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ABSTRACT

Quenching and partitioning (Q&P) is a novel processing route that can create

microstructures that combine high strength, ductility and easy formability without

the excess use of alloying elements by also keeping the production cost low. Therefore,

this method is ideal to be applied to steels that are used in the automotive industry.

The material is initially annealed at a high temperature to form austenite. Then

it is quenched to a temperature below the martensite start temperature to form a con-

trolled fraction of martensite. Second annealing follows, at a lower temperature than

the first one, that stabilises the austenitic phase at room temperature. It has been

found that the austenite grain size at the end of the first annealing (prior austenite

grain size) has a significant impact on the processing method, the final microstructure

and consequently on the final properties of the material.

In this thesis, phase-field modelling was employed to investigate the role of prior

austenite grain size on the quenching and partitioning process. Simulations of the

processing were performed for three different prior austenite grain sizes (6, 25 and 67

µm). Microstructures consisting of about 10.5% austenite and 89.5% martensite were

created by simulating the first quenching of the Q&P process. Then, the evolution of

the microstructure and carbon distribution were investigated for partitioning at 400
◦C for times up to 4000 s, and quenching to room temperature.

The results gave insights into the effect of the prior austenite grain size on the

morphology of the microstructure and the kinetics of carbon during partitioning. It

was found that a finer microstructure was derived with decreasing PAGS. Moreover,

partitioning becomes more efficient because of the shorter distance that carbon has

to diffuse, and the even spatial distribution of austenite.

Finally, wide grain size distributions of the austenite that is present during parti-

tioning can lead to significant variations in the carbon content among the austenite

grains of the final microstructure, especially for short partitioning times. This af-

fects the efficiency of the partitioning process and has an impact on the mechanical

stability of the austenite in the final microstructure and consequently on the TRIP

phenomenon.
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Chapter 1

Introduction

1.1 The three generations of advanced high strength

steels

The development of high strength steels that meet the requirements set by the au-

tomotive industry is of great importance. Namely, high strength results in thinner

sheets, smaller cross-sections of structural elements and consequently in lower weight

and fuel consumption [1]. The low fuel consumption has a positive impact on the

environment and also the transportation of people and goods becomes more afford-

able. However, it is discussed in the literature that under some circumstances, weight

reduction can reduce the safety of a car and a trade-off between safety and fuel con-

sumption exists [2]. So, it is also vital that the material that is used protects the

passengers by absorbing the energy in case of a crash accident. Easy formability

is also an important factor in the designing of new microstructures since the metal

sheets have to be formed to the right shape.

Three generations of AHSS have been developed so far to satisfy the requirements

mentioned above [1, 3].

� The first generation of AHSS consists of dual-phase steels (ferrite-martensite),

complex-phase steels and transformation-induced plasticity steels (TRIP steels).

The first generation showed better performance in terms of strength and duc-

tility than conventional steels without a significant increase in the production

cost.

� The second generation of AHSS consists of lightweight with induced plastic-

ity (L-IP) steels, twin-induced plasticity (TWIP) steels and austenitic stainless

steels along with other types of steel. In many of these steels, a specific fraction

of austenite (about 0.10-0.20) needs to be present in the final microstructure

at room temperature to give ductility to the material. However, to enhance

austenite thermal stability, alloying elements such as Ni and Mn are used in

high concentrations that increase the cost significantly.

� The third generation of AHSS is based on the development of steels with high

1



Figure 1.1: Elongation and tensile strength graph for different types of steels. The
first three generations of AHSS are also shown in the figure [4].

strength and ductility but with low costs. The cost reduction is achieved by

adding smaller concentrations of alloying elements and by applying new pro-

cessing routes, also aiming to reduce the processing time. An example is the

quenching and partitioning (Q&P) processing route that is discussed thoroughly

in this report.

In figure 1.1 the tensile strength and the final elongation of the first two generations

of AHSS and some conventional high strength steels are presented. Furthermore, the

area where the third generation of AHSS lies on is marked.

1.2 The quenching and partitioning process

Q&P is a new processing method that can lead to microstructures containing sta-

bilised austenite at room temperature without the need for excess alloying element

usage. The thermal cycle of the process is presented in figure 1.2. The material ini-

tially is annealed at a temperature (Tγ) which is above the A3 temperature where it

undergoes full austenitisation. Then, the material is quenched rapidly to a tempera-

ture (TQ) which is in between the martensitic transformation start temperature (MS)

and the martensitic transformation finish temperature (MF ) to introduce a controlled

fraction of martensite in the microstructure. The resulting microstructure consists

of a combination of martensite and austenite with martensite being the dominant

phase. The final step is the partitioning step where the material is held at the TQ or

at a slightly increased temperature (TP ) for sufficient time to trigger the partition-

ing of carbon from martensite to austenite. Partitioning is the step that stabilises

austenite thermally at room temperature. The chemical potential difference of car-

bon in austenite and martensite gives rise to this process. A final quenching to room
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Figure 1.2: Thermal cycle of the quenching and partitioning process.

temperature ends the thermal treatment.

The final microstructure consists of martensite formed at the first quenching (M1),

retained austenite (RA), and often martensite formed at the final quench (M2) result-

ing from the fraction of the austenite that could not be stabilised at room tempera-

ture [1]. Nevertheless, more complex microstructures can be created using the Q&P

process. If the first annealing step is done at an intercritical temperature (between

A1 and A3), the material does not transform fully to austenite and ferrite is present

in the microstructure during the whole process. For the intercritical annealing case,

the final microstructure consists of ferrite, M1, RA and M2 [5].

Considering the martensite morphology, it is known that it exhibits a character-

istic hierarchical structure consisting of packets, blocks, sub-blocks and laths as it is

depicted in figure 1.3 [6]. A packet consists of a group of parallel blocks and a block

consists of sub-blocks of two different types. Finally, a sub-block consists of laths of

the same Kurdjumov-Sachs (K-S) variant.

A characteristic of the blocks that belong to the same packet is that the laths of

their sub-blocks share the same habit plane. Two different types of sub-blocks can

exist in the same block, the difference between these two types is a misorientation of

approximately 10 degrees between the laths of each type. Block and packet boundaries

are considered to be high angle boundaries; the packet and the block size have an

important impact on the mechanical strength of the material [7–9].
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Figure 1.3: Representation of martensite morphology; lath, block, sub-block, packet
and prior austenite grain boundaries are shown [6].

Retained austenite is usually present in Q&P microstructures either as film or

block austenite [10,11]. Film austenite is usually found between laths while blocks of

austenite are found adjacent to prior austenite grain boundaries [12].

During the partitioning step of the Q&P route, processes that compete with carbon

partitioning from martensite to austenite can occur, such as carbide precipitation or

bainite formation. Both can change the final microstructure by affecting the phase

composition or by consuming the carbon that is intended to partition to austenite and

thus, making partitioning less efficient. Therefore, the chemical composition of the

Q&P steels is selected aiming to stabilise austenite, to suppress carbide precipitation

and to retard bainitic transformation when the material is held at the partitioning

temperature [13].

Prior austenite grain size (PAGS) is of great importance for the Q&P process.

PAGS is the size of the parent austenite grain after the austenitisation step and

just before the first quenching, it can be determined experimentally, and there are

different methods to control it. It is essential to control PAGS because it contributes

to the production of refined microstructures. Some of the methods employed in steel

processing and also control PAGS are listed below.

� PAGS can be controlled by changing the temperature and duration of the

austenitisation process. Longer annealing times and higher temperatures in-

crease PAGS [14].

� Application of thermomechanical processing methods such as hot-rolling while

the material is held at the Tγ can refine the austenitic microstructure [11].

Also, cold rolling before the implementation of the Q&P process can reduce

PAGS. [15].
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� More complex thermal cycles, such as pre-quenching the material before apply-

ing Q&P (QQ&P) can be applied to create a finer microstructure by introducing

more austenite nucleation sites before the actual Q&P process [10].

� Thermal cycling between Tγ and TQ to the material before applying the Q&P

process can reduce the PAGS effectively [6, 12].

Experiments often require support by simulation work since simulations can pro-

vide information that is difficult to be derived experimentally due to physical restric-

tions. This explains the application of phase-field modelling to study the stages of

the Q&P process. Phenomena occurring during the Q&P process such as marten-

site nucleation and growth, and carbon redistribution during partitioning have been

modelled adequately using this method and the results contributed to the better un-

derstanding of the Q&P process [16–18].

1.3 Phase field modelling in steel science research

Phase-field modelling (PFM) is used widely in microstructural evolution modelling.

It has been used succesfully to simulate phenomena such as solidification, marten-

sitic transformation, austenite reversion and the effect of PAGS on the martensitic

transformation in a Fe-Ni alloy [18]. Furthermore, recrystallisation and grain growth

has been modelled using PFM and also the evolution of the heat-affected zone that

is formed during welding has drawn attention. In addition, displacive transforma-

tions such as the martensitic transformation have been simulated as it was a diffusive

transformation to overcome the limitation of PFM that can only simulate diffusive

transformations [19].

A lot of the models that are used in steel science research are empirical equations

derived by fitting experimental curves. These models mostly provide information

about the phase fractions and the kinetics of the transformations, but they do not

give a complete description of the microstructure. In contrast, PFM can estimate

phase fractions, element distributions, other essential aspects of the microstructure

and even provide a three-dimensional (3-D) image of it [20].

PFM predicts the microstructural evolution by determining the interface move-

ment of a microstructure considering the thermodynamics and the kinetics of the

alloy [20]. Diffusion equations can also be solved simultaneously to predict the distri-

bution of the elements in the microstructure [16]. The model is not a sharp interface

model, which means that there is a finite area (or volume if the system is 3D) at the

grain boundaries that belongs to both phases.
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Another critical point that makes the implementation of the method complicated is

that nucleation of a new phase is difficult to be defined. So, the nucleation rate and the

preferable nucleation sites are mainly determined based on experimental data. Also,

the prediction of interface movement is challenging to be done either theoretically or

experimentally and often the interface mobility is used as a fitting parameter [20].

Usually, for the simulations of the Q&P process, carbide precipitation is suppressed

even though simulations showed locally high carbon concentrations and these sites

would be potential sites where carbides could precipitate [17].

1.4 Aim and structure of the thesis

This thesis aims to give insights into the effect of PAGS on the novel Q&P processing

method using PFM. In chapter 2, the literature review is presented and the impact of

PAGS on each step of the Q&P processing method is discussed. Specifically, the effect

of PAGS on the kinetics of the martensitic transformation and the morphology of the

resulting martensite is described, which is relevant to the first and the final quenching

steps of the Q&P process. Then, the way that PAGS affects the carbon kinetics dur-

ing partitioning is explained, together with the factors that control austenite thermal

stability which is of great importance for the Q&P process. In chapter 3, a brief de-

scription of the phase-field modelling algorithm and its basic mathematical equations

is given, and details about how the simulations were set to tackle the research ques-

tions are presented. In chapter 4, the outcome of the simulations is shown. In chapter

5, the discussion of the results is displayed, including a comparison to other research

works. Finally, in chapter 6, the conclusions and suggestions for future research are

presented.

6



Chapter 2

Literature review

In figure 2.1 the evolution of the microstructure during the Q&P process is illustrated.

The white matrix is the austenite, the plates that are formed denote the martensite

and the distribution of carbon during the steps is shown using a grayscale with a dark

shade meaning a carbon-rich area.

The thermal stability of austenite is an essential aspect of the study of the Q&P

process because it indicates the conditions that are required for austenite to be re-

tained at room temperature. So, the main factors that govern the thermal stability

of austenite are reviewed in this chapter. These factors will also help to the un-

derstanding of the effect of PAGS on austenite’s stability during the Q&P process.

Nevertheless, before that, it is essential to present the main equations that govern the

martensitic transformation and the partitioning step.

For the martensite formation, the equations that estimate the resulting phase frac-

tions with respect to the quenching temperature are presented, and those equations

are relevant for the quenching taking place at TQ temperature after austenitisation

and at room temperature after partitioning as it is shown in figure 1.2.

For the partitioning step, the equations that determine the equilibrium phase

fractions and the corresponding to those phases carbon content are also given in this

chapter for the partitioning temperature Tp (figure 1.2).

Having reviewed the above, the effect of PAGS on the process, and the stability of

austenite are discussed in this chapter. Finally, other studies done using phase-field

modelling are reviewed since it is the tool that was also used for the present study.

Figure 2.1: The microstructural evolution of steel that undergoes the Q&P process.
The austenitic matrix and the martensitic plates that are formed after each quenching
are illustrated. The grayscale indicates the carbon distribution on each step with the
darker shades denoting a carbon-rich area.
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2.1 Determination of the microstructural evolu-

tion during the Q&P process

2.1.1 First quenching

The prediction of the phase fractions resulting after the first quenching of the heat

treatment (figure 1.2) is essential for the control of the microstructure and the mod-

elling of the partitioning step that follows. After the first quenching of the fully

austenitic microstructure at TQ temperature, a controlled fraction of martensite is

introduced in the microstructure. A widely used model for the determination of

martensite phase fraction after quenching is the Koistinen and Marburger (K-M)

equation [21] (equation 2.1.1) where TQ is the quenching temperature and αm can be

expressed as a function of the chemical composition of the alloy (equation 2.1.2 where

αm is in K−1 and composition in wt. %) [22].

fm = 1− exp{−αm(Ms − TQ)} (2.1.1)

αm = 0.0224− 0.0107C − 0.0007Mn− 0.00005Ni− 0.00012Cr − 0.0001Mo

(2.1.2)

The Ms temperature can be determined based on the composition of the alloy

using an equation such as equation 2.1.3 (Ms in ◦C and composition in wt. %) [22].

Ms = 462− 273C − 26Mn− 16Ni− 13Cr − 30Mo (2.1.3)

2.1.2 Partitioning process

During partitioning, martensite and austenite coexist in the microstructure at TP

and this can give rise to a movement of the γ/α′ interface. In order to determine

the final phase fractions, it is important to investigate if any interface movement

happens during partitioning that can change the phase fractions resulted after the

first quenching step.

Santofimia et al. [23] investigated how the mobility of the γ/α′ interface affects

phase fractions and carbon partitioning by performing one-dimensional simulations.

It was found that for very low interface mobility, the γ/α′ interface was practically

immobile and the retained austenite fraction depended on the quenching temperature.

Consequently, for this case, an optimum quenching temperature can be calculated that
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maximises the retained austenite content in the resulting microstructure after the final

quenching.

Experimental work was done in another research using dilatometry to identify any

volume changes during partioning [13]. No significant volume change was observed for

steel of composition of 0.25C-2.5Mn-1.47Ni-1.01Cr (wt %) and partitioning duration

relevant to commercial continuous production techniques. Moreover, in the same

study, the volume of the retained austenite was found to be in agreement with the

simulations performed considering low interface mobility. So, interface mobility can

be neglected for the partitioning times and temperatures of this study and for alloys

of similar composition.

The next step is to investigate how the phase fractions and the corresponding

carbon concentrations are affected by the partitioning step. Speer et al. presented a

model to describe the microstructural evolution of Q&P steels [1, 24]. To determine

the fractions and the carbon content of the phases, they assumed constrained carbon

equilibrium (CCE) conditions during partitioning that means that the γ/α′ interface

is immobile. At the same time, only carbon atoms can partition from martensite

to austenite. Carbon is assumed uniformly distributed after the first quenching and

its concentration is equal to the nominal composition due to the diffusionless nature

of the martensitic transformation. Carbide precipitation and bainite formation are

suppressed.

The mass balance of iron is given in equation 2.1.4. fγbefore−P is the austenite phase

fraction before the partitioning step, while fγafter−P andXγ
after−P are the phase fraction

and the carbon concentration of austenite, respectively, at the end of partitioning

and according to the CCE. Finally, Xalloy is the nominal carbon composition of the

alloy. All the phase fractions and phase concentrations considering Speer’s model are

expressed in mole fractions.

fγafter−P (1−Xγ
after−P ) = fγbefore−P (1−Xalloy) (2.1.4)

The total carbon content is given by equation 2.1.5 where fαafter−P and Xα
after−P

is the fraction and the carbon content of martensite after partitioning.

fαafter−PX
α
after−P + fγafter−PX

γ
after−P = Xalloy (2.1.5)

Moreover, the sum of the phase fractions of austenite and martensite must be

equal to 1 (equation 2.1.6).

fαafter−P + fγafter−P = 1 (2.1.6)
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The CCE concentration of carbon at both sides of the γ/α′ interface, at a specific

partitioning temperature, is determined by assuming CCE conditions and using ther-

modynamical data. For the austenite/martensite system, the carbon concentrations

are given in equation 2.1.7 where TP is in K and R is the gas constant in JK−1mol−1.

Equation 2.1.7 was derived experimentally by Lobo and Geiger by determining the

activity of carbon in both phases and consequently, the carbon concentrations that

result in the same chemical potential of carbon in both phases [25, 26].

Xγ
after−P = Xα

after−P · e
76789−43.8T−(169105−120.4T )Xγ

RT (2.1.7)

By solving the above system of equations for given processing temperatures (TQ

and TP ), the phase fractions and the carbon content of each phase after partitioning

can be determined. It is important to note that these values are the CCE values

that means that the system has to remain at the partitioning temperature for long

enough to reach them. The fact that the γ/α′ interface is assumed to be immobile

does not automatically imply that the phase fractions are constant since carbon atom

movement is allowed and the mole fractions of the phases can change. Finally, this

model was developed for the case of a binary alloy, but it is used for more complex

systems.

The kinetics of carbon during partitioning can be described by Fick’s second law

that is shown in equation 2.1.8 for both phases (α′ and γ). The diffusivity coefficient

of carbon (D) is determined for each phase and it dependents on the carbon con-

centration of the corresponding phase [23, 27]. Numerical methods are found in the

literature to solve the diffusion problem [28].

∂X

∂t
= D

∂2X

∂x2
(2.1.8)

2.1.3 Final quenching

To model the final quenching, equation 2.1.3 can be used to estimate the new Ms tem-

perature for the carbon enriched austenite with carbon content given by Xγ
after−P . If

the new Ms temperature is below room temperature, austenite is retained at room

temperature. Otherwise, austenite will transform to α′ on the last quenching again

according to equation 2.1.1. Provided that the fraction of martensite that is present

during partitioning contains enough carbon to stabilise the austenite via the partition-

ing process, and if the partitioning time is not enough to homogenise the distribution

of carbon in the austenite, then profiles of carbon concentration are evolving, making

it essential to investigate austenite’s stability locally. This means that especially for
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short partitioning times or large austenite grains, part of an austenitic grain that

is enriched in carbon can be stabilised and part of it that has not been enriched

sufficiently in carbon will transform in martensite at the final quenching.

2.2 Factors determining the thermal stability of

austenite

Stabilising austenite at room temperature is one of the main goals of the Q&P process.

Before examining the effect of PAGS on the stabilisation process, it is essential first to

investigate what are the factors that affect austenite’s thermal stability. The ways that

austenite is stabilised are of chemical and mechanical nature and they are discussed

in this section

2.2.1 Chemical stabilisation

Austenite can be stabilised thermally if its local carbon concentration is high enough.

So, the distribution of carbon in a microstructure that undergoes partitioning is of

great importance determining the locations where austenite will be retained. Further-

more, Al and Si additions are used in the alloy to suppress cementite precipitation

because carbide precipitation consumes carbon which is no longer available to stabilise

the austenite [13]. Also Mn and Ni additions stabilise austenite at lower tempera-

tures [29].

An optimal quenching temperature exists assuming CCE conditions. A model to

determine this temperature has been proposed [30]. According to this model, the Ms

temperature is calculated for the alloy based on the chemical composition using an

expression such as equation 2.1.3. By varying the quenching temperature, the corre-

sponding martensite fraction formed is determined using equation 2.1.1. By assuming

that phase fractions of martensite and austenite do not change during partitioning

and that carbon partitions to austenite following equation 2.1.7, the carbon content of

austenite after partitioning can be known. Then, a new Ms temperature is calculated

for the carbon-enriched austenite (equation 2.1.3) and equation 2.1.1 is used again to

determine the possibility of formation of M2 after quenching to room temperature for

the TQ that is examined. The above is repeated for a range of TQ, aiming to maximise

the content of retained austenite in the final microstructure.

The model above is described graphically in figure 2.2 for a microstructure consist-

ing of 0.5 austenite and 0.5 ferrite that undergoes Q&P after intercritical annealing.

The dashed lines show austenite and martensite fractions after the first quenching
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Figure 2.2: The dashed lines show austenite and martensite fractions after the first
quenching as a function of the TQ and the continuous line shows the retained austenite
fraction of the final microstructure. The optimum quenching temperature is defined
on the graph as the quenching temperature that maximises retained austenite content.
This graph is for a 0.19C1.96Al1.46Mn0.02Si (wt %) steel that underwent intercritical
annealing [1].

as a function of TQ, and the continuous line shows the retained austenite fraction

of the final microstructure. A peak is present because if the quenching temperature

is relatively high, then there is not enough martensite to provide austenite with the

carbon that is required and M2 is formed. If the quenching temperature is relatively

low, M2 do not form but there is not much austenite left after the first quenching

to get stabilised. So, there is an optimum quenching temperature that results in a

maximum fraction of retained austenite.

Several methods have been used to determine the minimum required amount of

carbon for austenite stabilisation at room temperature for a defined system with

specific characteristics. Two approaches are presented here.

� Mecozzi et al. [16] did this calculation thermodynamically. They used available

thermodynamic data to estimate the Gibbs free energy change for the non-

diffusional transformation of austenite to martensite for a range of carbon com-
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positions and temperatures. Moreover, for a fixed composition, the temperature

that corresponds to a driving force that is equal to zero is the theoretical Ms

temperature of the alloy. Finally, to estimate the carbon content that stabilises

austenite the theoretical Ms temperature was set equal to the room temperature

(so that austenite is stable at room temperature) and the carbon content that

gives a driving force for non-diffusional transformation that is equal to zero was

calculated. This carbon content is the critical value above which austenite is

sufficiently enriched in carbon and is retained at room temperature after the

final quenching.

� Another approach was used by Takahama et al. [17]. At this research paper,

phase-field modelling simulation was employed to model the partitioning pro-

cess. Having derived the carbon concentration maps after a fixed partitioning

time, the critical carbon content value for stabilisation was used as a fitting pa-

rameter so that the martensite content that is introduced after the final quench-

ing matches the prediction of the K-M equation (equation 2.1.1).

2.2.2 Mechanical stabilisation

It is known that the grain size of austenite affects its tendency to form martensite

when temperature decreases [31]. Specifically, during the martensitic transformation,

strain energy is induced to the microstructure due to the volume difference of α′ and

γ phases. The ability of the microstructure to accommodate this strain energy and

the relaxation mechanisms that take place to achieve this are strongly related to the

austenite grain size [32]. The material tries to minimise the strain energy during the

martensitic transformation and two of the relaxation mechanisms that act in favour

of the martensitic transformation are listed below.

� As the martensitic transformation progresses, new martensite nuclei are created

repeatedly at the γ/α′ interface. The fact that numerous new nuclei nucleate

continuously at the γ/α′ front, results in a reduction of the strain energy and it

acts as a relaxation mechanism. This is known as the autocatalytic effect since

it also enhances the kinetics of the transformation [33].

� During the martensitic transformation, plastic deformation is induced to the

austenitic matrix so that a part of the transformation strain can be accommo-

dated by austenite resulting in a reduction of the strain energy of the system.

However, the accumulation of plastic deformation into austenite increases its

stored energy and after a point the second relaxation mechanism can no longer
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Figure 2.3: γ-Pockets forming during martensite formation that reduce the austenite
grain size retarding the transformation [32]

contribute making the formation of martensite less favourable as the transfor-

mation progresses. [32].

The formation of martensite in an austenitic matrix results in continuous grain

refinement of austenite by creating austenite-pockets as it can be seen in Fig. 2.3. As

the transformation proceeds, the untransformed austenite increases its stored energy

because the accumulation of plastic deformation reduces the effectiveness of the second

relaxation mechanism [6]. Furthermore, it is known that the smaller pockets (and

small austenite grains in general) cannot accommodate the strains efficiently and the

strain energy cannot be minimised effectively [34]. Both phenomena increase the

stability of austenite. As more austenite is consumed, the martensitic transformation

becomes less energetically favourable and this is the reason that the transformation

requires a continuously increasing undercooling to proceed. If the austenitic grains are

sufficiently small, the transformation stops. This phenomenon is called mechanical

stabilisation of austenite [12].

Finally, it is believed that film austenite is more stable than blocky austenite

because as martensitic transformation occurs, it induces stresses to the surrounding

austenite films that result in a hydrostatic pressure that enhances austenite stability

[35].

To summarise the section considering austenite thermal stability, high carbon

content and small austenite grain size increases austenite thermal stability and hinders

the martensitic transformation.
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2.3 The effect of prior austenite grain size on the

Quenching and Partitioning process

In this section, the effect of PAGS on each step of the Q&P processing method is

examined separately. Aspects such as the effect of PAGS on the transformations

taking place and on the morphology of the final microstructure are presented.

2.3.1 Martensitic transformation

Martensite is affected significantly by PAGS variation in terms of size and morphol-

ogy. Specifically, reduction of PAGS results in size reduction of the corresponding

martensite packets and blocks, whereas little or no change was observed in lath

size [6,7,12,15,36,37]. Laths do not show noticeable variation in size with decreasing

PAGS since their size is affected mainly by the carbon segregation at the lath bound-

aries [38]. However, laths show variation in shape. Lath morphology has been studied

using electron backscatter diffraction and it was found that with decreasing PAGS,

laths shape tends to be equiaxed and also their aspect-ratio probability distribution

becomes wider [32]

Tataki et al. studied the effect of PAGS on the hierarchical martensitic structure.

They investigated experimentally the martensitic microstructures resulted by coarse,

fine and ultra-fine parent austenite grains [39]. The results showed that for coarse

parent austenite grains, the martensitic laths exhibited a multi-variant transforma-

tion. So, the parent austenite was separated in multiple packets. The fine-grained

and the ultra-fine parent austenite produced microstructures where laths grew in a

single variant or in variants that have common habit plane. As a result, when austen-

ite grain size was reduced significantly, parent austenite grains consisting of a single

block of laths were found. The change of the hierarchical structure with decreasing

PAGS is described schematically in figure 2.4.

An explanation for the reduction of the number of variants with decreasing PAGS

is that when the PAGS is small, fewer laths nucleate compared to a material with

large PAGS, so there are fewer chances for all the 24 Kurdjumov-Sachs orientation

relationship to be observed. Since there is not enough space to have several laths

nucleating at different sites simultaneously, the number of packets contained into a

single grain is reduced [34].

The Ms temperature is a measure of the driving force that is needed for the

martensitic transformation to initiate. It has been found that Ms and Mf tempera-

tures decrease with decreasing PAGS [5,12,18,32,40,41] so the whole transformation
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Figure 2.4: The transition from multivariant transformation to single variant trans-
formation with decreasing PAGS; for very small PAGS, packets are not found and
only parent austenite grains consisting of a block of laths are present [39]

is shifted to a lower temperature range. It is possible to obtain stable austenite at

room temperature if the grains are sufficiently small to reduce Ms below room tem-

perature [32,41]. Nevertheless, other aspects such as the chemical composition affect

the Ms significantly [8]. It is then important that the selection of the quenching

temperature in the Q&P process is made taking also into account the PAGS because

the shift of the Ms and Mf temperatures will affect the phase fractions at the final

microstructure.

Considering nucleation, a multi-variant transformation has lower transformation

energy. According to the theoretical calculations, it was found that a single variant

transformation requires 17 times more transformation energy than a multi-variant

transformation and this confirmed that the energy for transformation is increased

with decreasing austenite grain size [39].

Considering the growth rate, Celada-Casedo et al. [32] explained that when PAGS

is small, despite the fact that nucleation needs a high driving force, there are many

possible nucleation sites compared to a material with large PAGS because of the in-

creased grain boundaries density (figure 2.3). At the same time, the autocatalytic

effect provides even more nucleation sites to the system. According to the experi-

mental results, the transformation rate of a small-grained microstructure peaks when

a martensitic fraction of about 0.3 has been formed and it remains higher up to the

formation of a fraction of 0.6 of martensite. After that mechanical stabilisation takes
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place and hinders the formation of martensite [39].

2.3.2 Partitioning

In the work done by Celada-Casero et al., the partitioning of carbon in microstructures

with approximately the same phase fractions but with different PAGS was examined

[12]. In order to achieve the same phase fractions, different quenching temperatures

were used for specimens with different PAGS to account for the change of Ms with

the austenite grain size.

According to this research, partitioning was more efficient in the small grain mi-

crostructures because the two phases (austenite and martensite) where more homoge-

neously distributed than in coarse-grained specimens. This makes partitioning more

efficient since there is a larger α′/γ total interface where carbon partitioning can oc-

cur. Furthermore, for small PAGS, it takes less time for the carbon to enrich and

homogenise in austenite because carbon has to diffuse shorter distances.

Experimental results also showed that microstructures with large PAGS exhibit

also wider grain size statistical distributions. This makes the partitioning process

more complex because the variety of austenite grain sizes also results in different

carbon enrichment among the austenite grains, which has an impact on the mechanical

stability of the austenite. The variety of grain sizes also makes the control of the

partitioning process difficult for microstructures with large PAGS.

The experimental study of Celada-Casero et al. [12] is the basis of the simulations

done in this work and it is discussed thoroughly in the rest of this thesis.

2.3.3 Competing mechanisms

Carbon can get trapped at defects such as dislocations making partitioning less ef-

ficient [42]. Experiments showed that small PAGS increases the dislocation density

of the resulting martensite [6] due to the high strength of austenite. In addition, the

increasing interface area resulting from the size reduction of the PAGS, packets and

blocks, creates interfaces where carbon also can be trapped at [43].

Bainitic transformation is also possible during partitioning. Luo et al. [44] pro-

posed that a critical PAGS exists below which the bainitic transformation is sup-

pressed. According to another research, the same mechanism that stabilises austenite

mechanically is responsible for the delay or suppression of the bainitic transformation

since the small austenitic grains cannot accommodate the strain energy occurring

from the bainitic transformation [45].
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Finally, carbides can precipitate after quenching and during partitioning. Marten-

sitic microstructures resulted from large austenite parent grains exhibit carbides due

to auto-tempering [6]. During partitioning, relatively high temperatures or long times

may also give rise to carbide precipitation [46]. Carbide precipitation happening in

any stage of the Q&P process consumes carbon that otherwise would be available to

stabilise austenite.

2.4 Phase field modelling of the quenching and

partitioning process

Phase-field modelling is a computationally intensive model and so it is common to

prefer two-dimensional simulations (2D) over three-dimensional simulations (3D) to

reduce the computational load. Simulations of the Q&P process showed that 2D

simulations represented adequately the experimentally observed microstructures. The

same was also found for the 2D microstructures obtained by producing cross-sections

of a 3D simulation. However, in the 3D model, diffusion can occur in three directions

instead of two, and carbon can diffuse faster in the microstructure during partitioning.

Despite the difference between 2D and 3D models, results from both models showed

good agreement with the experimental data [16].

2.4.1 Martensitic transformation

Yeddu studied martensitic growth by performing phase-field modelling simulations

taking into account the stress field that evolves in the austenite and martensite due

to the transformation [18].

For the case of small PAGS, results confirmed that martensite grows on a single

crystallographic direction due to the preference of martensite to grow towards the

direction that minimises the elastic strain energy of the system. Nevertheless, the

fact that martensite grows along a single direction makes the accommodation of the

transformation stresses difficult and a high driving force is needed for nucleation which

is in agreement with the findings of Tataki et al. [39].

The plastic strain for a fine-grained microstructure was found to be relatively

low at the beginning of the transformation because it is more difficult for a material

with small grains to undergo plastic deformation compared to a material with large

grains. However, at the end of the transformation, the plastic strain was increased

because the other relaxation mechanisms (section 2.2.2) could not help further to the

accommodation of the strain energy and plastic deformation had become the primary
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relaxation mechanism.

In contrast, when PAGS is large, the minimisation of the transformation stresses

gives rise to the multivariable transformation mechanism that was introduced by

Tataki et al [39].

Moreover, for large PAGS, the plastic strain is high at the onset of the transfor-

mation because the material can be deformed plastically easier than a fine-grained

material. So, initially, plastic deformation is the dominant relaxation mechanism.

A more simple way to simulate martensite is to represent it as acicular ferrite.

To do that, a fully austenitic microstructure is selected as initial microstructure and

an appropriate nucleation model is selected that define the possible nucleation sites

and the nuclei density. A cooling rate is selected and the simulation starts. By

defining the anisotropy between the two phases properly, ferrite nuclei grow having

an acicular shape as they were martensitic blocks. The martensitic transformation

is simulated as a diffusive transformation to overcome the limitations of phase-field

modelling and get microstructures similar to the austenite/martensite microstructures

observed experimentally. Then the resulted microstructure can be used as the initial

microstructure for a simulation of carbon partitioning [16]. This approach will be

used in this thesis.

2.4.2 Partitioning of carbon

According to the PFM simulations performed by Mecozzi et al. [16], the diffusion of

carbon from martensite to austenite during short partitioning times creates a concen-

tration gradient inside the austenitic grains, with the outer region of the grain enriched

in carbon compared to the inner area (Figure 2.5). If the material is quenched at this

point, the outer region of the grain will be stabilised at room temperature while the

inner area will be transformed to martensite creating martensitic islands surrounded

by austenite. This is true especially for short partitioning times or for relatively large

grains because carbon may not have enough time to diffuse in the whole austenite

grain. Consequently, smaller austenite grains have the ability to obtain a high carbon

content in their interior even after short partitioning times which makes stabilisation

more efficient.

2.4.3 Final quenching step

It is important to determine the minimum amount of austenite carbon content that is

required to stabilise austenite at room temperature for the system that is examined.

This can be done with one of the methods that were described already in section 2.1.1.
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Figure 2.5: A map produced by PFM that shows carbon concentration on a mi-
crostructure after partitioning for 100 s at 400◦C. The carbon gradient in austenite
grains during partitioning is shown; small grains are enriched in carbon, and their
profile is more homogeneous compared to large austenite grains [16].

Then, having calculated the map that shows the carbon distribution in austenite (such

as in figure 2.5) and with the critical carbon content for stabilisation known, the

austenite that is sufficiently enriched in carbon is retained and the rest transforms to

M2. By doing this, a final representation of the final microstructure, the corresponding

phase fractions, and the carbon distribution can be derived for the case that is studied

[16,17].

2.5 Summary

The effect of prior austenite grain boundaries size on the Q&P process and the result-

ing microstructure was reviewed. The importance of considering PAGS as a design

parameter during the design of the Q&P was highlighted and the main conclusions

are listed below.

� High carbon content and small grains size increases austenite thermal stability

and vice versa.

� Martensitic transformation is shifted to lower temperatures with decreasing

PAGS since a higher undercooling is required for the transformation to start.

The transformation is initially faster in a microstructure with small austen-

ite grains due to the abundance of nucleation sites at the grain boundaries.
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However, the transformation rate decreases at a later stage, because of the phe-

nomenon of the mechanical stabilisation.

� The size of martensitic packets and blocks decrease with decreasing PAGS while

laths do not show a significant change of size. The number of different variants

that are present in a single packet also reduces with decreasing PAGS.

� Partitioning is found to be more efficient in fine-grained microstructures because

it takes place at a larger area of γ/α′ interface. Furthermore, the shorter distance

that carbon has to diffuse makes homogenisation faster.

� Mechanisms such as carbide precipitation and bainite formation can occur dur-

ing Q&P and affect the final microstructure. Small PAGS can contribute to the

suppression of both mechanisms.

� Phase-field modelling was found to be a useful tool for the investigation of the

Q&P process because it can give insights into the mechanisms evolving during

the treatment that are difficult to be observed experimentally.

2.6 Research Questions

The distribution of carbon during partitioning affects austenite stability significantly.

However, it is difficult to observe experimentally how carbon is redistributed during

partitioning and the use of a PFM becomes appealing for this type of studies. In the

present study, in order to investigate the effect of PAGS on the microstructural evo-

lution and the carbon kinetics during the process of Q&P, PFM is used. Specifically,

investigating the effect of PAGS on:

� The austenite grain size statistical and spatial distribution resulting after the

first quenching, and how the distribution of grain sizes affects the partitioning

process and the final microstructure.

� The time that is required for austenite to be sufficiently enriched in carbon

during partitioning.

� The mechanical stability of the austenite in the final microstructure and the

TRIP effect.
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Chapter 3

Simulations

3.1 The phase-field model

The model that was used for the simulations is based on the works of Steinbach et

al. [47] and Eiken et al. [48], and it is the same model that was also used to simulate the

Q&P in the works by Mecozzi et al. [16] and Takahama et al. [17]. The MICRESS©

software was employed to perform the simulations [49].

To perform a phase-field simulation, a simulation domain is selected and an initial

microstructure is set. Each grain of the microstructure is characterised by a phase-field

parameter φi(~r, t) that defines whether the point of the simulation domain positioned

by the vector ~r at the time t belongs to the grain i (φi(~r, t) = 1) or not (φi(~r, t) =

0). The values of φi(~r, t) change gradually from 1 to 0 at the boundaries between

neighbouring grains, creating what is called a diffuse interface. This is the reason

why the phase-field model is not a sharp interface model.

The molar fraction of the solutes is defined by xk=1...ξ
i where ξ is the number of the

solutes, i denotes the corresponding grain and x0 is the molar fraction of the solvent.

Within the diffuse interface, the conservation of the total number of moles per unit

volume is given by equation 3.1.1, where ν is the number of the grains that participate

in the interface that is examined.

xk(~r, t) =
ν∑
i=1

φix
k
i (~r, t) (3.1.1)

The total energy of the system consists of two parts, the interfacial and the chem-

ical energy. The interfacial energy is a function of the gradient of the phase-field

parameters at the diffuse interface, while the chemical energy is a function of the

phase-field parameter and the corresponding molar fraction of the solute and it refers

to the free energy of the bulk. In equation 3.1.2, F ({φi}, {xi}) is the total energy of

the system, f intf ({φi}) and f chem({φi}, {∇φi}) are the interfacial and the chemical

free energy respectively.

F ({φi}, {xi}) =

∫
A

f intf ({φi}, {∇φi}) + f chem({φi}, {xi})dA (3.1.2)

The simulation aims to minimise the total free energy of the system, The phase-
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field parameters are calculated in every time step according to equation 3.1.3, where

~n is the vector that is normal to the interface with respect to the coordinate system

of the growing grain, Mφ
ij(~n) is the mobility of the interface and σij(~n) the interface

energy between grains i and j. ∆Gij(~xi, ~xj, T ) is the thermodynamic driving force.

φ̇i =

φ∑
j 6=i

Mφ
ij(~n)

[
b∆Gij(~xi, ~xj, T )− σij(~n)Kij +

ν∑
i 6=j 6=k

Jijk

]
(3.1.3)

Also, b is a scaling factor of the driving force that is given in equation 3.1.4, Kij is

the pairwise curvature term (equation 3.1.5) and Jijk accounts for the triple junctions

of the system (equation 3.1.6), η is the thickness of the diffuse interface.

b =
π

η

√
φiφj(φi + φj)) (3.1.4)

Kij =
1

ν

(
∇2φi −∇2φj

)
+

π2

νη2(φi − φj)
(3.1.5)

Jijk =
1

ν
(σjk − σik) (

π2

η2
φk +∇2φk)ij (3.1.6)

The concentration terms ~xi in equation 3.1.3 have to be determined on each simu-

lation step. Therefore, equation 3.1.3 is coupled with the diffusion equations that are

given in equation 3.1.7 and 3.1.8 where Dkl
i is the diffusivity (k is the diffusing com-

ponent and l is the gradient component in grain i). M ch,km
i is the chemical mobility

matrix and fi(~xi) the free energy density in grain i.

∂xk

∂t
= ∇

ν∑
i=1

ξ∑
l=1

φiD
kl
i ∇xli (3.1.7)

Dkl
i =

ξ∑
m=1

M ch,km
i

∂f(~xi)

∂xmi x
l
i

(3.1.8)

The Thomson-Gibbs effect that accounts for the impact of the interface curvature

on the total free energy of the phase is expressed in equation 3.1.9 [50]. υ is the

interface velocity, M is the interface mobility, ∆G is the driving force of the trans-

formation, σ is the interfacial energy and κ is the curvature of the interface. This

equation defines the way in which the interfaces will move and subsequently the shape

of the grains of the microstructure. For the case of Q&P simulations where the dis-

placive martensitic formation is simulated as a diffusional acicular ferrite formation,

the equation was used to optimise the shape of the martensitic blocks according to
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Figure 3.1: (a) An example of an austenitic microstructure where martensite (in
white) is being formed. (b) Orientation map that shows the angles that define the
orientation of every single grain. The two coordination systems are shown, one that
is the global one and the second one that is the local coordinate system of the grain
that is growing. ~n1 and ~n2 are the vectors normal to the α′/γ interface and they are
essential for the definition of the anisotropy of the growth of the phase that is being
formed.

the experimental results that were available [12].

υ = M(∆G− σκ) (3.1.9)

When anisotropic phases are used in the simulations such as in the case of austen-

ite/ferrite pair, the anisotropy between the phases has to be defined [16]. The presence

of anisotropic phases leads to the dependence of the interfacial energy and mobility

on the orientation of the vector that is vertical to the moving interface.

In figure 3.1(a), an austenitic grain of an Fe-C alloy is shown in orange. This grain

undergoes a transformation from fcc to bcc and a block of ferrite has already been

formed (in white colour). Each grain has a specific orientation that in 2D simulations

is defined by a single angle. In figure 3.1(b), the angle of orientation of every grain

is shown. The orientation angle is the rotation angle of the global coordinate system

(figure 3.1 (b)) in order to be aligned with the local orientation system of the grain

that grows. The bcc grains are always formed at an angle of ±45◦ with the parent

fcc grain. The unit vector ~n is defined normal to the interface with respect to the

coordinate system of the growing grain. Two example normal vectors are drawn in

figure 3.1, ~n1 and ~n2 . The anisotropic functions αM,σ are used to define the mobility

and the interfacial energy of an interface accounting for the anisotropy.

Equations 3.1.10 and 3.1.11 show how the anisotropic functions αM,σ correct the

mobility and the interfacial energy according to the orientation of the normal to the

interface vector ~n.
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Figure 3.2: (a) Interfacial energy and mobility pole figure of an strongly anisotropic
fcc/bcc interaction (b) that results in the growth of columnar ferritic grains in the
microstructure

Mφ
αγ(~n) = Mφ0

αγα
M(~n) (3.1.10)

σφαγ(~n) = σφ0αγα
σ(~n) (3.1.11)

The tetragonal anisostropy functions αM(~n) and ασ(~n) are shown in equations

3.1.12 and 3.1.13. The parameters δ1 δ2 are used to control the anisotropy.

αM(~n) = [1 + 4δM1 (n4
x + n4

y + n4
z − 0.75)](1− n2

z − δM2 n2
z) (3.1.12)

ασ(~n) = [1− 4δσ1 (n4
x + n4

y + n4
z − 0.75)](1− n2

z − δσ2n2
z) (3.1.13)

In figure 3.2 an example of a strongly anisotropic fcc/bcc interaction is shown.

These graphs were produced by setting appropriate values for the coefficients δM1 , δσ2

and δM1 , δσ2 from equations 3.1.12 and 3.1.13 respectively. There is a clear preference

for the ferritic grains to grow towards a specific direction that is defined by their

orientation angle. For a close to isotropic interaction such as that in figure 3.3, the

grains tend to be equiaxed.

A linearised phase diagram was used for the determination of the driving force for

fcc to bcc transformation [16, 49]. The transformation is assumed that occurs under

para equilibrium conditions where substitutional alloying elements do not diffuse and

a linearised phase diagram can describe the transformation. A linearised Fe-C phase

diagram that is suitable for this type of calculations is shown in figure 3.4. The use of

linearised phase diagrams instead of thermodynamical databases, when it is possible,
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Figure 3.3: (a) Interfacial energy and mobility pole figure of a close to isotropic
fcc/bcc interaction (b) that results in the growth of close to eqiuaxed ferritic grains
in the microstructure

Figure 3.4: Linerised Fe-C phase diagram that was used for the simulations.

reduces the computational load of the algorithm. The driving force is a function of

the undercooling and it is given by equation 3.1.14.

∆Gαγ(x
C
α , x

C
γ , T ) = ∆S∆T (3.1.14)

The undercooling ∆T is calculated by equation 3.1.15, where xCα and xCγ are the

local carbon content of austenite and martensite respectively while x
Ceq
α and x

Ceq
γ are

the equilibrium values predicted by the linerised phase diagram (figure 3.4). mR
α and

mR
γ are the slopes of the linerised lines shown in figure 3.4.

∆T =
1

2

[
mR
α (xCα − xCeqα ) +mR

γ (xCγ − xCeqγ )
]

(3.1.15)

The ∆S is given by equation 3.1.16 below that determines an average value of
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Table 3.1: Chemical composition of the studied alloy [12]

C (wt. %) Mn (wt. %) Si (wt. %) Mo (wt. %) Fe (wt. %)

0.2 3.5 1.5 0.5 balance

Table 3.2: The quenching temperature of the first quenching and the experimental
phase fractions of the final microstructures for PAGS of 6 and 67µm

PAGS
(µm)

TQ M1 Bainite RA M2

6 225 0.83 0.02 0.13 0.02
67 260 0.80 0.03 0.14 0.03

∆S for the temperature range between the austenite to ferrite equilibrium transition

temperature T eqγ and the experimentally measured Ms temperature.

∆S =
∆G(Ms)

T eqγ −Ms

(3.1.16)

3.2 Reference experimental data

The experimental data presented in the work of Celada-Casero et al. [12] was used in

the simulations. In that work, the microstructural development during the applica-

tion of the Q&P process as a function of PAGS was investigated in a steel with the

composition given in table 3.1. The same composition is studied in the present work.

The cases of PAGS of 6, 25, and 67 µm were selected from the available experimental

data to perform the simulations.

The quenching temperature is set each time considering the effect of PAGS on the

Ms temperature and aiming to produce microstructures of a fraction of approximately

0.80 of martensite after the first quenching step. Furthermore, the quenching step was

followed by partitioning at 400◦C for 50 s and finally, quenching to room temperature.

The evolution of the martensite phase fraction with the temperature during quench-

ing is presented in figure 3.5 for the three PAGS selected in this work. Figure 3.5

highlights that Ms decreases with increasing PAGS. The Ms temperatures are 323,

334 and 349 C◦ for the PAGS of 6, 25 and 67 µm, respectively. In table 3.2, the

phase fractions of the microstructures of different PAGS for each step of the process

are presented (data for PAGS of 25µm was not available).

The final microstructures that had undergone Q&P were studied using electron

back-scattered diffraction (EBSD) and results are shown in figure 3.6. Martensitic

grains are equiaxed for small PAGS while they tend to be columnar with increasing

PAGS. Moreover, austenite is in the form of blocks that tend to be more elongated with
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Figure 3.5: Martensitic phase fraction versus temperature, during quenching, for
the three microstructures of different PAGS that were examined.

Table 3.3: RA and M1 grain size for the three PAGS measured by EBSD.

PAGS (µm) 6 25 67

RA grain size (µm) 0.2 0.32 0.33
M1 grain size (µm) 1.1 6.3 10.6

increasing PAGS. The average RA and martensite grain size for each microstructure of

different PAGS is shown in table 3.3. In the experiments, almost all the austenite was

retained. It is assumed that no significant interface movement occurred according

to experimental results for a steel of about the same composition and partitioning

conditions [13]. So, the grain size of the RA is also representative of the austenite

grain size right after the first quenching.

3.3 Simulations Conditions

The simulation scheme that was followed is depicted in figure 3.7. Three initial

austenitic microstructures of different grain sizes were created artificially by the soft-

ware. The simulation starts at the Ms temperature of each microstructure. A fraction

of approximately 0.895 of martensite is introduced to the microstructures. To achieve

that, different quenching temperatures are selected to account for the different austen-

ite grain sizes (figure 3.5). Then, the microstructures of the quenching simulations

are used as input for the partitioning simulation that follows but the carbon distri-

bution is reset to 0.2% wt. for both phases which is the nominal composition. Lastly,

When partitioning had finished, the final quenching was simulated, but this time
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Figure 3.6: EBSD images for the three different PAGS. The pole figure indicates
the texture of austenite [12].
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Figure 3.7: The scheme that was used for the simulation. The simulations start at
the beginning of the first martensitic transformation and the quenching temperatures
are selected aiming to create microstructures with phase fractions of 0.105 of austenite
and 0.895 of martensite. Partitioning follows for 4000 s and the simulations end with
the final quenching to room temperature.

PFM was not used. The final simulation is based on the local examination of the

carbon distribution resulted after the partitioning simulation that shows if austenite

was sufficiently enriched in carbon at a local level. The three simulation steps (first

quenching, partitioning, and final quenching) are discussed extensively in this section.

3.3.1 Austenitisation

The austenitic microstructures of the different PAGS were created in MICRESS©.

A round shape was selected for the grains. Then, a minimum and a maximum radius

were selected to create a grain size distribution. Those limit values were ± 1 µm

from the selected PAGS value. With the allowed radius range being defined, seeds

are placed randomly in the simulation domain and a Voronoi construction lead to the

microstructure.

For the cases of PAGS of 6 and 25 µm, 57 austenitic grains were set at the initial

microstructure. To accommodate these grains, domains of sizes 40x40 and 80x80 µm

were created respectively. For the case of 67 µm, 5 grains were selected and the

dimensions of the domain were 133x133 µm. The above characteristics of the initial

microstructures domains are summarised in table 3.4. The domains with the initial

austenitic microstructures are shown if figure 3.8.

The grid spacing was 0.05 µm for all the quenching simulations (table 3.4). This

value is a compromise between simulation speed and image resolution of the simulated
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Figure 3.8: The three different initial microstructures used for the simulation of the
Q&P process

Table 3.4: The domains of the initial austenitic microstructures used for the quench-
ing simulations

PAGS 6 µm 25 µm 67 µm

Number of grains of initial microstructure 57 57 5
Domain size 40x40 µm 80x80 µm 133x133 µm
Grid spacing 0.05 µm 0.05 µm 0.05 µm
Ms 323◦C 334◦C 349◦C
QT 199◦C 205◦C 214◦C

microstructures. Periodic boundary conditions were set for the diffusion and the

phase-field equations for all the simulations.

3.3.2 Quenching

The simulations aimed to produce microstructures consisting of fractions of 0.105

austenite and 0.895 ferrite with the latter representing the M1 martensite (figure

1.2). The fraction of 0.105 austenite is selected because lower values would result

in fine microstructures due to the continuous grain refining of austenite that would

be difficult to be studied because of the resolution of the simulations. Larger values

would lead to unrealistic microstructures that would consist of a high fraction of

block austenite while in reality, a large fraction of that austenite would be in the

form of film austenite. Film austenite with thickness less than 100 nm is challenging

to be simulated because a very high simulation resolution is required making the

computational load significantly larger. Therefore, film austenite is not considered for

the simulations of this work.

The interface mobility of the α′/γ interface was used as a fitting factor to match

the results of martensite formation from dilatometry experiments. The anisotropy

between the two phases controls the way that ferrite grows into the austenitic matrix.
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Figure 3.9: Interfacial energy and mobility pole figure of the quenching simulation

Table 3.5: The values of the linerised phase diagram at 850 K

TR(K) xCRα (wt%) xCRγ (wt%) mR
α (Kwt%−1) mR

γ (Kwt%−1) ∆S(J/(cm3K))

850 0.0166 1.3398 -13019.87 -93.94 0.67

To achieve a good representation of the experimental microstructure shown in

figure 3.6 the anisotropy that is defined by the graph in figure 3.9 was selected. This

anisotropy model was produced by selecting the values 0.01 and 0.1 for the δM1 and

δM2 respectively that correspond to the mobility (equation 3.1.12). The values of 0.01

and 2 were selected for δσ1 and δσ2 respectively that correspond to the interfacial energy

(equation 3.1.13).

The transformation is governed by a linearised phase diagram as that in figure 3.4

with the data from table 3.5.

The way that the model introduces the martensitic nuclei into the austenitic mi-

crostructure is based on the undercooling of the system as the temperature of the

simulation decreases. No thermal gradient is present and latent heat is not consid-

ered, so the temperature is the same in the whole extend of the simulation domain.

Seeds are placed at the pre-defined type of nucleation sites and the new nuclei have an

initial size distribution that follows a pre-defined statistical distribution. A minimum

required undercooling for nucleation is set for all the types of seeds and then, based

on the radius of each seed, the extra undercooling (if it is needed) for every individual

seed to nucleate is calculated by the software.
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Initially, about two seeds per grain were placed in the grain boundaries of the fully

austenitic microstructure for the three cases of different PAGS that were examined.

The seeds were allowed to nucleate and grow until they meet an obstacle such as an-

other grain boundary or another martensitic grain coming from another nucleus. This

was done because as it is observed experimentally and as it is described graphically

in figure 2.3, the first blocks that are created tend to grow across the parent grain

resulting in austenite grain partitioning. Then, secondary nucleation was allowed to

happen to introduce more martensitic nuclei, but this time nucleation in both fcc/fcc

and fcc/bcc interfaces was permitted. The nuclei that are introduced at the second

stage will also grow for as long as they do not find an obstacle. At a later stage,

more and more nuclei are introduced in both types of interfaces until the microstruc-

ture is entirely transformed to martensite. For the partitioning simulations of the

present thesis, the quenching simulations were stopped when a fraction of 0.895 of α′

had been formed with the rest of the microstructure being untransformed austenite

(0.105); these were the phase fractions used for the partitioning simulations. The

steps of this scheme are depicted in figure 3.10 where the evolution of the microstruc-

ture with respect to the temperature is shown. The total number of the nuclei that

are introduced on each step and the time in between the repeated nucleations was

tuned aiming to achieve an adequate representation of the microstructures that were

observed experimentally by Celada-Casero et al. [12]. Specifically, the total number

of nuclei was used to match the grain size of martensite of the simulation with the

experimentally measured values in table 3.3.

3.3.3 Partitioning

The microstructures produced by the quenching simulations for each PAGS examined

with phase fractions of 0.105 γ and 0.895 α′ are used as initial microstructures to

perform the partitioning simulations. The carbon concentration is 0.2% wt. for both

phases. The partitioning was done at 400°C and for 4000 s to see the whole evolution

of the partitioning phenomenon. Intermediate partitioning times can be investigated.

For each partitioning simulation, the same domain size as of the parent quenching

simulation was used. However, a higher resolution (spacing of 0.04 µm) was selected

to get more detailed carbon distributions within small grains.

An equation of Arrhenius type was used to calculate diffusion of carbon with the

diffusivity being determined by Thermocalc© that was coupled to MICRESS©. To

reduce calculation load, the average austenite concentration in carbon was considered

to determine the diffusivity without considering the local carbon distribution. The

diffusivity at 400°C for the three cases that were examined is shown in figure 3.11.
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Figure 3.10: The evolution of the microstructure of PAGS of 6µm that undergoes
quenching. Initially, nucleation takes place at the γ/γ interface and a few blocks of
martensite grow across the austenitic grain. Later, nucleation happens also on the
α′/γ interface. 35



Figure 3.11: The carbon diffusion coefficient in austenite is affected by the car-
bon content, given enough partitioning time the carbon content is stabilised and the
diffusion coefficients exhibit a plateau

Table 3.6: Kinetic parameters of the partitioning simulation

Kinetic Parameters

Interface α/α γ/γ γ/α
M0(m4J−1s−1) 2 ·10−15 10−15 10−15

Interafacial energy (Jm−2) 10−10 2 ·10−15 2 ·10−5

The different way that austenite gets enriched in carbon leads to different diffusivity

with partitioning time for each case. The diffusivity for all the simulations reaches a

plateau after some time when the average carbon content in austenite does not change

significantly.

The same linearised phase diagram that was used for the determination of the

driving force for the martensitic transformation (figure 3.4 and table 3.5) is used to

determine the CCE conditions that govern the partitioning process. Kinetic param-

eters for the simulation of partitioning are shown in table 3.6. An immobile γ/α′

interface is assumed during partitioning.

3.3.4 Final Quenching

To simulate the final quench, the amount of carbon content that is required to stabilise

austenite at room temperature must be determined. In section 2.2.1, the thermody-

namical calculations done by Mecozzi et al. [16] for the alloy of the present study

was described. That study showed that 1.2 % wt. of carbon is required in austenite

for stabilisation. Experimental work done by Celada Casero et al. [12] indicated that
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the minimum carbon concentration measured in the RA was found to be 0.85% and

it was assumed that this is the minimum amount of carbon for stabilisation. This

difference in the critical carbon content between the theoretical calculations and the

experimental data can be explained by the effect of manganese in austenite’s stabil-

ity. For the present work the value of 0.85% is selected as the critical for stabilisation

value.
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Chapter 4

Results

In this section, the results of each step of the simulation of the process are presented

for the three cases of different PAGS.

For every PAGS that was examined, a microstructure with phase fractions of

martensite and austenite of approximately 0.895 and 0.105 respectively was created

through the quenching simulation. Then, this microstructure was used as input mi-

crostructure for the simulation of the step of partitioning.

The evolution of carbon distribution after 50,100,1000 and 4000 s of partitioning at

400 C◦ is presented for every PAGS. The colour scale of the results of the partitioning

simulation is restricted to 0-3% wt. A few areas with significantly higher carbon

content were present for short partitioning times but the maximum value of 3% was

set for an easier interpretation of the results. The long partitioning time was selected

to have a full description of the partitioning process that will help the understanding of

carbon kinetics. Lastly, for comparison with the experimental data of Celada-Casero

et al. [12], the final microstructure is illustrated for the case of partitioning for 50 s

and quenching to room temperature for every PAGS. The three different phases that

coexist are indicated (M1, RA, M2).

However, in the simulations, the phase fraction of austenite right before partition-

ing was about 0.105 while in the experiments was approximately 0.20 as it is reported

in table 3.2.
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4.1 PAGS of 6 µm

For PAGS equal to 6 µm the simulation domain was 40x40 µm. To make an easy

comparison of the results with the other PAGSs, and taking advantage of the periodic

boundary conditions, the domain is translated in both directions producing a domain

of 80x80 µm.

In figure 4.1 (a-d) the evolution of the martensitic transformation during the first

quenching is shown. Initially, the microstructure is fully austenitic (figure 4.1 (a)),

at a lower temperature the first martensitic nuclei grow dividing the parent austenite

grains into pockets (figure 4.1 (b)). Then, secondary nucleation takes place, new

grains appear that also grow until they find a barrier such as a grain boundary or

another grain. In figure 4.1 (d) the transformation is almost done. The microstructure

in figure 4.1 (c) is selected to be used as input for the partitioning simulation. This

microstructure corresponds to fractions of approximately 0.015 of austenite and 0.985

of martensite.

In figure 4.2 the austenite grain size distribution after the first quenching is pre-

sented. The mean grain size value is 0.74 µm and the standard deviation is 0.63

µm

In figure 4.3 (a-d) the carbon distribution after partitioning at 400◦C for 50 100

1000 and 4000 s is illustrated. For short partitioning times as in the case of 50 s

(figure 4.3 (c)), the small grains of the microstructure have already been enriched in

carbon in their full extent, while in the cores of the large grains, carbon concentration

has not been increased yet. After 1000 seconds all the grains are enriched in carbon

but there is still some variation in the carbon content among the grains. After 4000 s

figure (4.3 (d)) the distribution of carbon becomes even among the austenitic grains.

The carbon content distribution resulting after partitioning for 50 s at 400◦C is se-

lected to determine the microstructure after the final quenching at room temperature.

The critical carbon value for stabilisation is 0.85% wt. for all the simulations and the

final microstructure is shown in figure 4.4. The small grains of the microstructure

managed to get stable even for the short partitioning time of 50 s while the large

grains that did not manage to get enriched in their full extend formed martensitic

islands on their centres. The final phase composition is 8.41% of RA, 89.45% of M1

and 2.09% of M2.
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Figure 4.1: Quenching simulation for the case of PAGS of 6 µm

Figure 4.2: Grain size distribution of austenite after the first quenching for PAGS
of 6 µm.
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Figure 4.3: Carbon distribution from the partitioning simulation for the case of
PAGS of 6 µm

Figure 4.4: The final microstucture after partitioning for 50 s and quenching to
room temperature for the case of PAGS of 6 µm
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4.2 PAGS of 25 µm

The results of the quenching simulation for PAGS of 25 µm are shown in figure 4.5

(a-d). The domain size of the simulation is 80x80µm. Similarly, as in the case of

PAGS of 6 µm about 2-3 martensitic blocks per austenitic grain nucleate on the γ/γ

interface. The microstructure in figure 4.1 (c) is selected to be used as input for the

partitioning simulation because it corresponds to fractions of approximately 0.105 of

austenite and 0.895 of martensite. It is already apparent that austenite is coarser

compared to the previous case.

The austenite grain size distribution right before partitioning is shown in figure

4.6. The distribution confirms the coarser austenite. The mean grain size value is

1.48 µm and the standard deviation is 1.48 µm

In figure 4.7 (a-d) the carbon distribution after partitioning at 400◦C for 50 100

1000 and 4000 s is depicted. After 100 s of partitioning (figure 4.7 (b)), only the outer

area of the grains has been enriched in carbon while the inner area still has the nominal

composition of the alloy (0.2 % wt) with the exception of some very small grains that

are visible in the figure. Even after 4000 s of partitioning the carbon concentration

has not been homogenised yet and the carbon concentration varies among the grains.

The carbon content distribution resulting after partitioning for 50 s at 400◦C is se-

lected to determine the microstructure after the final quenching to room temperature

4.8. Most of the austenite grains did not have enough time to get enriched in car-

bon and they formed martensitic islands at the final quenching with the large parent

austenite grains of the microstructures now consisting mainly of martensite. However,

some small austenite grains still managed to get completely stable at room tempera-

ture and they are present in the final microstructure. The final phase composition is

4.88% of RA, 89.79% of M1 and 5.33% of M2.
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Figure 4.5: Quenching simulation for the case of PAGS of 25 µm

Figure 4.6: Grain size distribution of austenite after the first quenching for PAGS
of 25 µm.
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Figure 4.7: Carbon distribution from the partitioning simulation for the case of
PAGS of 25 µm

Figure 4.8: The final microstucture after partitioning for 50 s and quenching to
room temperature for the case of PAGS of 25 µm
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4.3 PAGS of 67 µm

Finally, the progress of the martensitic transformation is shown in figure 4.9 (a-d) for

a PAGS of 67 µm, resulting in a microstructure that is significantly coarser. Large

variations exist in the grain size of the martensitic blocks, with the ones that nucleated

early being significantly larger. The odd shape that the remaining austenite has in

figure 4.9 (c) is due to the recent nucleation of new martensitic blocks at the γ/α′

interphase. The new grains had not had enough time to grow across their parent grain.

The microstructure in figure 4.1 (c) is selected to be used as input for the partitioning

simulation. Again, the phase fractions are approximately 0.105 for austenite and 0.895

for martensite.

The austenite grain size distribution right after the first quenching is shown in

figure 4.10. The distribution is significantly wider compared to the previous cases.

The mean grain size value is 2.15 µm and the standard deviation is 2.49 µm.

The results from the partitioning step are shown in figure 4.11 (a-d). Even after

4000 s (figure 4.11 (d)) the cores of the large grains of the microstructures have not

increased their carbon content and they still have a concentration equal to approx-

imately the nominal composition (0.2% wt). However, some small grains exhibit a

very high carbon concentration.

The final microstructure after partitioning for 50 s at 400◦C and quenching to

room temperature is presented in figure 4.12. Almost every austenitic grain formed

large martensitic islands at the final quenching. A narrow area of austenite that is

close to the γ / α interface was able to remain stable at room temperature. The final

phase composition is 2.3% of RA, 89.2% of M1 and 8.5% of M2.
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Figure 4.9: Quenching simulation for the case of PAGS of 67 µm

Figure 4.10: Grain size distribution of austenite after the first quenching for PAGS
of 67 µm.
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Figure 4.11: Carbon distribution from the partitioning simulation for the case of
PAGS of 67 µm

Figure 4.12: The final microstucture after partitioning for 50 s and quenching to
room temperature for the case of PAGS of 67 µm
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Chapter 5

Discussion

In this chapter, results are discussed in detail. Specifically, microstructures obtained

by PFM are compared to those created experimentally to evaluate the model that

was used. The effect of PAGS on the retained austenite and the way that carbon

is redistributed during partitioning is also discussed. Then, the correlation of PAGS

with the spatial distribution of austenite and how this affects the partitioning process

is presented. Since the austenite grain size and carbon content of austenite being

present in the final microstructure affect its mechanical stability, a prediction of this

behaviour is proposed with respect to the PAGS.

5.1 Comparison of simulation results with experi-

mental data

In figure 5.1 (a-f), the simulation microstructures are compared to the experimental

images derived by the electron backscatter diffraction (EBSD) technique in the work

of Celada-Casero et al. [12], the observations of this comparison are listed below.

� Martensite was simulated considering finite grains growing following specific

orientations. In both the simulation and experimental microstructures (figure

5.1 a-c and d-e respectively), the martensite grains show a transition from an

equiaxed to a columnar shape with increasing PAGS. For both cases, this oc-

curs because the directional growth of martensite continues until an obstacle

such as grain boundaries or another acicular grain hinders the growth. With

increasing PAGS, there is more space for the nuclei to grow freely, resulting in

elongated grains with an aspect ratio that is less than 1 as it has also been

shown experimentally [32].

� The austenitic grains of both experimental and simulation microstructures are

mainly in the form of block austenite for small PAGS but they form also film

austenite with increasing PAGS. The film austenite that was detected by the

EBSD and simulated by the PFM had a thickness in the order of a few hundreds

of nm. Thinner austenite films (thickness of 20-100nm [51,52]) were not visible

by EBSD and were not simulated.
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� With increasing PAGS, less and coarser austenite grains were present in both

experimental and simulation microstructures.

� Significant grain size variation of ferrite in both experimental and simulation

microstructures irrespective of the PAGS.

� The simulation failed to represent very small austenitic grains that were found

to be present according to the EBSD data. For instance, grains of the size

of those in the red circle in figure 5.1 (d) are not present in the simulation

microstructures.

� Less and coarser austenitic grains are present in the simulations compared to

the real microstructures of the same PAGS. This is presented in figure 5.8 where

the average austenite grain size after the first quenching for the three different

PAGSs is compared with the corresponding experimental values [12]. However,

in both experimental and simulation microstructures the rate that austenite

grain size increases with increasing PAGS declines. After a point, a further

increase of PAGS does not reflect on the grain size of austenite on the final

microstructure.

There are three main reasons for the discrepancies between the average austenite

grain size after quenching of the experiments and the simulations.

� During the quenching simulation, the austenite grain size is controlled indirectly

by controlling the way that martensite grows inside the austenitic matrix. The

simulation of the displacive martensitic transformation as a diffusive transfor-

mation makes the control of the simulation microstructures challenging and

matching the simulation austenite grain size with the experimentally measured

values becomes difficult.

� A significantly higher resolution of the simulation (smaller grid spacing) would

be needed to be used for the simulations to represent also very small austenite

grains. This would decrease the mean grain size value of the domain, but it

would dramatically increase the calculation time.

� Very thin film austenite (thinner than 100 nm) that is present in the exper-

imental microstructures was ignored as a consequence of the low simulation

resolution. So, the whole amount of austenite was simulated as block austenite,

and consequently, larger blocks of austenite were used to achieve the desired

austenite phase fraction in the simulations accounting also for the absence of

thin-film austenite.
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Figure 5.1: Comparison between the experimental and the simulation microstruc-
tures for the cases of PAGS of 6, 25 and 67 µm [12].

Figure 5.2: Comparison between the experimental and the simulation average
austenite grain size after the first quenching for the cases of PAGS of 6 and 25 µm [12].
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Figure 5.3: The grain size statistical distribution of austenite resulted from the first
quenching for the three cases of PAGS of 6, 25, 67 µm

5.2 Effect of PAGS on carbon distribution

In figure 5.3 the grain size distributions of the austenitic grains that are present on

the three microstructures right after the first quenching are compared. The grain size

distributions become wider and their mean value increases with increasing PAGS.

The width of the distribution affects the partitioning process. Specifically, In figure

5.4, for each of the microstructures of PAGS of 6 and 25 µm, the evolution of carbon

content in the bulk of four different grains with respect to the partitioning time is

depicted for partitioning time up to 4000 s. The carbon concentration measurements

were taken from the core of the grains that is the center of mass of the 2-D shape.

According to figure 5.4, irrespective of the PAGS, the smaller grains of each mi-

crostructure of different PAGS are found to be enriched in carbon for short partition-

ing times. The carbon concentrations of those small grains are significantly higher

than the one predicted by the CCE conditions. At the same time, the larger grains

get enriched in carbon slowly until they reach the equilibrium value. Grains of inter-

mediate size show a mixed behaviour between the two extremes. Note that a grain

is considered large or small always by being compared to the rest grains of the mi-

crostructure that it belongs. This is confirmed by observing that grains of a specific

size that behave as large grains for the case of PAGS of 6 µm behave as small grains

in the microstructure of 67 µm despite the fact that the grain size is approximately

the same in both cases (cases of 1.12 and 1.14 µm in figure 5.4). So, this behaviour

is a phenomenon related to the grain size distribution and not the grain size of an

individual grain. The variation in the carbon contents among the grains of the final
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Figure 5.4: Evolution of carbon content in the core of austenitic grains with time
for grains from microstructures of PAGS of 6 and 25µm; there is a strong relationship
between the way that carbon enriches the grains and the grain size of examined grain
relatively to the microstructure

microstructure has to be stronger for increasing PAGS because of the wider statistical

austenite grain size distributions (figure 5.3).

In figure 5.4 and for the case of a grain of size of 1.14 µm, despite the large carbon

content that is observed for short partitioning times, the excess carbon will diffuse out

of the grain faster than the other grains of the same figure. This is probably explained

by the relatively small grain size and the shorter distance that carbon has to diffuse

on that specific grain. This trend was observed in most of the grains investigated,

although the neighbourhood of the grain that is examined is crucial as it is discussed

in the next section.

The austenite grain size distributions after the first quenching become wider with

increasing PAGS. So, differences in the carbon content between grains of the same

microstructure become more important with increasing PAGS, this can have three

important effects for a real microstructure.

� It can affect the way that carbon partitions in austenite because carbon may

partition inside small grains instead of enriching the larger ones.

� It can give rise to carbide precipitation because of the locally high carbon con-

centrations that are achieved especially to small grains

� It can affect the mechanical stability of the grains and consequently, the trip

effect.

A way to visualise how carbon is distributed in austenite during partitioning is

by plotting the fraction of austenite that is sufficiently enriched in carbon to be

stable at room temperature with respect to the average carbon concentration of the

whole austenite of the microstructure (figure 5.5). So, for the same average carbon
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Figure 5.5: The fraction of austenite that is sufficiently enriched in carbon to be
thermally stable at room temperature versus the average carbon content in austenite
for microstructures of PAGS of 6 and 25µm.

concentration in austenite, the fraction of austenite that is sufficiently enriched in

carbon is an index of how effectively carbon is distributed in the phase.

Figure 5.5 shows that the microstructure with PAGS of 6 µm had a higher fraction

of sufficiently enriched austenite than the PAGS of 25 µm for the same average carbon

content in austenite. This means that in the microstructure with the large PAGS, car-

bon is less uniformly distributed, with areas with significantly higher carbon content

and areas that are depleted in carbon both being present. Those areas are mainly of

two kinds: (a) Small grains that tend to retain significantly larger amounts of carbon

than the equilibrium value. (b) The outer area of the austenitic grains where carbon

did not have enough time to diffuse towards the bulk of the grain. It was also observed

for both cases that from a very early stage, the average carbon content is above the

critical value that is 0.85% wt. At this point, about 2.6% and 3.5% of the austenite

is sufficiently enriched in carbon for PAGS of 6 and 25 µm respectively.

An example of these two areas is shown in figure 5.6. Grain A and B are taken from

the simulation of PAGS of 6 µm where partitioning took place for 40 s. In grain A, we

see that in most of its area the carbon content is less than 1% wt. that means that the

local carbon concentration is close to the critical value for thermal stabilisation that

is 0.85 % wt. In contrast, in grain B and for equal partitioning time, the local carbon

content is above 2.7% that is significantly larger than the critical value. Furthermore,

the outer region of grain A shows also a higher carbon concentration. The above

means that carbon is not distributed effectively because there are austenitic areas
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Figure 5.6: Carbon distribution of two grains of different size from the partitioning
simulations of the microstructure of PAGS of 6 µm.

with excess carbon content and areas with local carbon content close to the critical

value.

A microstructure with large PAGS (and consequently large austenitic grains during

partitioning) has smaller fcc/bcc interface total surface compared to a microstructure

with small PAGS. This means that for a fixed phase fraction, large PAGS involves

less interface and more carbon has to diffuse through a smaller interface area. In

combination with the low diffusivity of carbon in the fcc phase, the carbon concen-

tration in the outer region of the grains is increased especially at the beginning of the

partitioning process.

Similarly, the smaller grains of a microstructure achieve high carbon concentra-

tions on their outer region for short partitioning times. At a later stage, the carbon

concentrated at the outer region of the grains diffuse towards the core of the grain.

If the grain is too small to accommodate all the amount of carbon its concentration

increases, usually above the equilibrium value, and for longer partitioning times, the

reversion of the diffusion direction takes place. Carbon will diffuse back to martensite

and then to larger austenitic grains with lower carbon concentrations. The differ-

ent carbon concentrations among the austenitic grains give rise to diffusion from the

richer grains to the ones with low carbon concentration through martensite to achieve

a further decrease of the Gibbs free energy. That is the reason why the diffusion

direction is reversed. This goes on until austenite has the equilibrium carbon content

in its whole extent.

For small PAGS, austenite showed a fine distribution in the microstructure com-

pared to large PAGS. This happens because, for small PAGS, the blocks of austenite
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Figure 5.7: An area of the microstructure of PAGS of 25 µm that shows that
the austenite that belongs to neighbourhoods with high austenite density is depleted
in carbon and diffusion from long distance has to take place to enrich the densely
distributed austenite.

that are shaped after the first quenching originate from a high number of parent

austenite grains resulting in finer grains that are sporadically distributed.

In figure 5.7 the carbon distribution of a microstructure of PAGS of 25 µm after

partitioning for 1000 s is presented. It can be observed that the sparsely distributed

grains exhibit higher carbon content. In figure 5.7 the carbon distribution of marten-

site is also visible. Martensite on the area that contains the sparsely distributed

austenite grains is rich in carbon. This means that the excess carbon that is in those

austenitic grains and the surrounding martensite will diffuse to the depleted area.

A simple way to quantify how sparse is the spatial distribution of austenite during

partitioning is presented here, and it is based on the work of Kin Ming Kam et al.

for particle distributions [53]. The idea is to separate the microstructure in quadrats

and then to estimate the phase fraction of austenite for each quadrat. Then the index
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Figure 5.8: The grids that were created to quantify how sparsely austenite is dis-
tributed in the microstructures that undergo partitioning.

of dispersion (ID) that is given in equation 5.4.1 is calculated where q is the number

of quadrats, x̄ and s are the mean value and standard deviation of austenite phase

fraction of the quadrats. The higher the ID value, the more clustered the austenite

is. The ID index was estimated for the cases of PAGS of 6 and 25 µm. The domains

that were selected for the two cases had dimensions of 80×80 µm and they were

separated in 100 quadrants. The ID was 53.64 and 146.52 for the PAGS of 6 and

25 µm respectively, indicating a more even spatial distribution of austenite for the

case of 6 µm that means that fewer clusters such as in the 5.8 are present in the

microstructure and so, partitioning efficiency is enhanced.

ID =
(q − 1)s2

x̄
(5.2.1)

5.3 Effect of PAGS on the retained austenite

In figure 5.9 the fraction of austenite that is retained for different partitioning times

is presented for the three microstructures of different PAGS that were examined. The

phase fraction of austenite before partitioning was approximately 0.105 for all the

PAGSs. The critical carbon value for thermal stabilisation was 0.85% wt. as it was

proposed in the previous chapter.

It can be seen that the PAGS affects significantly the partitioning time required

for stabilisation of the whole amount of austenite. The time that is needed for sta-

bilisation decreases with decreasing PAGS, which is in agreement with the literature

findings [32]. Specifically, for the case of PAGS of 6 µm almost all the austenite is
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Figure 5.9: Comparison of the fraction of austenite that is retained with respect
to the partitioning time for PAGS of 6,25 and 67 µm; smaller PAGS result in faster
partitioning

retained after partitioning for approximately 200 s while for the case of PAGS of 25

µm about 1000 s required. The microstructure with PAGS of 67 µm did not achieve

to retain the whole amount of austenite even after 4000 s of partitioning.

However, Celada-Casero et al. [12] showed experimentally that 50 s of partitioning

was enough to minimise the effect of PAGS in the final phase fractions for a PAGS

up to 67µm. Therefore, the partitioning time required to retain the whole amount

of austenite that is available was overestimated for all the microstructures in the

simulations when compared to experimental observations.

The main reason for the large difference is that the quenching simulations over-

estimate the grain size of austenite that finally undergoes partitioning. The larger

austenitic grains of the simulations require more time to be enriched in carbon than

the grains of the experimental microstructures due to the large distance that carbon

has to diffuse through. Moreover, the more even spatial distribution of austenite dur-

ing partitioning in experimental microstructures increases the α′/γ interface retarding

the partitioning of carbon.

Nevertheless, the austenite grain size distributions after the first quenching that

were derived from the simulations are similar to other research works [54, 55] and

the results contribute to the better understanding of the carbon kinetics during the

partitioning process.

Considering the film austenite with thickness below 100 nm that was not taken into

account in the simulations, it is known that it is enriched in carbon significantly faster
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than the block austenite due to the short distance that carbon has to diffuse [12].

5.4 Limitations of the simulations

� An important limitation of the simulations was the inability to represent thin-

film austenite with widths lower than 100 nm for the reasons explained.

� Bainite transformation was not considered in this study. In the study of Celada-

Casero et al. [12] small fractions of bainite were found even for the short parti-

tioning time of 50 s, so it is expected that more bainite will be present at longer

partitioning times such as the ones of the present work.

� Carbide precipitation was ignored in this study. Nevertheless, during the simu-

lations, high carbon concentrations were observed at the interface between the

fcc and bcc phases and especially, at the smallest grains of each microstructure.

The concentration values where sometimes even higher than the eutectoid com-

position, which means that cementite could probably precipitate at these sites,

this was also observed in other studies [17].

� A 2-D model was used, so diffusion is restricted only at two directions instead

of three.

5.5 Assesment of mechanical stability

Literature showed that both the size and the carbon content affect the mechanical

stability of austenite and consequently, the TRIP effect [54, 56]. Specifically, large

austenitic grains with a locally low carbon content tend to transform easier under

mechanical strain and vice versa. The PAGS affect both the size and the carbon

distribution of the austenite that is present in the final microstructure so it should

also affect the TRIP phenomenon.

To investigate how the PAGS can affect the mechanical stability and the TRIP

phenomenon, the carbon content along with the grain size of about 100 austenitic

grains were measured from the simulated microstructures of PAGS of 6 and 25 µm.

Furthermore, the minimum partitioning time that results in a microstructure free

of fresh martensite was selected for each case of PAGS. The resulted points were

separated into 14 clusters of points, for easier interpretation, plotted in figure 5.10.

Then, the graph in figure 5.10 was separated into three zones to explain how the

combination of austenite grain size and carbon content can affect the TRIP effect.
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Figure 5.10: The carbon content and the size of about 100 grains was measured
from the simulations of PAGS of 6 and 25µm. The differences in size and carbon
content have an impact on the TRIP effect with the large and carbon depleted grains
being less stable under strain conditions.

� Zone A: For the case of PAGS of 25 µm some large austenite grains are present

with relatively low carbon content. These grains are expected to transform to

martensite at low strains so, the TRIP effect is expected to take place earlier

than in the microstructure of PAGS of 6µm.

� Zone B: The microstructure of PAGS of 25 µm tends to have grains with higher

concentrations in carbon compared to the ones of the microstructure of PAGS

of 6 µm. This means that the grains of PAGS of 25 µm are more stable and

they will require higher strain to transform to martensite compared to ones of

PAGS of 6 µm that belong in the same zone.

� Zone C: There are a lot of small grains of this size present in the microstructure

of PAGS of 6 µm that are enriched in carbon and they are expected to be

mechanically stable at relatively high strains.

So, based on this idea, the mechanical stability will be lower at low strains for the

microstructure of PAGS of 25 µm then, at intermediate strains, the microstructure of

PAGS of 6 µm will exhibit lower mechanical stability and at high strains, most of the

austenite is expected to have been transformed for the microstructure of PAGS of 25

µm while for the microstructure of PAGS of 6 µm plenty of small austenitic grains

that are highly enriched in carbon will still be present.

Considering the film austenite that was not modelled (thickness less than 100

nm), despite the fact that usually exhibits lower local carbon concentration compared

to block austenite, because of its shape it shows high mechanical stability and it is

expected to transform for strains that are close to the necking point [54].
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Chapter 6

Conclusions/Future work

6.1 Conclusions

The effect of prior austenite grain size on the quenching and partitioning process was

studied using phase-field modelling simulations. Three different PAGSs were selected,

6, 25 and 67 µm. MICRESS© software was employed to create the three initial fully

austenitic microstructures and to perform the simulations. At the simulation of the

first quenching, equal fractions of martensite were introduced in all the microstruc-

tures. The partitioning step was simulated for different durations up to 4000 s at 400
◦C. Based on the carbon distribution maps produced by the software at the end of

partitioning, a criterion was used to decide if austenite was sufficiently enriched in

carbon on a local level to get stable at room temperature. The final microstructures

were simulated and the main conclusions from the discussion of the results are listed

below.

� The martensitic grains of the quenching simulations showed a transition from an

equiaxed shape to a columnar shape with increasing PAGS. Austenite was found

to be in the shape of block austenite for all the PAGS that were examined while

thick film austenite with thickness in the order of hundreds of nm was also

present with increasing PAGS. The mean austenite grain size right after the

first quenching increases with increasing PAGS but with a decreasing rate. The

above observations agree with the experimental data.

� Real Q&P microstructures also consist of a considerable fraction of film austen-

ite with thickness less than 100 nm that was not simulated due to simulation

resolution restrictions. The inability to produce a microstructure consisting of

thin-film (less than 100 nm) austenite led to the representation of the whole

amount of austenite as block austenite. This, along with the indirect control of

the austenite grain morphology during the martensitic transformation, led to the

overestimation of the mean austenite grain size right after the first quenching.

� For short partitioning times, the microstructure of PAGS of 6 µm managed

to retain higher fractions of austenite than the microstructure of PAGS of 25
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µm. Both microstructures retained all their austenite after 200 and 1000 s,

respectively. The microstructure of PAGS of 67 µm retained significantly less

austenite for short partitioning times compared to the other two cases and did

not achieve to retain all its austenite after partitioning for 4000 s. This shows

that partitioning efficiency has to be strongly connected to the PAGS.

� The spatial distribution of austenite is also of great importance during parti-

tioning. It was found that microstructures with small PAGS showed an even

spatial distribution of austenite. This makes partitioning more efficient because

austenite is mixed better with martensite making partitioning of carbon eas-

ier since carbon does not have to diffuse through large distances in martensite

before partitioning to austenite.

� Microstructures with small PAGS show higher partitioning efficiency because of

the shorter distance that carbon had to diffuse in the fcc phase. Moreover, the

smaller austenite grains imply a larger γ/α′ total interface area and partitioning

of carbon takes place faster.

� The width of the austenite grain size distribution right before partitioning plays

an important role in the Q&P process. Moreover, it becomes wider with in-

creasing PAGS. The smaller austenitic grains of a distribution (irrespective of

the PAGS) were found to have a significantly higher carbon content compared

to the large grains of the same microstructure, especially for short partitioning

times. For small PAGS with narrow grain size distributions, smaller differences

in the carbon content among the grains were observed. This phenomenon can

affect partitioning efficiency since carbon partitions into the smaller grains that

have excess carbon content instead of enriching the larger ones (something that

will happen later).

� The high carbon concentrations that were observed locally, especially on the

smaller austenitic grains of each microstructure can give rise to carbide precip-

itation. However, the nature of the simulation does not allow safe conclusions

about the sites where nucleation is most likely.

� The variation in austenite grain size and carbon content resulting at the end of

the Q&P process which becomes more severe for large PAGS can also affect the

mechanical stability of austenite. The wider the austenite grain size distribution

after quenching, the larger the variation among the local carbon contents of the

RA. A comparison between the cases of PAGS of 6 and 25 µm showed that the

microstructure of PAGS of 6 µm should show higher mechanical stability for
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low and high strains while the microstructure of PAGS of 25 µm will be more

stable for intermediate strains.

6.2 Future work

� The simulation model that is proposed on this study for the simulation of the

Q&P process does not consider thin-film austenite (thickness less than 100 nm)

that is retained between laths, blocks and other subunits of martensite. More-

over, the grain size of austenite that is still present after the first quenching

is larger than the experimental values. The use of a higher resolution that is

able to describe grains and films of a lower scale, along with the optimisation of

the simulation conditions of the martensitic transformation, can give a better

description that matches better the experimental results.

� The critical carbon content for the thermal stabilisation of austenite at room

temperature that was used for the simulations of the final quenching was 0.85

% wt. However, this value has to be strongly connected to the grain size and

the way that the transformations stresses are accommodated by the austenitic

grains of the microstructure, but both factors were ignored on the present study.

Small grains under high stresses will probably require less carbon to be thermally

stable at room temperature. The dependence of the critical carbon content for

thermal stabilisation on the PAGS can be studied by combining experimental re-

sults and simulations of the stresses by using the elastic module of MICRESS©.
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