polishing at 1 µm. Each step was performed for 5 minutes using diamond

polishing paste and isopropanol. Ultrasonic cleaning in isopropanol was conducted between the

polishing steps, as well as after the last polishing step, for 5 minutes.

3.4.2 Optical microscopy and scanning electron microscopy

Specimens that were prepared for OM and SEM were etched using a 2 % Nital solution for 1

to 2 seconds, to highlight the di↵erences between bainitic ferrite, martensite and austenite in the

microstructure under the microscope. Finally, the specimens were cleaned using ultrasonic cleaning

in isopropanol for five minutes. Between all cleaning steps, the specimens were dried thoroughly
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Figure 17: Schematic of specimens clamped in specimen holder.

to avoid corrosion due to water remaining inside the gaps between the specimens in the specimen

holder.

For optical microscopy, a Keyence VHX-7000 digital microscope was used. During characterization

with the optical microscope, the specimens were kept inside the specimen holder. Before OM, the

specimen holder was leveled to ensure that the surface of the specimens is not tilted. Images were

taken at di↵erent magnifications. Lower magnifications were chosen to gain a general overview

of the microstructure formed at di↵erent PAG size and isothermal transformation temperature

combinations, while higher magnifications were chosen to analyze details in the microstructure.

Scanning electron microscopy was conducted with a JEOL JSM-IT800 scanning electron micro-

scope using a 10 kV electron beam and a working distance of 10 mm. Before SEM, the specimens

were removed from the specimen holder and cleaned with acetone. After the specimens were

cleaned and dried, they were clamped into a specimen holder for SEM individually. The contrast

and brightness settings were adjusted to obtain images with di↵erences between bainitic ferrite,

austenite, martensite and carbides.

3.4.3 Electron backscatter di↵raction

Electron backscatter di↵raction (EBSD) was used for prior austenite grain reconstruction and

grain size analysis of the four specimens that are listed in Table 3. The specimens were initially

prepared as explained in section 3.4.1 followed by polishing with a diamond paste of 1 µm and a

Struers MD-Nap polishing cloth for 10 minutes. Subsequently, the specimens were cleaned with

ethanol and final polishing step was conducted for 10 minutes using OPU (0.05 µm) and a MD-

Chem polishing cloth. Both polishing steps were performed manually. After the specimens were

cleaned for 5 minutes using ultrasonic cleaning and dried using compressed air, the specimens were

mounted in a 70° pre-tilted specimen holder for EBSD experiments.

The EBSD measurements were performed using a Zeiss Sigma 560 SEM system, equipped with an

Oxford Instrument Symmetry 3 CMOS detector with a maximum acquisition rate of approximately
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5000 frames per second. The data were collected with the software AZtec HKL. The specimen

working distance was set to 16 mm. An acceleration voltage of 20 kV and the probe current was

approximately 100 nA was used. After converting the signal from binary signal to text signal,

the data was post-processed using MTEX Matlab toolbox for PAG reconstruction and grain size

analysis.
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4 Results

4.1 Experiments with coarse prior austenite grains

4.1.1 Austenitic state and microstructure

Prior austenite grain reconstruction using EBSD measurements was used to estimate the prior

austenite grain size after austenitization at 1100 °C. The prior austenite grain size determined for

1100-440-410 and 1100-380-360 was 68.1 µm and 64.5 µm, respectively. The PAG size distribution

of the specimens is provided in Appendix E.

The austenitization process was controlled by analyzing XRD patterns recorded at the end of the

austenitization for each experiment. Visual analyses of these XRD patterns revealed that the spe-

cimens were not fully austenitic at the end of the austenitization treatment. Very small peaks

located at 2✓ angles of ferrite peaks were detected when analyzing the patterns on the logarithmic

scale. However, the peaks were too small to quantify the ferrite fraction using Rietveld refinement.

Visual comparison of the XRD patterns exhibited that the ferrite peaks are similarly pronounced

in the XRD patterns of all three specimens. The XRD patterns used for visual comparison are

provided in Appendix F. Figure 18 exhibits an SEM image with ferrite detected during microstruc-

ture investigations of specimens that are part of the interrupted quenching experiments. These

specimens experienced the same austenitization heat treatment as the specimens investigated at

DESY, which is the reason why the presence of ferrite after austenitization can also be expected

in the specimens that are part of the interrupted quenching experiments. However, it cannot be

confirmed whether the ferrite detected in Figure 18 was left after the austenitization treatment or

formed during quenching to the isothermal transformation temperature.

Figure 18: Ferrite detected in IQ-1100-360-15. F: ferrite.
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The microstructures formed after isothermal bainite formation at 410 °C and 360 °C are available

for microstructure investigations. Figure 19 presents optical microscopy images of 1100-410 and

1100-360. Bainitic ferrite sheaves appear in darker color and can be recognized by their plate-

shaped pattern. The bright islands distributed in the microstructure are expected to be blocky

retained austenite. In some places film-like retained austenite that separates individual laths in

bainitic ferrite sheaves can be identified, recognizable by their bright color. Examples of the

microstructural features identified in the images are indicated by arrows in Figure 19. When

comparing the microstructures developed in the two experiments, it is noticeable that there are

fewer and smaller blocks of retained austenite in the microstructure of 1100-360.

(a) 1100-410 (b) 1100-360

Figure 19: OM images of microstructure formed in experiments 1100-410 and 1100-360. RA:
retained austenite, BF: bainitic ferrite and PAG: prior austenite grain.

Furthermore, visual analyses of XRD patterns recorded during the progress of the phase trans-

formation revealed carbide precipitation. The carbide fractions are expected to be relatively small,

since carbide peaks could only be detected when XRD patterns were analyzed on the logarithmic

scale. Therefore, the carbide fractions could not be quantified using Rietveld refinement. XRD

patterns recorded right before quenching to room temperature were visually analyzed for all ex-

periments to determine the e↵ect of the transformation temperature on the carbide fraction. From

these patterns, it could be derived that the carbide fraction formed increases with decreasing

transformation temperatures. The carbide peak positions indicate that the carbides found in the

microstructure may be ✏ carbides. XRD patterns used to analyze the e↵ect of the transformation

temperature on the carbide fraction are provided in Appendix F. During microstructure invest-

igations of interrupted quenching experiments, carbides that precipitated from bainitic ferrite in

experiment IQ-1100-360-15 could be detected and are presented in Figure 20a. Figure 20b exhibits

that carbide precipitation from bainitic ferrite in IQ-1100-440-40 is much less pronounced or may

be even absent. This indicates that there may be a transition from upper to lower bainite in the

investigated temperature range.
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(a) Carbides precipitated from bainitic ferrite in IQ-1100-360-
15

(b) Absence of carbide precipitation from
bainitic ferrite in IQ-1100-440-40

Figure 20: Carbides precipitated from bainitic ferrite in IQ-1100-360-15. C: carbides.

4.1.2 Evolution of phase fractions

Figure 21 presents the fraction of bainitic ferrite formed as a function of time during isothermal

holding in experiments with coarse prior austenite grains. The fraction of bainitic ferrite plotted

in Figure 21 does not include potential changes in the BCC fraction due to the formation of fresh

martensite during quenching to room temperature. The first 20 seconds of the phase transformation

are displayed in gray to indicate the existence of potential inaccuracies in the refined values arising

from the e↵ect of large prior austenite grains on the FCC peak shapes as well as the relatively

small fraction of bainitic ferrite present in that time frame.

Figure 21: Bainitic ferrite fraction in wt.% vs. time (experiments with coarse PAGs)

Figure 21 shows that after 600 seconds of holding at the isothermal transformation temperature, all

curves still exhibit a slight inclination, indicating that transformation stasis has not been reached at

the end of the experiment. As the isothermal transformation temperature is decreased, the fraction
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of bainitic ferrite formed at the end of the holding increases, which can be explained by the higher

carbon concentration at the thermodynamic limit, T 0
0 , at lower transformation temperatures [14].

Focusing on the first 100 seconds of isothermal holding, it becomes recognizable that 1100-440 and

1100-410 appear to initially transform faster than 1100-380. However, the steepness of the curve’s

slopes indicates that the maximum transformation rate increases with decreasing transformation

temperatures and thus the transformation of 1100-380 becomes the fastest after approximately

60 seconds of holding. The e↵ect of the transformation temperature on the transformation rate

is related to the increase in driving force for bainite formation with decreasing transformation

temperatures, which results in an acceleration of the phase transformation kinetics [9, 32].

The fractions of bainitic ferrite, retained austenite and fresh martensite, present after quenching

to room temperature, are presented in Table 5. The fraction of fresh martensite was calculated

by subtracting the fraction of bainitic ferrite, obtained from the last XRD pattern refined before

quenching to room temperature, from the fraction of BCC phases, refined from a pattern recorded

after quenching to room temperature. The fraction of retained austenite increases with increasing

transformation temperatures, which may be explained by the smaller fraction of bainitic ferrite

formed at higher transformation temperatures and hence the higher fraction of remaining austen-

ite being present before quenching to room temperature. 1100-440 exhibits the highest fraction of

fresh martensite formed during quenching to room temperature. This can be related to the smaller

fraction of bainitic ferrite formed, which results in a smaller amount of carbon to partition into a

higher fraction of remaining austenite. This leads to a lower carbon concentration in the austenite

and thus to a lower austenite stability [7, 50]. Furthermore, the smaller fraction of bainitic fer-

rite formed at higher transformation temperatures causes the presence of larger austenite blocks,

resulting in longer di↵usion distances for carbon, which may extend the homogenization process,

despite the higher carbon di↵usivity at higher transformation temperatures.

Experiment Bainitic ferrite Retained austenite Fresh martensite
1100-440 79 ± 1 17 ± 1 4 ± 1
1100-410 85 ± 2 13 ± 1 2 ± 1
1100-380 89 ± 2 9 ± 2 2 ± 2

Table 5: Fractions of bainitic ferrite, retained austenite and fresh martensite in wt.% present after
quenching to room temperature (experiments with coarse PAGs).

4.1.3 Evolution of bainitic ferrite and austenite lattice parameters

The lattice parameters of bainitic ferrite and austenite were obtained from the Rietveld refinement

of the in-situ synchrotron XRD data. Changes in the lattice parameters can be induced by three

di↵erent processes. One of them is the partitioning of carbon from bainitic ferrite into the remaining

austenite, which causes the lattice parameter of bainitic ferrite to decrease and the one of austenite

to increase [19, 22]. Secondly, there is the precipitation of carbides, which removes carbon from
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the bainitic ferrite or the austenite matrix and hence results in a decrease in the respective lattice

parameter. Finally, there are transformation stresses resulting from the volume expansion during

the phase transformation from FCC to BCC, leading to the presence of isostatic compressive

stresses and hence a decrease in the lattice parameter. These transformation stresses increase with

decreasing transformation temperatures and increasing holding times [19].

The starting values of the lattice parameters presented in the following plots di↵er because of the

di↵erent isothermal holding temperatures in the experiments, which leads to an increase in the

lattice parameter with increasing transformation temperatures as a result of thermal expansion.

The first 20 seconds of the phase transformation are displayed in gray to indicate the influence of

the temperature fluctuations, as well as the e↵ect of large prior austenite grains on the FCC peak

shapes, on the values refined from patterns recorded in the beginning of the phase transformation.

In figures that plot a value as a function of the bainitic ferrite fraction, the values recorded before

a fraction of approximately 10 wt.% of bainitic ferrite was formed are displayed in gray.

Figure 22a presents the evolution of the lattice parameter of bainitic ferrite as a function of time.

Neglecting the fluctuations at the beginning of the holding, the evolution of the bainitic ferrite

lattice parameter may be divided into two stages. The first stage exhibits a rapid increase in

the value of the lattice parameter. Depending on the isothermal transformation temperature,

the increase takes between 60 and 90 seconds. During the second stage, the lattice parameter

of bainitic ferrite gradually decreases. The initial increase may be explained by the process of

carbon partitioning. As the phase transformation progresses, the partitioning process leads to an

increasing carbon concentration in the remaining austenite. According to the di↵usionless theory,

bainitic ferrite forms inheriting the carbon concentration of the parent austenite [14], resulting

in a larger lattice parameter as new bainitic ferrite sub-units form from austenite containing an

increased carbon concentration. Figure 22b exhibits that the increase in the lattice parameter

of bainitic ferrite gradually slows down as the fraction of bainitic ferrite formed increases. The

transition between stage 1 and stage 2 may be explained by the fact that the values recorded

by in-situ synchrotron XRD are always an average over the whole area illuminated by the beam.

While new bainitic ferrite sub-units form with a higher carbon concentration and hence with a

larger lattice parameter, the carbon concentration in already existing sub-units decreases, due to

carbon partitioning into the remaining austenite. Depending on the transformation temperature,

a decrease in the lattice parameter becomes apparent after 60 wt.% to 70 wt.% of bainitic ferrite

has formed. At this point in time, the loss of carbon by partitioning becomes visible in the graph

due to the decreasing value of the bainitic ferrite lattice parameter.

Figure 23 shows the evolution of the average lattice parameter of austenite during the phase trans-

formation. To plot the lattice parameter of austenite, the average between the lattice parameters

of � and �+, considering the respective phase fractions, has been calculated. The increase in the

average austenite lattice parameter with time, visible in Figure 23a, can be related to the car-
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(a) Lattice parameter vs. time. (b) Lattice parameter vs. bainitic ferrite fraction.

Figure 22: Evolution of the lattice parameter of the bainitic ferrite during the phase transformation
(experiments with coarse PAGs).

(a) Lattice parameter vs. time. (b) Lattice parameter vs. bainitic ferrite fraction.

Figure 23: Evolution of the average lattice parameter of the remaining austenite during the phase
transformation (experiments with coarse PAGs).

bon enrichment of austenite due to partitioning from bainitic ferrite. The curves of 1100-440 and

1100-410 exhibit a rapid initial increase in the austenite lattice parameter, followed by a gradual

decrease of the slope until the curves are almost flat at the end of the isothermal holding. In

contrast, the average austenite lattice parameter of 1100-380 increases at a relatively slow rate.

However, the slope of its curve remains significant until the end of the isothermal holding. These

di↵erences may be explained by the slower carbon di↵usion at lower temperatures, resulting in

a slower carbon partitioning process at decreasing transformation temperatures. Therefore, the

austenite lattice parameter increases at a slower rate but continues to increase for a prolonged

time. The steady increase of the average austenite lattice parameter of 1100-380 at the end of

the experiment indicates that the partitioning process may not be completed after 600 seconds of

holding.
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4.1.4 Evolution of microstrain in bainitic ferrite

The microstrain present in bainitic ferrite was a direct output parameter of the Rietveld refinement

of the in-situ synchrotron XRD data. Figure 24 plots the microstrain as a function of time.

When comparing the di↵erent curves, it can be observed that the microstrain is higher for lower

transformation temperatures. Neglecting the first 20 seconds of the phase transformation, a steady

decrease in microstrain can be observed in the curves of 1100-440 and 1100-410. The microstrain

in the bainitic ferrite in 1100-380 exhibits an initial increase, followed by a short stagnation until

it starts gradually decreasing after approximately 100 seconds of holding.

Figure 24: Microstrain in bainitic ferrite vs. time (experiments with coarse PAGs).

The observed evolution of the microstrain may be explained by the dislocation density in the

bainitic ferrite. The accommodation of dislocations in an atomic lattice is accompanied by local

stress fields and hence causes the presence of non-uniform strains in their vicinity [51]. These non-

uniform strains result in X-ray di↵raction line broadening, which can be analyzed in XRD patterns

to gain information on the dislocation density [52]. Therefore, the higher microstrain observed for

lower transformation temperatures can be related to a higher dislocation density present in the

bainitic ferrite.

The displacive phase transformation mechanism causes plastic deformation of the austenite in the

vicinity of the interface with the growing bainitic ferrite. As the austenite deforms plastically,

dislocations accumulate, which later are inherited by the bainitic ferrite [6, 53]. Hence, the higher

strength of the phases at lower transformation temperatures causes the formation of a higher

number of dislocations during the phase transformation from FCC to BCC. The steady decline in
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the value of the microstrain may be related to the recovery of the defect structure [6, 19]. Recovery

is a thermally activated process resulting in a decrease in the dislocation density [54]. Therefore,

the decrease in microstrain at higher transformation temperatures is more pronounced than at

lower transformation temperatures.

4.1.5 Interrupted quenching experiments

Figure 25 presents optical microscopy images of interrupted quenching experiments. Three speci-

mens with a course prior austenite grain structure isothermally transformed at 440 °C, 380 °C and

360 °C for 40, 30 and 25 seconds respectively, were selected to be presented. Interrupting the phase

transformation in the early stages makes it possible to investigate the e↵ect of the transformation

temperature on the prevalent nucleation site. Bainitic ferrite that primarily formed along grain

boundaries is indicated by the letters ”GB”. Longer bainitic ferrite sheaves that consist of many

successive autocatalytic nucleation events are indicated by the letter ”A”.

Figure 25a and Figure 25b show images of experiment IQ-1100-440-40. It is recognizable that a re-

latively small fraction of bainitic ferrite has formed after 40 seconds of holding. Its microstructure

shows thin, as well as relatively broad sheaves that have gown through the grains. Furthermore,

there are grains clearly showing bainitic ferrite nucleation that is concentrated at the prior aus-

tenite grain boundaries. Figure 25c and Figure 25d show images of experiment IQ-1100-380-30.

Figure 25c, which was taken at a site, located close to a pushrod during the heat treatment in the

dilatometer, shows a significantly higher transformation degree than Figure 25d. Both figures show

many sheaves that have grown through prior austenite grains. There are some areas that could

indicate bainitic ferrite formation that is concentrated at the prior austenite grain boundaries,

however, it is di�cult to make a clear distinction from broad sheaves. Figure 25e and Figure 25f

show images of experiment IQ-1100-360-25. Thin, as well as relatively broad sheaves are visible in

both images. Figure 25f shows bainitic ferrite nucleation that is concentrated at the prior austenite

grain boundaries.

The SEM images presented in Figure 26 show details of the bainitic ferrite sheaf morphology formed

in the early stages of the phase transformation of selected specimens that are part of interrupted

quenching experiments. All four figures show sheaves that have grown relatively large by successive

events of autocatalytic nucleation. Figure 26a presents both morphologies, long sheaves, as well

as bainitic ferrite that grows along the grain boundary.
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(a) IQ-1100-440-40 (b) IQ-1100-440-40

(c) IQ-1100-380-30 (d) IQ-1100-380-30

(e) IQ-1100-360-25 (f) IQ-1100-360-25

Figure 25: Optical microscopy images of interrupted quenching tests. GB: bainitic ferrite that
primarily formed at grain boundaries. A: longer bainitic ferrite sheaves that consist of many
successive autocatalytic nucleation events.
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(a) IQ-1100-440-40 (b) IQ-1100-440-40

(c) IQ-1100-360-15 (d) IQ-1100-360-15

Figure 26: SEM images of details of the bainitic ferrite morphology observed in specimens of
interrupted quenching experiments.
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(a) 900-410 (b) 900-360

Figure 27: OM images of microstructures formed in experiments 900-410 and 900-360. RA: retained
austenite, BF: bainitic ferrite and PAG: prior austenite grain.

4.2 Experiments with fine prior austenite grains

4.2.1 Austenitic state and microstructure

The prior austenite grain sizes determined by the use of EBSD measurements where 14.6 µm

and 13.9 µm for 900-440-410 and 900-380-360, respectively. Appendix E provides the PAG size

distribution of the two specimens.

Visual di↵ractogram analysis was used to control the e↵ectiveness of the austenitization heat

treatment. The XRD patterns analyzed are provided in Appendix F. It was observed, that ferrite

peaks were also present at the end of the austenitization treatment in some of the experiments with

fine prior austenite grains. 900-410 and 900-380 exhibited a relatively similar fraction of ferrite

remaining at the end of the austenitization treatment. However, no ferrite or a significantly smaller

fraction of ferrite was detected in 900-440.

Figure 27 presents optical microscopy images of the microstructures formed in experiments 900-

410 and 900-360. A relatively fine microstructre consisting of bainitic ferrite sheaves and retained

austenite blocks and films is visible. Arrows indicate examples of the microstructural features

detected in Figure 27.

Figure 28 presents SEM images of details detected in the microstructure of experiment 900-410.

The arrows in Figure 28a indicate film-like and blocky retained austenite, prior austenite grain

boundaries and individual bainitic ferrite laths. Figure 28b presents a relatively large block con-

sisting of retained austenite at the interfaces with bainitic ferrite and fresh martensite located in

the middle of the block. The fresh martensite is recognizable by its darker color and textured

structure. The gradual transformation from white on the outside of the block to dark gray in

the middle of the block indicates the presence of a carbon concentration gradient. Therefore, it

may be expected that 600 seconds of isothermal holding at 410 °C are not su�cient to reach a
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(a) Bainitic ferrite and retained austenite. (b) Retained austenite and fresh martensite.

Figure 28: SEM images showing the microstructure formed in experiment 900-410. RA: retained
austenite, BF: bainitic ferrite and FM: fresh martensite.

homogeneous carbon distribution in remaining austenite blocks. Thus, areas of austenite that

were not su�ciently enriched in carbon transformed to fresh martensite during quenching to room

temperature.

Furthermore, carbide peaks were detected during visual di↵ractogram analysis of patterns recorded

during the phase transformation. When comparing the patterns recorded before quenching to room

temperature, it can be recognized that the carbide peaks are more pronounced in experiments at

lower transformation temperatures. The XRD patterns analyzed to compare the carbide fractions

are provided in Appendix F.

4.2.2 Evolution of phase fractions

Figure 29 presents the fraction of bainitic ferrite formed as a function of time for experiments with

fine prior austenite grains. All curves exhibit a slight inclination at the end of the holding at the

isothermal transformation temperature, indicating that transformation stasis was not yet reached

in all experiments. The fraction of bainitic ferrite formed after 600 seconds of holing increases as

the transformation temperature decreases. When focusing on the first 100 seconds of the phase

transformation, it can be observed that 900-440 transforms the fastest. 900-410 exhibits the second

fastest transformation kinetics, closely followed by 900-380. 900-440 appears to reach the highest

transformation rate and hence exhibits the fastest phase transformation kinetics of the experiments

with fine PAGs until its curve has significantly flattened after approximately 72 wt.% of bainitic

ferrite was formed.

Table 6 shows the fractions of bainitic ferrite, retained austenite and fresh martensite in wt.%

present in the microstructure after quenching to room temperature. The fraction of retained

austenite increases as the transformation temperature increases, which may be explained by the

smaller fraction of bainitic ferrite formed at higher transformation temperatures and hence the
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Figure 29: Bainitic ferrite fraction in wt.% vs. time (experiments with fine PAGs).

higher fraction of remaining austenite present before quenching to room temperature. The fraction

of fresh martensite formed during quenching to room temperature appears to be similar in all three

experiments.

Experiment Bainitic ferrite Retained austenite Fresh martensite
900-440 79 ± 1 20 ± 1 1 ± 1
900-410 83 ± 1 16 ± 1 1 ± 1
900-380 88 ± 2 11 ± 2 1 ± 1

Table 6: Fractions of bainitic ferrite, retained austenite and fresh martensite in wt.% present after
quenching to room temperature (experiments with fine PAGs).

4.2.3 Evolution of bainitic ferrite and austenite lattice parameters

Figure 30 presents the evolution of the lattice parameter of bainitic ferrite during the phase trans-

formation in experiments with fine prior austenite grains. Two distinct evolution stages of the

bainitic ferrite lattice parameter can be detected when the fluctuations at the beginning of the

phase transformation are neglected. During the first stage, the lattice parameter of bainitic ferrite

increases. Depending on the isothermal holding temperature, the initial increase lasts approxim-

ately 60 to 90 seconds. After reaching its maximum, the bainitic ferrite lattice parameter gradually

decreases until the end of the experiment. The explanation for the development of the two distinct

evolution stages provided for the experiments with coarse PAGs also applies to the experiments

with fine PAGs.

Figure 31 presents the evolution of the average lattice parameter of austenite during the phase

transformation. Figure 31a exhibits the average austenite lattice parameter as a function of time.
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(a) Lattice parameter vs. time. (b) Lattice parameter vs. bainitic ferrite fraction.

Figure 30: Evolution of the lattice parameter of the bainitic ferrite during the phase transformation
(experiments with fine PAGs).

(a) Lattice parameter vs. time. (b) Lattice parameter vs. bainitic ferrite fraction.

Figure 31: Evolution of the average lattice parameter of the remaining austenite during the phase
transformation (experiments with fine PAGs).

The curves show that the higher the transformation temperature, the faster the initial increase in

the average austenite lattice parameter. However, the slope of higher transformation temperatures

flattens faster. The observed trend may be a results of the e↵ect of the transformation temperature

on the carbon partitioning process, as it is explained for the experiments with coarse PAGs.

4.2.4 Evolution of microstrain in bainitic ferrite

Figure 32 plots the microstrain present in bainitic ferrite as a function of time. The microstrain

is higher at lower transformation temperatures, indicating the presence of a higher number of

dislocations. Furthermore, it can be observed that the decrease in the microstrain with time is

more pronounced at higher transformation temperatures, which may be related to an enhanced

recovery of dislocations at higher transformation temperatures.

50



Figure 32: Microstrain in bainitic ferrite vs. time (experiments with fine PAGs).

4.2.5 Interrupted quenching experiments

Figure 33 presents optical microscopy images of interrupted quenching experiments performed

on specimens with a fine PAG structure. Two specimens that were isothermally transformed at

440 °C and 360 °C for 15 seconds were selected to be presented. Figure 33a and Figure 33b

show images of experiment IQ-900-440-15. Broad and thin sheaves, as well as concentrated grain

boundary nucleation can be observed. Figure 33c and Figure 33d show optical microscopy images

of experiment IQ-900-360-15. Thin and relatively broad sheaves are visible in both images. The

nature of the microstructure makes it di�cult to detect areas of concentrated grain boundary

nucleation.
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(a) IQ-900-440-15 (b) IQ-900-440-15

(c) IQ-900-360-15 (d) IQ-900-360-15

Figure 33: Optical microscopy images of interrupted quenching tests. GB: bainitic ferrite that
primarily formed at grain boundaries. A: longer bainitic ferrite sheaves that consist of many
successive autocatalytic nucleation events.
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5 Discussion

5.1 Comparison of experiments with di↵erent prior austenite grain sizes

5.1.1 Microstructure and interrupted quenching experiments

The optical microscopy images of the experiments with coarse and fine prior austenite grains,

presented in Figure 19 and Figure 27, show that the latter forms a finer microstructure. The

smaller PAG size restricts bainitic ferrite sheaf growth and hence sheaves are smaller in the second

experiment group. Furthermore, the retained austenite blocks in the microstructure with fine prior

austenite grains are smaller in size.

Figure 25 and Figure 33, presenting the morphology of bainitic ferrite formed in the interrupted

quenching experiments, show that IQ-1100-440-40, IQ-1100-360-25 and IQ-900-440-15 consist of

both types of morphologies, large sheaves and bainitic ferrite primarily grown along the grain

boundary. The microstructure of IQ-1100-380-30 and IQ-900-360-15 exhibits many thin sheaves,

as well as some broader sheaves. It was di�cult to distinguish between concentrated grain bound-

ary nucleation and broader sheaves in the microstructures formed at 380 °C and 360 °C. In the

interrupted quenching experiments, the length of a sheaf always depends on the point in time at

which the sheaf has nucleated relative to time of the quench. Broader sheaves, as indicated in

Figure 25b, Figure 25f or in Figure 33b, may have started to grow primarily along grain bound-

aries and continued to grow longer by autocatalytic nucleation after some time. Furthermore, the

sheaf morphology observed also depends on its orientation relative to the plane investigated by

microscopy. Bainitic ferrite detected to have grown along a grain boundary may have have grown

larger already, but could have an orientation other than parallel to the plane investigated by op-

tical microscopy. Therefore, it is not possible to make a conclusive statement on the e↵ect of the

transformation temperature on the prevalent nucleation site, based on the observations made in

the interrupted quenching experiments.

5.1.2 Evolution of phase fractions

Figure 34 plots the bainitic ferrite fraction formed as a function of time for both experiment

groups. The solid curves refer to the experiments with a coarse prior austenite grain structure

and the dashed curves refer to the experiments with a fine prior austenite grain structure. The

experiments with isothermal holding at 440 °C exhibit a similar fraction of bainitic ferrite formed at

the end of the phase transformation. For experiments with isothermal transformation temperatures

at 410 °C and 380 °C, the experiments with a coarser prior austenite grain structure appear to

have formed a slightly higher fraction of bainitic ferrite. However, the observed di↵erences are

in the experimental error range, indicating that the PAG size may have no significant e↵ect on
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the bainitic ferrite fraction formed after 600 seconds of holding at the isothermal transformation

temperature in the experiments performed at DESY.

Figure 34: Bainitic ferrite fraction in wt.% vs. time (experiments with di↵erent PAG sizes).

Before discussing the e↵ect of the isothermal transformation temperature and prior austenite grain

size on the phase transformation kinetics of bainite, the presence of ferrite detected in 5 of the 6

experiments has to be considered. Visual di↵ractogram analysis of XRD patterns recorded at the

end of the austenitization treatments showed that 900-440 was the only experiment without ferrite

or, if present, with a significantly smaller fraction of ferrite remaining after the austenitization

treatment. Studies have shown that the presence of a small fraction of ferrite prior to the onset

of bainite formation can accelerate the phase transformation kinetics of bainite by the increased

number of potential nucleation sites due to additional interfaces between ferrite and austenite

[37, 55]. Zhu et al. [56] found that 51 wt.% of ferrite formed prior to bainite formation has a

decelerating e↵ect on the phase transformation kinetics. Di↵erent mechanism have been observed

to cause the deceleration. On the one hand, the formation of such a high fraction of ferrite causes

the carbon concentration in austenite to increase, which results in a decrease of the driving force for

bainite formation. Furthermore, elevated concentrations of carbon and manganese were detected

in the vicinity of ferrite-austenite interfaces resulting from partitioning during ferrite formation,

which again decreases the driving force for bainite formation at the newly formed interfaces. Ravi

et al. [37], states that ferrite fractions below 5 wt.% do not significantly a↵ect the global carbon

concentration in the austenite and hence the driving force for bainitic ferrite formation.

Considering that 900-440 transforms the fastest of all experiments, an acceleration of the phase

transformation kinetics of bainite by the ferrite detected in the other experiments may not be

significant. This may be explained by the relatively small fraction of ferrite remaining after the

austenitization treatment. Figure 35 compares an XRD pattern recorded at the end of the aus-
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(a) Arrows point on ferrite peaks detected at the end of the austenitization treatment in 900-410.

(b) Arrows point on bainitic ferrite peaks corresponding to a fraction of 2.5 wt.% in 900-380.

Figure 35: Comparison of peak dimensions of ferrite present after austenitization and bainitic
ferrite formed at the beginning of the phase transformation.

tenitization treatment of 900-410 with an XRD pattern recorded at the beginning of the bainitc

phase transformation in 900-380. It can be observed that the ferrite peaks at the end of the aus-

tenitization are significantly smaller than the peaks presented in Figure 35b, which correspond to

approximately 2.5 wt.% of bainitic ferrite. Therefore, it can be assumed that the ferrite fraction

remaining after austenitization is significantly smaller than 2.5 wt.%. A decelerating e↵ect caused

by the presence of ferrite, as it was detected by Zhu et al. [56], is rather unlikely, due to the signi-

ficantly lower fraction of ferrite detected in the present study. Therefore, the ferrite remaining at

the end of the austenitization treatment in 5 of the 6 experiments is assumed to have no significant

e↵ect on the phase transformation kinetics of bainite in this study and thus will be neglected in

the following interpretations of the results. However, it should be noted that the studies discussed

investigated the e↵ect of ferrite formed in a heat treatment prior to bainite formation, while the

ferrite present in this study remained after austenitization. Thus, they may have di↵erent e↵ects

on the phase transformation kinetics of bainite.

When focusing on the beginning of the phase transformation, the simultaneous e↵ect of the iso-

thermal transformation temperature and prior austenite grain size on the phase transformation

kinetics becomes apparent. In general, the experiments with a fine PAG structure transform faster

than the experiments with a coarse PAG structure. However, it can be observed that the e↵ect of

the isothermal transformation temperature on the transformation kinetics is reversed for the two

experiment groups. While for the experiments with fine prior austenite grains, 900-440 transforms

the fastest, for experiments with coarse prior austenite grains, 1100-440 transforms the slowest.

The reversed e↵ect of the transformation temperature on the phase transformation kinetics of the

two experiment groups causes the di↵erence in the phase transformation kinetics of coarse and fine
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PAGs at the same transformation temperature to decrease. To make this di↵erence quantifiable,

the time required to form 45 wt.% of bainitic ferrite was determined for each experimental condi-

tion. The parameter is denoted as t45wt.% and is provided in Table 7. It can be used to calculate

the di↵erence in time required to form 45 wt.% of bainitic ferrite in experiments with fine and

coarse PAGs at the same isothermal transformation temperature. The di↵erence is denoted as �t

in Table 7 and can be used as a parameter to compare the di↵erence in the phase transformation

kinetics of fine and coarse PAGs at the three di↵erent transformation temperatures. Table 7 shows

that �t decreases with decreasing transformation temperatures. This indicates that the di↵erence

in the phase transformation kinetics in the experiments with coarse and fine PAG sizes at the same

transformation temperature decreases, as the transformation temperature decreases.

Transformation temperature t45wt.% fine PAG size t45wt.% coarse PAG size �t
440 °C 46 s 84 s 38 s
410 °C 59 s 78.5 s 19.5 s
380 °C 62 s 75.5 s 13.5 s

Table 7: Time required to form 45 wt.% of bainitic ferrite, t45wt.%, in experiments with coarse and
fine prior austenite grains and the di↵erence in t45wt.% for coarse and fine prior austenite grains at
the same transformation temperature, �t .

The observations may be explained by the e↵ect of the transformation temperature on the di↵er-

ence in activation energy for grain boundary and autocatalytic nucleation, �Q . The fraction of

potential nucleation sites for grain boundary and autocatalytic nucleation di↵ers significantly for

the two experiment groups. While the experiments with fine PAGs provide a higher number of

potential nucleation sites at grain boundaries, the experiments with coarse PAGs provide a larger

grain area and hence more space for sheaf growth. Therefore, the experiments with coarse PAGs

provide a higher number of potential nucleation sites for autocatalytic nucleation throughout the

phase transformation process. Figure 34 and Table 7 show that at 440 °C, the di↵erence in the

phase transformation kinetics between the two PAG sizes is the highest. 900-440 transforms signi-

ficantly faster than 1100-440, which indicates that grain boundary nucleation may be faster than

sheaf growth. Therefore, the value of �Q can be expected to be low at 440 °C. In contrast, the

di↵erence in the phase transformation kinetics between 900-380 and 1100-380 is much smaller,

which indicates that sheaf growth is accelerated by decreasing the transformation temperature

and thus a higher �Q is present at 380 °C. Therefore, it may be deduced that �Q increases with

decreasing transformation temperatures causing autocatalysis to become more prevalent and hence

to accelerate the phase transformation kinetics for the experiments with a coarse PAG structure

and to decelerate the phase transformation kinetics for experiments with a fine PAG structure.

The e↵ect of the transformation temperature on �Q will be further discussed in section 5.2.

When comparing the phase fractions of the two experiment groups, presented in Figure 36, it can

be observed that the fraction of retained austenite present after isothermal holding for 600 seconds

at 440 °C and 410 °C is higher in experiments with fine prior austenite grains. The di↵erence
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observed for the experiments performed at 380 °C appears to be insignificant. The fraction of fresh

martensite formed during quenching to room temperature after isothermal bainite formation at

440 °C is higher in the experiment with coarse PAGs. In contrast, the experiments with coarse and

fine prior austenite grains performed at 410 °C and 380 °C do not show significant di↵erences in

their fresh martensite fractions. The observations can be explained by the homogenization process

of carbon. Research on the e↵ect of the PAG size on the carbon partitioning and homogenization

process in martensitic Q&P steels has shown that a fine PAG structure promotes a more e�cient

partitioning process. Celada-Casero et al. [57] demonstrated that a fine PAG structure results in

the development of smaller and more homogeneously distributed martensite and austenite blocks

during the first quench. Austenite blocks of smaller sizes are homogenized faster, due to smaller

di↵usion distances. A similar e↵ect may be expected in the present study. The comparison of

optical microscopy images showed the presence of a finer microstructure with smaller austenite

blocks in the experiments with fine PAGs. Larger austenite blocks result in longer distances

carbon has to di↵use to reach a homogeneous carbon concentration and hence the homogenization

process of experiments with coarse PAGs may be prolonged. This explains the higher fraction of

fresh martensite observed in 1100-440 compared to 900-440. Figure 19 shows that the size and

number of austenite blocks decreases as the transformation temperature decreases, which is a result

of the higher fraction of bainitic ferrite formed at lower transformation temperatures. Therefore,

di↵usion distances for carbon are reduced as the transformation temperature is decreased, which

may result in a faster homogenization process, despite the lower di↵usivity at lower transformation

temperature. This could explain why the fraction of fresh martensite is similar for both PAG sizes

in the experiments with bainite formation at 410 °C and 380 °C degrees.

Figure 36: Fractions of retained austenite and fresh martensite in wt.% present after quenching to
room temperature. FM: fresh martensite and RA: retained austenite.
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5.1.3 Evolution of bainitic ferrite and austenite lattice parameters

Figure 37 presents the evolution of the lattice parameter of bainitic ferrite as a function of time for

experiments with fine and coarse prior austenite grains. The error bars indicate that the di↵erences

in the lattice parameters between the two experiment groups are relatively small and thus are in

the experimental error range. Comparing the experiments with isothermal holdings at 440 °C and

410 °C, the lattice parameters of the experiments with a finer PAG structure are supposed to

be smaller, while the opposite is found for experiments with isothermal holding at 380 °C. This

inconsistency is another indicator that the observed di↵erences may arise from the experimental

error.

Figure 37: Bainitic ferrite lattice parameter vs. time (experiments with di↵erent PAG sizes).

Figure 38 presents the average austenite lattice parameter as a function of time for experiments

with fine and coarse prior austenite grains. The error bars show that the di↵erences observed for the

two experiment groups are significant. During isothermal holding at 440 °C and 380 °C the lattice

parameter of austenite appears to be larger in experiments with fine PAGs. Experiments 1100-

410 and 900-410 exhibit di↵erences within the experimental error range. However, the di↵erences

observed in the experiments with isothermal holding at 440 °C and 380 °C could result from

di↵erent phase fractions rather than from a di↵erence in the carbon enrichment process. Therefore,

the average austenite lattice parameter was plotted as a function of the bainitic ferrite fraction

and is presented in Figure 39a. To eliminate the initial di↵erence in the average austenite lattice

parameters, the change of the austenite lattice parameter relative to its starting value is plotted

as a function of bainitic ferrite fraction in Figure 39b. The relative change exhibits how much
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the average austenite lattice parameter increases during the process of the phase transformation

and makes it possible to compare all six experimental conditions. The estimated error is ± 1.7 ×

10�4 Å, which is the experimental error remaining after instrument calibration. The error bars

are approximately as large as the data points, which is the reason why they are not visible in plot

Figure 39b. However, it should be noted that there may be an additional error in the starting

value of the average austenite lattice parameter resulting from the e↵ect of large prior austenite

grains on the FCC peak shapes in 1D XRD patterns.

Figure 38: Average austenite lattice parameter vs. time (experiments with di↵erent PAG sizes).

Figure 39b shows that the relative change of the average austenite lattice parameter at the same

fraction of bainitic ferrite formed is higher at higher transformation temperatures. The observation

can be explained by the higher carbon di↵usivity at higher transformation temperatures, which

causes a faster carbon enrichment process of the austenite [22, 50]. Furthermore, a potential

transition from upper to lower bainite was observed in the transformation temperature range

investigated, which further slows down the carbon partitioning process and even decreases the

amount of carbon that partitions into austenite as the transformation temperature is decreased.

The relative change of the average austenite lattice parameter at the same phase fraction of bainitic

ferrite formed appears to be higher for the experiment group with a fine prior austenite grain size.

The di↵erence is relatively small and depends on the starting value relative to which the change

is calculated. However, the observation is consistent across all transformation temperatures and

seems to be significant considering the experimental error range. A possible explanation for this

observation will be discussed in the following section.
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(a) Average austenite lattice parameter vs. bainitic
ferrite fraction.

(b) Relative change of average austenite lattice
parameter vs. bainitic ferrite fraction.

Figure 39: Evolution of the average lattice parameter of remaining austenite vs. bainitic ferrite
fraction (experiments with di↵erent PAG sizes).

5.1.4 Evolution of microstrain in bainitic ferrite

Figure 40 plots the microstrain present in bainitic ferrite as a function of time for both experiment

groups. After approximately 80 seconds of holding the curves of the same transformation tem-

perature follow a similar trend, which is a steady decrease of the microstrain until the end of the

holding. Furthermore, the plot shows that the experiments with finer prior austenite grains develop

a lower microstain in the bainitic ferrite, which can be related to a lower dislocation density.

Figure 40: Microstrain in bainitic ferrite vs. time (experiments with di↵erent PAG sizes).

As explained in the previous section, the dislocation density in bainitic ferrite is related to the

strength of bainitic ferrite and austenite. Therefore, the dislocation density is expected to increase
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with an increase in yield strength of the phases, which is consistent with the decreasing dislocation

density observed for increasing transformation temperatures [6, 19, 53]. Lin et al. [6] observed that

the dislocation density in bainitic ferrite increased with increasing Si alloy content. The increase

in dislocation density was related to the strengthening of austenite by solid solution hardening

provided by Si.

He et al. [53] investigated the relation of the dislocation density present in the bainitic ferrite with

the bainitic ferrite sub-unit size and observed a decrease in sub-unit thickness with an increase

in dislocation density. The observation was explained by the fact that an increase in austenite

strength constrains bainitic ferrite growth more e↵ectively and hence results in a smaller sub-unit

thickness. According to this relation, the sub-unit thickness of the experiments with coarser PAGs

would be smaller. Several models relate the austenite yield strength to the sub-unit thickness

and predict a decreasing sub-unit thickness with increasing austenite yield strength [58, 59, 60].

According to the Hall-Patch e↵ect, which is considered in the model developed by van Bohemen

[60] for instance, the austenite yield strength is expected to increase with decreasing prior austenite

grain size [61]. Thus a smaller sub-unit thickness would be expected for a smaller prior austenite

grain size. However, there are studies that found a decreasing sub-unit thickness with increasing

prior austenite grain size [44, 62], as it may be the case for the steel in the present study. In

general, the relation between the sub-unit thickness and PAG size is complex and depends on

more parameters than the austenite yield strength, such as the driving force for bainitic ferrite

formation or dynamic recovery [24].

A higher dislocation density in bainitic ferrite observed in the experiments with coarse prior aus-

tenite grains could explain the di↵erences observed for the relative change the average austenite

lattice parameter. Studies on martensitic Q&P steels have shown that the high number of defects,

such as dislocations and interfaces, in martensite significantly slows down the carbon the parti-

tioning process [63, 64]. Therefore, it may be expected that the higher dislocation density, as well

as the higher number of interfaces due to a smaller sub-unit size, provide more sites to trap carbon

and hence delay the carbon partitioning process in experiments with a coarse prior austenite grain

structure in comparison to the experiments with a fine prior austenite grain structure.

5.2 Simulations to determine �Q

Simulations using the model developed by dos Santos Avila et al. [24] were used to obtain a

detailed understanding of the e↵ect of the combination of prior austenite grain size and isothermal

transformation temperature on �Q . The model requires the PAG size d� , the sub-unit thickness

u 0, the transformation temperature T , the data points of the bainitic ferrite vs. time curve and

approximate starting values of the activation energies for grain boundary QGB and autocatalytic

nucleation QA, as data input. The initial values of QGB and QA were determined manually using

visual fitting of the bainitic ferrite vs. time curves provided by the model.
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To run the simulations, the sub-unit thickness needs to be determined. On the basis of the mi-

crostrain results, the sub-unit thickness is expected to decrease with increasing PAG size. However,

the majority of the models available for sub-unit thickness prediction do not consider the e↵ect of

the prior austenite grain size or predict a decreasing sub-unit thickness with PAG refinement [58,

59, 60]. Therefore, Equation 8 developed by Parker [65], which solely considers the e↵ect of trans-

formation temperature on sub-unit thickness, was selected to determine the sub-unit thickness at

the three transformation temperatures.

u0 = 0.2
T � 528

150
(8)

with T as the transformation temperature in K and u 0 as the sub-unit thickness in µm.

Simulations to determine �Q could not be performed individually for all 6 experiments. The pres-

ence of ferrite prior to the onset of the phase transformation to bainite caused errors in the fitting

of the bainitic ferrite vs. time curves of experiments with coarse PAGs. A detailed explanation of

the fitting error is provided in Appendix H. Therefore, the curves of the experiments with coarse

and fine PAGs at the same transformation temperature were fitted simultaneously, to understand

the general e↵ect of the transformation temperature on �Q . The sub-unit thicknesses, the initial

and final values of QGB and QA, and the values determined for �Q are given in Table 8.

Transformation u 0 Initial QGB Initial QA Final QGB Final QA �Q
temperature in °C in nm in kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol

440 247 251.8 247.1 250.7 248 2.7
410 207 241.2 232.7 240.9 233.2 7.7
380 167 229.1 219.5 229.2 219.3 9.9

Table 8: Sub-unit thickness, u 0, initial and final activation energy for grain boundary nucleation,
QGB , initial and final activation energy for autocatalytic nucleation, QA, and di↵erence in activa-
tion energies for gain boundary and autocatalytic nucleation, �Q .

Figure 41 plots �Q determined at the transformation temperatures 440 °C, 410 °C and 380 °C.

The error bars are based on the error calculated by the model. According to the calculations of the

model, a clear increase of �Q with decreasing isothermal transformation temperatures is visible.

Simulations of dos Santos Avila et al. [24] showed that an acceleration of the phase transformation

kinetics of bainite by PAG refinement can expected when �Q is as low as approximately 5 kJ/mol.

In contrast, an acceleration of the phase transformation kinetics of bainite by PAG coarsening can

be expected when �Q takes higher values, such as 15 kJ/mol. This explains the reversed e↵ect of

the transformation temperature on the phase transformation kinetics of the experiments with coarse

and fine prior austenite grains. At 440 °C, with �Q being approximately 2.7 kJ/mol, nucleation

at grain boundaries is expected to be prevalent. 900-440 provides more potential nucleation sites

at prior grain boundaries, which is the reason why it transforms significantly faster than 1100-

440. As the transformation temperature is reduced, �Q increases and takes an intermediate value
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Figure 41: �Q at isothermal transformation temperatures of 440 °C, 410 °C and 380 °C determined
by simulations using the model developed by dos Santos Avila et al. [24].

of approximately 9.9 kJ/mol at 380 °C. The increase in �Q indicates that the transformation by

autocatalysis becomes more prevalent as the transformation temperature decreases. The larger the

grain size, the more potential nucleation sites for autocatalytic nucleation are available because

sheaves can grow larger. Therefore, the phase transformation kinetics of experiments with coarse

PAGs are accelerated, while the kinetics of experiments with fine PAGs are decelerated, as the

transformation temperature is decreased. However, �Q stays well below 15 kJ/mol at 380 °C,

which explains why 900-380 still exhibits faster phase transformation kinetics than 1100-380.

The transformation temperature determines the undercooling with respect to Th , which is the

highest temperature at which ferrite can form by a displacive phase transformation mechanism [66].

Ravi et al. [15] observed the activation energy for grain boundary and autocatalytic nucleation to

decrease linearly with increasing undercooling. This linear dependence of the activation energy on

undercooling indicates that bainite nucleation involves thermally activated migration of dislocations

[15, 67]. Based on the isothermal martensite nucleation theory, Bhadeshia [66] suggested that the

nucleation of bainite occurs by the dissociation of dislocations that already exist in the matrix of

the steel. Di↵erences in the activation energies at the two types of nucleation sites are explained to

arise from the di↵erent nature of the previously existing and the created interfaces, as well as the

di↵erent matrices surrounding the nucleus during its formation [15]. However, when comparing

the observed e↵ect of the transformation temperature on �Q with the results of other studies, it

is obvious that the direct influence of the transformation temperature on the activation energies

at both types of nucleation sites is not su�cient to generally explain the e↵ect of the PAG size on

the phase transformation kinetics.
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Hasan et al. [38] observed PAG coarsening to accelerate the phase transformation kinetics of bain-

ite formed at 420 °C, when investigating a 0.25C-1.6Mn-1.25Si-1Cr-0.3Mo steel with prior austenite

grain sizes varying between 16 µm and 157 µm. Jiang et al. [68] investigated the bainitic phase

transformation of a 0.8C-1.5Si-2.0Mn-1.0Cr-0.24Mo-1.0Al-1.6Co steel at 250 °C and observed an

acceleration of the phase transformation kinetics by PAG refinement from 53 µm to 3 µm. Fur-

thermore, Barford and Owen [39] performed isothermal transformations with a 1.4C-1Mn steel

at 280 °C and 370 °C and found an acceleration by PAG refinement in both cases. The results

of the three studies presented do not confirm a potential increase of �Q with decreasing trans-

formation temperatures. This observation may be explained by the di↵erent steel compositions,

significant di↵erences in the PAG size ranges investigated or varying austenitization procedure, for

instance. The e↵ect of the steel composition on �Q was investigated by Matsuzaki and Bhadeshia

[42], when studying the e↵ect of the PAG size on the phase transformation kinetics of a 0.12C-

2.96Mn-2.03Si steel transformed at 450 °C and a 0.96C-0.38Mn-0.21Si-1.26Cr transformed at 435

°C. Whereas the high-carbon steel showed an acceleration of the phase transformation kinetics by

PAG refinement, the low-carbon steel showed an acceleration of the phase transformation kinetics

by PAG coarsening. The researchers concluded that the steel composition a↵ects the preference

for a specific nucleation site, causing the phase transformation kinetics of the high-carbon steel to

be determined by grain boundary nucleation, while the phase transformation kinetics of the low-

carbon steel are determined by sheaf growth. However, by influencing processes, such as carbon

partitioning or element segregation to interfaces, varying transformation temperatures can a↵ect

the steel composition locally, resulting in a local change in the driving force for bainite formation

and hence a change in �Q .

One of the processes that a↵ect the steel composition locally is carbon partitioning from bainitic

ferrite into the remaining austenite. The di↵erence in carbon di↵usivity in BCC lattices compared

to FCC lattices causes a temporary accumulation of carbon in austenite in the vicinity of sub-

units [6, 69]. The build-up of carbon at the ↵/� interface results in a temporary decrease in

driving force for bainitic ferrite formation at the tip of the sub-unit and may event inhibit the

nucleation of new sub-units by autocatalysis at this nucleation site. This e↵ect is supposed to

be more pronounced in steels with a higher carbon content [21]. However, the accumulation of

carbon at and in the vicinity of ↵/� interfaces is also a↵ected by the transformation temperature.

Higher transformation temperatures facilitate a faster carbon partitioning process, as well as a

faster carbon redistribution within the steel. At lower transformation temperatures, the process

of carbon partitioning is slower and the redistribution of carbon is sluggish. This may cause the

accumulation of carbon in the vicinity of ↵/� interfaces to be more severe, as well as to be present

for longer times. Therefore, a decrease in driving force for autocatalytic nucleation and hence

a smaller value of �Q could be expected at lower transformation temperatures. However, the

transformation temperature does not only a↵ect carbon di↵usivity but also the dislocation density

in bainitic ferrite, as well as carbide precipitation. As observed in the previous section, the increase
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in dislocations further slows down the carbon partitioning process. Furthermore, decreasing the

transformation temperature can lead to the transition from upper to lower bainite, as it is the

case for the transformation temperature range investigated in the present study. In lower bainite

carbides precipitate within the bainitic ferrite and thus the total carbon content available for carbon

partitioning into the remaining austenite decreases. This may cause the accumulation of carbon

at the ↵/� interface to be less severe than at higher transformation temperatures, which would

explain an increase in �Q with decreasing transformation temperatures, as it has been observed

in this study. However, this indirect e↵ect of the transformation temperature on �Q is dependent

on the steel composition, which influences processes such as the transition from upper to lower

bainite. Therefore, the e↵ect of the transformation temperature on �Q is complex, which may be

one of the reasons why the results of di↵erent studies appear to be contradicting.

Another example of local composition changes that are a↵ected by temperature is the segrega-

tion of Mn to PAG boundaries. Lui and Zhang [70] detected Mn segregation to occur during the

isothermal bainite formation of a Fe-0.37C-2.23Si-2.29Mn steel at 475 °C. Furthermore, they ob-

served that Mn segregation decelerates the bainite formation kinetics by restraining the nucleation

of bainitic ferrite. The segregation of Mn to PAGs causes a local decrease in driving force for bain-

ite formation, which would lead to an increase in �Q and hence sheaf growth would determine the

phase transformation kinetics. Furthermore, they observed that Mn segregation resulting from the

austenitization treatment is decreased by decreasing the austenitization temperature. Lower aus-

tenitization temperatures result in smaller prior austenite grains, indicating that the local decrease

in driving force resulting from Mn segregation during austenitization may be less pronounced in

fine-grained PAG structures. Mn segregation was observed to increase with increasing Mn con-

centrations, as well as in the presence of Si. However, the segregation of substitutional alloying

elements is often not investigated in studies on the e↵ect of the PAG size on the phase transforma-

tion kinetics of bainite. To avoid Mn segregation to prior austenite grain boundaries, many studies

performed a homogenization treatment before conducting the experiments [22, 37, 38, 42]. In their

study on the e↵ect of ferrite formation on the phase transformation kinetics of bainite, Ravi et al.

[37] used APT to investigate local composition changes at the prior austenite grain boundaries.

The researchers did not find signs of Mn segregation resulting from austenitization or previous

isothermal treatments for ferrite formation.

Finally, there is the e↵ect of the isothermal transformation temperature, as well as the e↵ect of

prior austenite grain size on sub-unit volume. Simulations of dos Santos Avila et al. [24] have

shown that a change in sub-unit thickness can reverse the observed e↵ect of the PAG size on the

phase transformation kinetics of bainite at a constant �Q . The sub-unit volume determines the

amount of austenite transformed to bainitic ferrite per nucleation even and hence its increase would

accelerate the process of the phase transformation. However, the relationship between PAG size

and sub-unit thickness is not fully understood, making it even more complex to understand the

e↵ect of the prior austenite grain size on the bainite formation kinetics.
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6 Limitations

While working on the master’s thesis, the following challenges that limited the research arose:

1. The relatively low fraction of ferrite detected at the end of the austenitization, as well as

comparisons with other studies, have led to the assumption that the ferrite did not e↵ect the

results of the study. However, a potential e↵ect of the ferrite on the phase transformation

kinetics of bainite cannot be completely ruled out.

2. The presence of ferrite at the beginning of the phase transformation to bainite limited the

simulations to simultaneous fitting of the bainitic ferrite fraction vs. time curves of exper-

iments with fine and coarse prior austenite grains at the same transformation temperature.

Therefore, only the e↵ect of the isothermal transformation temperature on �Q , and not the

potential influence of the PAG size itself, could be determined by the use of the simulations.

3. The temperature fluctuations, as well as the e↵ect of the spotty di↵raction rings on the

austenite peak shapes at the beginning of the phase transformation, a↵ect the values of

phase fractions, lattice parameters and microstrains determined from XRD patterns recorded

during that time frame. These e↵ects also influence the accuracy of calculations based on

these data, such as the relative change of the average austenite lattice parameter.

4. The ferrite and carbide fractions could not be determined by Rietveld refinement, due to their

relatively small di↵raction peaks. Comparison of their peak dimensions with other di↵raction

patterns made it possible to get an idea of the order of magnitude of their phase fractions.

Other methods, such as the direct comparison method, have to be applied to determine the

exact carbide and ferrite fractions.
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7 Conclusion and Recommendations

The aim of the master thesis was to investigate the e↵ect of the prior austenite grain size and the

isothermal transformation temperature on the phase transformation kinetics of bainite in a low-

carbon high-silicon steel. In-situ synchrotron XRD was used to analyze the phase fractions, lattice

parameters and microstrains of bainitic ferrite and austenite at the isothermal transformation

temperatures 440 °C, 410 °C and 380 °C in two experiment groups with di↵erent prior austenite

grain sizes. Microstructure investigations were used to explore the e↵ects of the prior austenite

grain size and the isothermal transformation temperature on the microstructure formed in the six

experiments and on the bainitic ferrite sheaf morphology formed in the early stages of the phase

transformation. The main findings on the e↵ect of the PAG size and the isothermal transformation

temperature on the microstructure are:

1. The experiments with fine prior austenite grains were observed to form a finer microstructure

in comparison to the experiments with coarser prior austenite grains. Prior austenite grain

boundaries restrict sheaf growth and thus smaller sheaves form in the experiments with fine

PAGs. Furthermore, austenite blocks were observed to be smaller in the experiments with a

fine PAG structure.

2. The ferrite detected at the end of the austenitization treatment in 5 of the 6 experiments

was observed to have no significant e↵ect on the phase transformation kinetics of bainite.

This was explained by its relatively small fraction, which was estimated to be well below 2.5

wt.%.

3. The microstructures developed during the interrupted quenching experiments exhibited two

di↵erent types of sheaf morphologies. One of them were bainitic ferrite sheaves that have

grown relatively large by successive events of autocatalytic nucleation. Secondly, there was

bainitic ferrite that has grown primarily along grain boundaries. At the lower transform-

ation temperatures, it was oftentimes not possible to distinguish between broader sheaves

and bainitic ferrite that grew along the grain boundaries. Furthermore, the observed sheaf

morphology depends on its orientation to the plane investigated by microscopy and on the

point in time at which the sheaf has nucleated relative to the time of quenching. Therefore,

it was not possible to make a conclusive statement on the e↵ect of the transformation tem-

perature on the prevalent nucleation site, based on the observations made in the interrupted

quenching experiments.

The main findings on the e↵ect of the PAG size and the isothermal transformation temperature

on the microstrain present in bainitic ferrite and the bainitic ferrite sub-unit size are:

1. It was observed that the microstrain developed in bainitic ferrite is higher in the experiments

with coarse PAGs. The higher microstrain can be related to a higher dislocation density
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present in the bainitic ferrite formed in the experiments with a coarse prior austenite grain

structure.

2. The higher dislocation density indicates that the bainitic ferrite sub-units are smaller in the

experiments with coarser prior austenite grains.

The main findings on the e↵ect of the PAG size and the isothermal transformation temperature

on the lattice parameters and the carbon partitioning process are:

1. At the same fraction of bainitic ferrite formed, the relative change of the average lattice

parameter of austenite appears to be larger in experiments with finer prior austenite grains,

which may be related to a higher carbon concentration and hence a faster carbon partitioning

process in these experiments. The higher dislocation density and the higher number of

interfaces due to a smaller sub-unit size provide more sites to trap carbon and hence could

delay the carbon partitioning process in the experiments with a coarse prior austenite grain

structure in comparison to the experiments with finer prior austenite grains.

The main findings on the e↵ect of the PAG size and the isothermal transformation temperature

on the phase transformation kinetics of bainite and �Q are:

1. At all transformation temperatures investigated, the experiments with fine PAGs exhibited

faster phase transformation kinetics than the experiments with coarse PAGs.

2. The e↵ect of the transformation temperature on the phase transformation kinetics of bainite

was reversed for the two experiment groups. While the experiments with fine prior austenite

grains showed a deceleration of the phase transformation kinetics with decreasing transform-

ation temperatures, the experiments with coarse prior austenite grains were accelerated by

decreasing the transformation temperature. The reverse dependence of the phase transform-

ation kinetic on the isothermal transformation temperature causes the di↵erence in the phase

transformation kinetics between coarse and fine prior austenite grains at the same transform-

ation temperature to decrease as the isothermal transformation temperature is decreased.

3. Simulations using the model developed by dos Santos Avila et al. [24] showed that �Q

increases as the isothermal transformation temperature decreases. The increase in �Q in-

dicates that transformation by autocatalysis becomes more prevalent as the transformation

temperature decreases. While the experiments with a coarse PAG structure provide more

potential nucleation sites for autocatalytic nucleation, the experiments with a fine PAG struc-

ture provide more nucleation sites for grain boundary nucleation, which explains the reverse

e↵ect of the transformation temperature on the phase transformation kinetics of the two

experiment groups.

4. Comparisons of the results with other studies have shown that the direct e↵ect of the trans-

formation temperature on �Q is not su�cient to explain the e↵ect of the prior austenite
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grain size at a specific transformation temperature on the phase transformation kinetics of

bainite. Indirect e↵ects of the transformation temperature on processes, such as carbide

precipitation, carbon partitioning or Mn segregation to interfaces, can cause local composi-

tion changes and hence can a↵ect the di↵erence in the activation energy for grain boundary

and autocatalytic nucleation, �Q . These processes also depend on other factors, such as

on the steel composition. Therefore, the e↵ect of the transformation temperature on �Q is

complex, which may be one of the reasons why the results of di↵erent studies appear to be

contradicting.

5. The observed increase in �Q with decreasing isothermal transformation temperatures was

explained by the transition from upper to lower bainite in the transformation temperature

range investigated. Carbide precipitation from bainitic ferrite in lower bainite slows down the

partitioning process and reduces the amount of carbon to partition into austenite. This may

result in less carbon to accumulate at the ↵/� interface in comparison to higher transform-

ation temperatures at which the formation of upper bainite is expected. This could explain

the increase of �Q with decreasing transformation temperatures.

Based on the work of the master thesis, recommendations for future research were defined. The

following recommendations include further steps to extend the work of the master thesis, as well

as research questions for new studies:

1. Investigating the correlation between the dislocation density in bainitic ferrite and the prior

austenite grain size at di↵erent transformation temperatures using EBSD to verify the find-

ings regarding the microstrain in the present work. Once the correlation is understood, the

e↵ect of the PAG size on the carbon partitioning process by its e↵ect on the dislocation

density can be studied.

2. Performing microstructure investigations to understand the dependence of sub-unit thick-

ness on the prior austenite grain size and the isothermal transformation temperature. The

determination of the precise sub-unit thickness at a specific PAG size and transformation

temperature combination would make the output of the simulations to determine �Q more

accurate.

3. Repeating the research with a 100 % austenitic microstructure at the end of the austenit-

ization treatment to obtain insights on the e↵ect of the detected ferrite on the phase trans-

formation kinetics of bainite in the present study. Furthermore, this would allow to run

simulations to determine �Q for every PAG size and transformation temperature combin-

ation individually in order to understand whether the PAG size itself has an e↵ect on �Q

by mechanisms such as its e↵ect on the dislocation density in bainitic ferrite and hence the

carbon partitioning process.
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4. Investigating the e↵ect of the prior austenite grain size and the transformation temperature

on the phase transformation kinetics of bainite using a steel with a lower Ms temperature.

This would enable investigations over a larger transformation temperature range to observe

whether both e↵ects, acceleration and deceleration by PAG refinement, can be observed in

one steel at di↵erent transformation temperatures.
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Appendix

A Examples of the definition of the starting time of the

phase transformation to bainite

Figure A1 presents the definition of the starting time of the phase transformation to bainite in

1100-410. In this case, the first temperature minimum within a range of ± 5°C of the intended

isothermal transformation temperature occurs at a temperature below 410°C. In contrast, in 900-

440 the first temperature minimum and a following stagnation of the temperature occur above

440°C, as it is presented in Figure A2. It takes more than 10 seconds for the temperature to

stabilize at the intended isothermal transformation temperature of 440°C. However, during that

time the phase transformation to bainite has already started, which is the reason why this first

minimum has been defined as the starting time of the phase transformation.

Figure A1: Definition of starting time of the phase transformation to bainite in 1100-410.

Figure A2: Definition of starting time of the phase transformation to bainite in 900-440.
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B Asymmetry in austenite peaks

Figure B1 exhibits asymmetric austenite peaks detected in experiment 1100-380 developed after

190 seconds of holding at the isothermal transformation temperature. The arrows point to the

asymmetric FCC peaks.

Figure B1: Example of asymmetric austenite peaks.
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C E↵ect of large prior austenite grains on XRD patterns

Figure C1 exhibits an example the evolution of the e↵ect of large PAGs on 1D and 2D XRD patterns

in experiment 1100-440. Figure C1b shows large spots in the 2D di↵raction pattern recorded after

approximately 4 seconds of holding. The large spots cause the first two austenite peaks to be

broadened at the bottom in the 1D di↵raction pattern presented in Figure C1a. Figure C1d and

Figure C1f show that the size of the spots decreases significantly within 38 seconds of holding

and, therefore, the broadening resulting from these spots, presented in Figure C1c and Figure C1e,

decreases. Figure C1h and Figure C1g show the 2D and 1D patterns recorded after 584 seconds

of holding.
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(a) 1D di↵raction pattern at 4 seconds of holding.
(b) 2D di↵raction
pattern at 4 seconds
of holding.

(c) 1D di↵raction pattern at 18 seconds of holding.
(d) 2D di↵raction
pattern at 18 seconds
of holding.

(e) 1D di↵raction pattern at 38 seconds of holding.
(f) 2D di↵raction
pattern at 38 seconds
of holding.

(g) 1D di↵raction pattern at 584 seconds of holding.
(h) 2D di↵raction
pattern at 584
seconds of holding.

Figure C1: Evolution of the e↵ect of large prior austenite grains on XRD patterns in 1100-440.
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For comparison Figure C2 presents 1D and 2D di↵raction patterns recorded at the beginning and

at the end of the bainitic phase transformation in experiment 900-440. Figure C2b shows that

there are no spots in the 2D di↵raction pattern due to the smaller prior austenite grain size of the

sample.

(a) 1D di↵raction pattern at 6 seconds of holding.

(b) 2D di↵raction
pattern at 6 seconds
of holding.

(c) 1D di↵raction pattern at 592 seconds of holding.

(d) 2D di↵raction
pattern at 592
seconds of holding.

Figure C2: XRD patterns recorded at the beginning and end of the isothermal holding in experi-
ment 900-440.
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D Rietveld refinement

The following tables present a documentation of the Rietveld refinements performed for the speci-

mens transformed at 440°C, 410°C and 380°C. The columns show the following data:

General information:

• Nr.: Number of the refinement.

• Holding time: Time of isothermal holding at the transformation temperature relative to the

specified start time.

• Temperature: Temperature measured by the thermocouple.

Evaluation fit:

• Sigma: Standard deviation of the profile function.

• Rwp : Weighted profile R-factor.

Lattice parameter in Å:

• Alpha: Lattice parameter determined for bainitic ferrite.

• Gamma: Lattice parameter determined for austenite.

• Gamma+: Lattice parameter determined for carbon-rich austenite.

• Average gamma: Average austenite lattice parameter based on the average of the lattice

parameters determined for austenite and carbon-rich austenite weighted by their phase frac-

tions.

• Relative change: Change of the average austenite lattice parameter relative to its starting

value.

Fraction in wt.% :

• Alpha: Fraction of bainitic ferrite.

• Error fraction alpha: The positive and negative error predicted for the bainitic ferrite frac-

tion. The error is given in wt.%. The software MAUD was only able to give accurate error

predictions for refinements without carbon-rich austenite.

• Gamma: Fraction of austenite.

• Gamma+: Fraction of carbon-rich austenite.
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Microstrain:

• Alpha: Microstrain determined for bainitic ferrite.

• Gamma: Microstrain determined for austenite.

• Gamma+: Microstrain determined for carbon-rich austenite.

Visual fit:

• Comments on the visual fit of the refined function.

Comments:

• Comments on the detection of ferrite or carbides.
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E Prior austenite grain size distribution

(a) 1100-410 (b) 1100-360

Figure E1: Prior austenite grain size distribution in 1100-410 and 1100-360.

(a) 900-410 (b) 900-360

Figure E2: Prior austenite grain size distribution in 900-410 and 900-360.
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F Ferrite remaining after austenitization

Figure F1 and Figure F2 present XRD patterns recorded at the end of the austenitization treatment

for all six experiments. Very small ferrite peaks can be detected in Figure F1a, Figure F1b,

Figure F1c, Figure F2b and Figure F2c when the XRD patterns are analyzed on the logarithmic

scale. The ferrite peaks are indicated by arrows. It is visible that the dimensions of the ferrite

peaks do not di↵er significantly in the five experiments. In Figure F2a no ferrite peaks can be

detected.

(a) 1100-440

(b) 1100-410

(c) 1100-380

Figure F1: Ferrite peaks in XRD patterns recorded at the end of the austenitization treatment in
experiments 1100-440, 1100-410 and 1100-380.
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(a) 900-440

(b) 900-410

(c) 900-360

Figure F2: Ferrite peaks in XRD patterns recorded at the end of the austenitization treatment in
experiments 900-440, 900-410 and 900-380.
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G Carbide fraction

Figure G1 presents XRD patterns on logarithmic scale recorded at the end of the isothermal holding

for all six experiments. Arrows point to carbide peak positions. Carbide peaks can be observed

in Figure G1c, Figure G1d, Figure G1e and Figure G1f. The carbide peaks observed in the XRD

patterns of the experiments transformed at 380°C appear to be larger than the carbide peaks

present in the XRD patterns of the experiments transformed at 410°C. Figure G2 shows enlarged

parts of the images presented in Figure G1 and it can be observed that all XRD patterns exhibit

carbide peaks. It is visible that the carbide peaks become more pronounced as the transformation

temperature is decreased.

(a) 1100-440 (b) 900-440

(c) 1100-410 (d) 900-410

(e) 1100-380 (f) 900-380

Figure G1: Carbide peaks present in XRD patterns recorded at the end of the isothermal phase
transformation.
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(a) 1100-440 (b) 900-440

(c) 1100-410 (d) 900-410

(e) 1100-380 (f) 900-380

Figure G2: Enlarged parts of the XRD patterns presented in Figure G1.
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H Example of fitting error

The model used for the simulations determines �Q based on the bainitic ferrite fraction vs. time

curves provided as data input. It determines the activation energies for grain boundary and

autocatalytic nucleation, as well as the bainitic ferrite fractions that have formed at each nucleation

site. During the refinement of the XRD patterns, it is not possible to distinguish between the

bainitic ferrite fraction and the ferrite fraction that was present before the onset of the phase

transformation to bainite in the determined BCC phase fractions. Therefore, the initial BCC

fraction is unrealistically high, resulting in a high transformation rate followed by an unexpected

drop at the beginning of the phase transformation to bainite, as it is presented in Figure H1.

The fraction of bainitic ferrite formed at the beginning of the phase transformation is determined by

grain boundary nucleation. The specimens with fine prior austenite grains provide many potential

nucleation sites at prior austenite grain boundaries and hence a relatively high fraction of bainitic

ferrite could form by grain boundary nucleation. However, the fraction of bainitic ferrite that can

form by grain boundary nucleation is much lower in the specimens with coarse prior austenite

grains, which is the reason why the presence of ferrite at the beginning of the phase transformation

has a significant e↵ect on �Q predicted for this experiment group. The model compensates for

the initially high BCC fraction by predicting an increased formation of bainitic ferrite by grain

boundary nucleation and hence a very low activation energy for grain boundary nucleation, QGB ,

in the samples with coarse prior austenite grains. By simultaneously fitting the bainitic ferrite vs.

time curves for experiments with fine and coarse prior austenite grains at the same transformation

temperature, the initial part of the curve of the experiments with coarse prior austenite grains can

be disregarded, which made it possible to determine �Q at a specific transformation temperature.

Figure H1: Simulated transformation rate of bainitic ferrite in 1100-440.
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