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Abstract

Steel industry is continuously developing novel steel grades for new applications. These newly
developed steel grades are based on increasingly complex multiphase microstructures, which is
the case of carbide-free bainitic (CFB) steels. Generally, bainitic steels are formed through
isothermal treatments at a temperature near (above or below) the martensite start (Ms)
temperature.

Based on the literature, isothermal treatment below Ms can give several advantages over
isothermal treatment above Ms. One of the advantages is that bainite formation rate during
isothermal treatments at temperatures slightly below the Ms temperature is significantly higher
than at temperatures above Ms. However, the precise microstructural developments during
isothermal treatments below the Ms temperature remain unclear due to the concurrency of
several microstructural processes such as tempering of martensite and bainite fsormation.

Microstructural evolutions during heat treatment of steel have been generally studied employing
post-processed (ex-situ) characterisation methods. However, the data obtained cannot describe
the kinetics of the transformation processes (in-situ) itself. With several microstructural
processes happening simultaneously during an isothermal treatment below Ms, an in-situ
characterisation method which can provide information on the microstructure development is
needed. In this regard, Synchrotron X-ray Diffraction (SXRD) method is found to be a suited
method.

This thesis aims to study the microstructural developments during isothermal treatments below
the Ms temperature by in-situ SXRD measurements in a model alloy of composition Fe—0.2C—
3.51Mn-1.52Si-0.25Mo (wt.%). To help with the identification of martensite and bainite which
have both a body-centre-cubic (BCC) crystal structure, two additional heat treatments were
studied by in-situ SXRD: (i) a direct quenching treatment followed by an isothermal treatment
to study the tempering of the martensite, and (ii) an isothermal treatment above Ms to
investigate bainite formation in the absence of martensite. The findings from these heat
treatments were then used for studying the microstructural development below Ms.

Results from this study show that during the isothermal treatment below Ms, bainite was formed
right after the isothermal treatment started, which supports previous dilatometry experiments.
During the isothermal treatment below Ms, four processes are suggested to occur
simultaneously: (i) carbon redistribution processes from martensite, (ii) formation of bainite at
the martensite/austenite interface, (iii) formation of bainite at the austenite/austenite interface,
and (iv) carbon redistribution processes associated with bainite formation. The carbon
redistribution processes from the BCC structures are found to occur through carbon partitioning
to the austenite, carbon segregation at the dislocation and carbon precipitation to form carbides.
However, the two latter processes cannot be differentiated from each other in the current study.

Keywords: isothermal treatment below Ms, synchrotron XRD, low C steel, microstructural
developments, austenite carbon enrichment
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1

Introduction

1.1 Advanced High Strength Steels

The steel industry is currently facing several challenges: for example, the need to become more
energy efficient, environmentally “greener”, and less capital intensive [1]. In addition to that,
the competition from non-ferrous metals and non-metallic materials is intensifying. The
customer’s demands to increase the quality and the need to reduce the production cost is driving
the industry to produce steels with a better and broader range of desired properties at a low
overall cost. To meet these challenges, the steel industry in collaboration with academic
communities has been intensively developing new steels within the family of advanced high
strength steels (AHSS).

AHSS possess a pleasing combination of strength and formability. AHSS achieve their unique
mechanical properties through an appropriate chemical composition in combination with
carefully controlled processing and heat treatment which results in its final specific mixtures of
microconstituents.

The development of AHSS has produced three generations with the third generation still under
development. The idea in developing this generation is to give a significant improvement in
terms of strength-ductility combination from the first generation but with less addition of
alloying elements, hence cheaper than the second generation. In principle, it can be achieved by
multiphase microstructures consisting of a high strength phase/constituent (e.g. nano/ultra-fine
grained ferrite, martensite, or bainite) in combination with a phase/constituent which can
provide ductility and work hardenability such as austenite [2]-[5].

One of the prospective candidates in the third generation of AHSS is carbide-free bainitic (CFB)
steel. These steels are based on microstructures containing a mixture of fine bainitic ferrite
plates and thin films of carbon-enriched austenite [6]-[8]. The amount of cementite depends on
the carbon concentration of the alloy, and it can also be suppressed by adding alloying elements
such as Si and Al [9], [10].

Bainitic steels generally are produced by subjecting the steel to thermal cycles, as shown in
Figure 1, involving rapid-cooling from fully austenitic temperature and isothermal treatments at
temperatures between the bainite start (Bs) and martensite start (Ms) temperatures [6]. In Figure
1, it can be seen that different isothermal treatment temperature produces different bainitic
microstructures. The microstructures found at temperatures above and below Ms will be
discussed in more details in sections 1.2 and 1.3, respectively.
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Figure 1 Schematic heat treatments to obtain bainitic steel, (1)-(2) represents heating, (2)-
(3): austenitization, (3)-(4a,b): rapid cooling, (4a,b)-(6a,b): isothermal treatment, and (6)-
(7): quenching.

As mentioned before, it is possible to achieve simultaneous enhancement of strength and
ductility by having bainitic ferrite-austenite microstructures. However, bainitic microstructures
often fails to live up the expectation, primarily due to the instability of blocky regions of
austenite [11], [12] which will be discussed further in section 1.2.2. Therefore, the aim of the
alloy design is to reduce the amount of blocky austenite by increasing the possible amount of
bainite, in a commercially viable amount of time [11], [12]. Three mechanisms can be used to
increase the amount of bainite formed [13], [14]:

1. By adjusting the type and concentration of the substitutional solutes of the steel
2. By reducing the overall carbon concentration of the steel
3. By minimising transformation temperature

1.2 Microstructures and Phase Transformations at Temperature above Ms

1.2.1 Upper and Lower Bainite

Based on the temperature and microstructural features, bainite is identified in two primary
forms: upper bainite and lower bainite. Upper bainite is usually formed at temperature range
500°C — 400°C [15] while lower bainite is usually formed at temperature range 400°C — 250°C
[15].

As shown in Figure 2, in both upper and lower bainite there is cementite present between the
sub-units of bainite. This cementite layer is a product of the transformation of the carbon-
enriched austenite surrounding the sub-units of bainite. From the carbon-enriched austenite, e-
carbide is formed and as the isothermal treatment is progressing, the e-carbide converts into
cementite [16]. However, cementite does not necessarily need e-carbide as a precursor. It is
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found that sometimes segregation of carbon in the dislocations is more energetically favourable
than their presence in e-carbide [16]. When the dislocation density of the austenite is high
enough, the entrapped carbon in dislocations can directly form cementite from austenite without
initiation from e-carbide.

Besides their similarity, Figure 2 also shows the difference between upper and lower bainite.
The primary distinction between upper and lower bainite is that lower bainite has carbide
precipitates inside sub-units. This microstructural difference results in different mechanical
properties. As a result of carbide precipitation inside the sub-units, there is a fewer cementite
layer formed in the lower bainite than in the upper bainite. This condition makes lower bainite
tougher and stronger than upper bainite [15].

carbon supersaturated plate

——— / \ carbon diffusion into

into austenite

austenite and carbide
precipitation in ferrite

carbide precipitation
from austenite

upper bainite lower bainite
(high temperature) (low temperature)

B Cementiteor carbides [] Iron matrix
Figure 2 Schematic illustration of the microstructures of lower and upper bainite [15].

1.2.2 Mechanisms of Bainite Formation

There are two major models proposed to describe bainite formation: reconstructive and
displacive. The reconstructive model proposes that bainite forms involving the diffusion of
atoms as in an eutectoid reaction [17]. On the other hand, the displacive model suggests that
bainite formation involves shear as found during martensitic transformation, but with the
partitioning of carbon [17]-[19].

Based on the displacive model, the formation and growth of bainitic ferrite are controlled by the
To’ curve which is plotted in Figure 3(a). To’ curve is the locus of all points, on a temperature
versus carbon concentration, where austenite and ferrite of the same chemical composition have
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the same energy, taking into account the stored energy of the ferrite due to displacive
mechanism from bainite formation [9], [13].

In the displacive model, the formation of bainitic ferrite involves shear causing the structure of
bainitic ferrite to be supersaturated with carbon atoms. The excess of carbon atoms trapped
inside the bainitic ferrite sub-unit is soon afterwards rejected into the residual austenite. The
next sub-unit of bainitic ferrite then has to grow from the carbon-enriched austenite. The growth
of bainite can only occur if austenite (the parent matrix) contains less carbon than given by the
To’ curve. The growing of the bainitic ferrite sub-unit must stop when the austenite reaches a
carbon concentration indicated by the Ty’ curve. Since the carbon concentration of the austenite
indicated by To’ curve is less than the equilibrium carbon concentration of the austenite given by
the Ae3’ curve, the process of bainitic ferrite growth is said to be an incomplete reaction. The
schematic illustration of the incomplete reaction can be seen in Figure 3(b).

—
L))
~—

O+ strain

Free Energy

Temperature

Temperature

=

Carbon in austenite

Carbon Concentration

Figure 3 a) lllustration of the Ty’ curve which has included the strain energy in the energy
curve and b) schematic picture of the incomplete reaction which shows the grow of bainitic
ferrite plates until the austenite has reached the C-concentration of the Ty’ boundary [13].

During bainite formation, the austenite layer may decompose into ferrite and carbide or
cementite if the steel contains strong carbide forming elements [20]. At the end of bainite
formation, the residual austenite between bainitic ferrite sub-units may remain as retained
austenite layers or may transform to martensite on rapid cooling, depending on its carbon
content.

Generally, the retained austenite within bainitic ferrite region appears in the form of small
blocks (blocky) austenite or thin films between bainitic ferrite units [7], [21]. Blocky austenite
tends to transform to martensite under the influence of small stresses which causes the
embrittlement of the steels [22]. On the other hand, filmy austenite is more stable than blocky
austenite. There are two reasons behind it: the higher carbon concentration compared to the
blocky austenite and the constraint to the transformation to martensite from the surrounding
bainitic ferrite plates [11].
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1.2.3 The Kinetics of Bainite Formation

Bainitic ferrite sub-units nucleate at austenite grain boundaries and lengthen at a certain rate
[15], [23]. A new sub-unit then nucleates from its tip, and as the process continues, the sheaf
structure is formed as shown in Figure 4(a). The growth rate of the individual sub-unit is
reported to be faster than expected from a diffusion-controlled growth but slower than that of
the martensite formation (diffusionless growth) [15].

The nucleation and growth of bainite have several recognised features as reported from the
literature [15], [23]-[26]. Isothermally, it starts with an incubation period during which no
transformation is detected. The incubation period is then followed by an increase in the rate of
transformation until the bainite formed reaches its maximum value. The kinetics is then
gradually slowing down. The features in the formation of bainite are schematically pictured in
Figure 4(b).

m austenite grain

P boundary A .
t; > .,\bunit a. Incubatuo.n o
2 b. Increase in kinetics
to = § ¢. Gradual decrease
©
Q0 a b c
R i
t3 /

Figure 4 a) Growing process of bainite and b) schematic picture which shows the features of
bainite formation and growth: incubation period, an increase in the kinetics, and a gradual
decrease in the formation rate [27].

1.3 Microstructure Evolution at Temperatures below Ms

1.3.1 Martensite Formation and Tempering

Martensite is a non-equilibrium micro-constituent which is formed when austenite is rapidly
cooled (quenched) to a temperature below the Ms temperature. The quenching rate is rapid
enough to prevent diffusion of carbon atoms. This condition causes a large shear and volume
expansion in the transformed region. The martensitic transformation commonly occurs
athermally which means that the fraction transformed depends on the undercooling below the
Ms temperature [23].

Upon isothermal treatment, this martensite undergoes tempering. Tempering is a process in
which a non-equilibrium and unstable structure such as martensite becomes closer to
equilibrium condition upon heating [28]. The character of the processes that occur during
tempering is controlled by three features of the quenched steel: the carbon supersaturation
condition within martensite structure, the high density of crystal lattice defects such as
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dislocations and internal stresses introduced due to martensite formation, and the presence of
retained austenite [27], [28].

During tempering, the high carbon supersaturation in the martensite acts as a driving force for
carbon segregation and carbide precipitation. The high dislocation density creates sites for
carbon segregation and carbide precipitations. In addition to that, the internal stresses following
the formation of martensite may be relieved during tempering [29]. Last but not least, any
retained austenite must transform into equilibrium phases, i.e. ferrite or bainite, during
tempering. Furthermore, some carbon atoms from the martensite may also partition to the
austenite and stabilise the retained austenite [30]-[32].

Steel with high Ms temperature, such as low carbon steels, often shows auto-tempering. Auto-
tempering is a formation of cementite from the first formed martensite (martensite formed near
Ms) during the remainder of the quench [31]. It is due to the high temperatures below Ms that
allow diffusion of carbon atoms for forming cementite [27].

1.3.2 The Accelerated Formation of Bainite

It is known that the formation of bainite below Ms is possible [33]. In the study by Silva et al.
[34] the decomposition of austenite in low carbon steel during isothermal treatment below Ms
was investigated. Observations using dilatometry were performed during the study while the
characterisation of the final products was carried out by Scanning Electron Microscopy (SEM)
and Electron Backscatter Diffraction (EBSD). The dilatation curves from this study show that,
for isothermal treatment below Ms, martensite was formed during cooling before reaching the
designated isothermal temperatures. The transformation then progressed rapidly in the first
minute of isothermal holding which by the author was assumed to be coming from bainite
formation.

A study by Navarro-Lépez et al. [21], [35] shows that for low-C steel, the nature of the
isothermal product formed below Ms temperature is bainitic ferrite. In their study, they reported
the morphological features observed using SEM and EBSD which can be used to distinguish
between an isothermal product with martensitic nature and an isothermal product with bainitic
nature.

In the study by Samanta et al. [33], it is clearly stated that for a low-C steel, the phase
transformations that occurred in isothermal treatment below Ms is only bainite formation. This
conclusion was supported with the kinetics of the isothermal transformation, which was showed
to be consistent with an existing model of bainite transformation based on the displacive theory.
In the study, the kinetics model of isothermal martensite formation was proved to be not
possible for their studied alloy system.

Contrary to this finding, the research by Kim et al. [36]-[38] suggests that for low carbon steel,
the product of the phase transformations which occurred isothermally below Ms is neither
purely bainitic nor purely martensitic. The isothermal product formed below Ms was observed
to have a similar transformation rate to that of athermal martensitic transformation. However,
the isothermal transformation below Ms proceeds by the lateral advancing of the interface rather
than the formation of new laths, as in the case of athermal martensite. The internal friction
measurements showed that the solute carbon content of the isothermal products formed below
Ms temperature is between those of athermal martensite and lower bainite.
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In addition to that, in the isothermal treatment below Ms temperatures, the formation of
martensite prior to the treatment is unavoidable. During isothermal temperatures at a
temperature slightly below Ms, the rate of austenite decomposition into bainite increases
significantly [34], [35], [37], [39], [40]. This behaviour is a reversal to the general trend of the
decomposition rate of austenite which is retarded with decreasing in temperature. This reversal
in kinetics has correlations with the presence of martensite.

Two possible mechanisms can be used to explain the accelerating effect of pre-existing
martensite to the bainite formation [41]:

1. The stress induced by martensite transformation accelerates the nucleation of bainite
around pre-existing martensite.

2. The austenite-martensite (y/a’) interfaces can act as a potential nucleation site for
bainite.

In the study by Kawata et al. [41] the effect of stress induced by the martensite to the
acceleration of bainite formation is proved to be small. They reported that the acceleration of
formation of bainite depends more on the y/a” interfaces rather than on the stress induced by the
martensite. It was found that the acceleration rate of bainite formation is proportional to the
fraction of prior martensite in the steel.

The importance of the y/a’ interfaces in the higher kinetics of bainite formation is then studied
further by Navarro-L6pez et al. [35]. In this study, it was reported that the increase in prior
martensite accelerated the kinetics of bainite formation. However, the relation between these
two parameters is not proportional. The accelerating effect is more closely related to the
interfacial area of y/a’ interfaces, i.e. the arrangement of the martensite unit, than the volume
fraction of the martensite.

Based on the conditions above, it can be seen that there is still unclarity not only in the nature of
the isothermal product formed below Ms but also the major factor for the acceleration of the
bainite formation during isothermal treatment below the Ms temperature.

1.4 Characterisation Method - Synchrotron X-Ray Diffraction (SXRD)

During isothermal treatments below Ms, several processes overlap such as the formation of
bainite, the tempering of the prior athermal martensite, carbon segregation, precipitation and
partitioning of alloying elements. Recent developments in the Synchrotron X-Ray Diffraction
(SXRD) technique have enabled to follow not only the progress of the austenite decomposition
into micro-constituents such as martensite and bainite, but also the evolution of carbon and
stress of each micro-constituent involved [25], [26], [42]-[44].

In recent years, the use of synchrotron as an X-ray source has attracted much attention since it
allows rapid measurement of diffraction patterns [43], [45]. The high time resolution of SXRD
is achieved through the addition of 2D charge-coupled device (CCD) detectors which allow
simultaneous recording of all diffracted crystalline planes. In SXRD, the detectors do not need
rotational movement. Thus, the measurement time can be significantly improved. The high
energy X-rays used in the synchrotron are able to gain deeper penetration depth and larger
sampling volume. Therefore, the SXRD is less sensitive to the surface condition of the sample,
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i.e., no excessive polishing needed for the surface of the sample [44]. The schematic
representation of the SXRD regarding detectors is shown in Figure 5.
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Figure 5 Schematic representation of the sample and detector position found in SXRD which
shows the stationary detector [43].

Utilising 2D CCD detectors, the diffraction pattern from a polycrystalline sample forms a series
of diffraction cones if a large number of crystals are covered by an incident beam, as shown in
Figure 6. Each cone, referred as a Debye ring, represents the diffraction of the same family of a
crystalline plane in all participating grain [46]. This diffraction pattern can be obtained at
intervals of 0.3 seconds or less [43]. To analyse the microstructural evolution during the
treatment, the diffraction images received are calibrated using standard samples. Following that,
the diffraction rings are integrated to produce a standard intensity versus diffraction angle (26)
pattern, also called 1D diffraction pattern [43]. Based on this description, SXRD results to be an
attractive method for acquiring time-resolved precise quantitative information about every
phase/constituent present in the investigated material [43], [47].

Figure 6 Schematic figure showing diffraction cones obtained from a polycrystalline sample
[46].

The fast acquisition time of the SXRD method is proved to be useful in studying the nucleation
and growth of steel. Savran et al. [48], in their study of the reverse transformation of the
austenite from pearlite, have been able to distinguish between the austenite nucleation which
developed from the ferrite-pearlite grain boundaries and the austenite nucleation which
developed from ferrite-ferrite grain boundaries based on the data obtained from SXRD method.

Babu et al. [49] also utilised the SXRD method for studying the formation of bainite in high-C
steels. In their study, the isothermal kinetics of bainitic ferrite formation are tracked as well as
the evolution of the lattice parameter of the austenite and ferrite during the treatment. From this
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study, it was found that the lattice parameter of the bainitic ferrite slowly reduces with time as a
consequence of carbon partitioning from bainitic ferrite to austenite. They also correlated the
change in the austenite lattice parameter with carbon variation. This step led to the finding of
simultaneous formation of C-enriched and C-depleted austenite during bainite formation.

In the study by Kolmskog et al. [50], in-situ SXRD was used simultaneously with laser scanning
confocal microscopy (LSCM) to confirm the formation of bainite in 0.5 wt.% C steel below the
Ms temperature. Based on the series of microstructural images from the LSCM and the
evolution of interplanar spacing from the {011} planes of BCC structures and {111} planes of
FCC structures, they concluded that bainite was formed during the isothermal treatment below
Ms.

A study about microstructural evolution during isothermal treatment below Ms by using SXRD
was also performed by Allain et al. [51]. In their study, 0.3 wt% C steel was used for the
isothermal treatment below Ms. By studying the evolution of the austenite lattice parameter and
the evolution of the phase fraction during the treatment, they proposed that the microstructural
processes occurring during isothermal treatment below Ms are concurrent bainite transformation
and carbon partitioning from the prior athermal martensite to the austenite.

Besides assisting the observation of microstructural developments that happen in the steel,
SXRD is also proved to be able to evaluate stress accompanying a specific process. Villa et al.
[52] used SXRD to evaluate the evolution of lattice strain and stress imposed by martensite to
the austenite during quenching and partitioning process. In their study, they were able to prove
that stress is built up in austenite during the formation of martensite.

The lower sensitivity to the surface preparation also provides an advantage to the SXRD method
especially in the study of multiphase steels [44]. Multiphase steels contain unstable constituents
such as metastable retained austenite which may transform into martensite if excessive stress is
introduced during the surface preparation stage. SXRD measures bulk properties and is,
therefore, less sensitive to surface properties.

1.5 Objectives and Scope of the Thesis

This thesis aims to investigate the microstructural evolutions during an isothermal treatment
below the Ms temperature with aids primarily from SXRD. In this study, the material used is
low-carbon high-silicon steel. The experimental data obtained from SXRD is served the purpose
to answer the following research questions:

1. What are the microstructural developments involved during the isothermal treatment
below Ms?

2. How does the carbon redistribution from BCC constituents to FCC phase occur during
the isothermal treatment below Ms?

3. What are the effects of the carbon redistribution process from the BCC to FCC to the
stability of the retained austenite?

1.6 Research Approach

The formation of bainite below Ms implies the presence of martensite formed during cooling
prior to the isothermal treatment. Therefore, tempering of martensite and bainite formation
occur simultaneously during isothermal treatments below the Ms temperature [34], [35], [37].
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The concurrence of these reactions makes it difficult to identify the details of the microstructure
development taking place during isothermal treatments below the Ms temperature. For these
reasons, the present study focusses on four different heat treatments aiming to isolate these
concurrent mechanisms. These four heat treatments and their corresponding goals are:

1. Direct quenching treatment, to identify the characteristics of the formation of
athermal martensite.

2. Quenching and tempering treatment, to identify mechanisms associated with the
tempering of martensite.

3. Isothermal treatment above Ms, to identify the characteristics of the formation of
bainite.

4. lIsothermal treatment below Ms, to identify the microstructural development during
isothermal treatment below Ms.

The features observed in the first three treatments can be used as key factors for identifying the
mechanism that takes place during the isothermal treatment below Ms in the fourth heat
treatment.

1.7 Structure of the Thesis

This thesis comprises four chapters with the first chapter addressing the background and the
objectives of this research. Chapter 2 describes the experimental procedures carried out in the
study. Chapter 3 presents the analysis of the results found in this study followed by chapter 4
which summarises the conclusions and recommendations of this study. At the end of this
manuscript, an Appendix is attached for the relevant data obtained in this study.
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2

Material and Experimental Methods

2.1 Material

The chemical composition of the low carbon steel used in this research study is shown in Table
1. The low carbon content is chosen since low-C steel has better weldability than high-C steel
[10], [53]. Manganese (Mn) stabilises austenite, delaying the formation of ferrite, martensite or
bainite during the first cooling [6], [10]. In addition to that, austenite decomposition to ferrite
phase is also retarded by the addition of Mo [10], [54]. Addition of Si has the objective to
inhibit the formation of cementite [10], [55].

The material was received in the form of a hot-rolled slab of 4 mm thickness. From the slab,
double T-shaped specimens, as pictured in Figure 7, were machined and used for all the SXRD
measurements.

Table 1 The chemical composition of the low-C steel used in this work

Element C Mn Si Mo N S P
wt.% 0.2 3.51 1523 0.247 0.0039 0.0069 0.005

10 mm 10 mm
* ’ I mm y
A
1lmm 5 mm
Thickness= 1 mm ? “eR=2mm
40 mm

Figure 7 Dimension of the specimen used in the SXRD measurements. The yellow box
represents the detection area for the X-ray beam.

The transformation temperatures of this material can be calculated from the empirical equations
written in Equations (2-1)-(2-3) [56]. In these equations, x; corresponds to the weight percent of

the element “i” in the steel. The results of the calculations of the transformation temperatures
are summarised in Table 2.

Acy(°C) = 739 — 22x, + 2xg; — TXppn + 14xc, + 13,5, — 13Xy, (2-1)
Ac3(°C) = 902 — 255x, + 19xg; — 11x,, — 5X, + 13x,, — 20xy; + 55X, (2-2)
Bs (°C) = 656 — 57.7x — 35x,,, — 75xg; — 15.3xy; — 34x., — 41.2x,,, (2-3)
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In Equation (2-1) and (2-2), Ac: and Acs are the lower and the upper ferrite-austenite

transformation temperatures, respectively. Based on dilatometry experiments done by Navarro-
Lépez [35] in the same steel, the Ms temperature is equal to 320°C + 5°C.

Table 2 The calculated transformation temperatures of the investigated steel.

Transformation

" Temperature Value (C)
1. Acy 716 (calculated)
2. Acs 844 (calculated)
3. Bs 397 (calculated)
4, Ms 320 (measured [35])

Utilising Thermocalc® software with TCFE8 database and limiting the stable phases to
austenite, ferrite, and carbides, the evolution of the amount of the phases can be calculated
which is presented in Figure 8. Based on this figure, it can be seen that at a temperature lower

than 600°C, besides BCC phase (ferrite phase), the formation of transitional carbides (M-Csand
MeC) are energetically favourable despite the addition of 1.5 wt.% of Si.
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Figure 8 Evolution of fraction of phases of the studied steel calculated using Thermocalc®.

2.2 Heat Treatments

Before subjected to the heat treatments, all specimens were pre-treated by homogenization at
1250°C for 48 hours in a furnace with a protective atmosphere to reduce the Mn-segregation. In
order to avoid the formation of large austenite grains, samples were quenched two times in a salt
bath solution from a fully austenitic temperature of 900°C. This step was essential to avoid the
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formation of spotty rings in diffraction patterns due to the presence of the big austenite grains.
The spotty rings are unwanted as they can affect the fitting of the diffraction patterns [57]. At
the end of the second quenching, the sample consisted of fine martensite grains. The pre-treated
samples were then ready to be subjected to subsequent heat treatments.

The heat treatments performed during in-situ SXRD measurements are illustrated in Figure 9.
One thermocouple was spot-welded at the centre of the gauge length of all samples to control
the temperature during the heat treatment, which was carried out under a protective atmosphere
of argon gas to minimise sample oxidation. All heat treatments described in Figure 9 started
with heating at a rate of 2°C/s to a 900°C, which is above the Acs temperature. The sample was
then austenitized for 240 s to form a fully austenitic structure as well as to homogenise the
chemical composition. Following austenitization, the sample was rapid-cooled to the selected
temperatures, depending on the treatments, with 40°C/s as the cooling rate.

MJ

Temperature

* Tempering of martensite

* Bainite formation m
-

Time

Temperature

Temperature

Time

Figure 9 Heat treatments carried out in the study which consist of a) an isothermal treatment
below Ms, b.1) a direct quenching treatment, and b.2) a tempering treatment. The
characteristics of bainite formation are identified through observation in c) an isothermal
treatment above Ms.

1. Isothermal Treatment Below Ms (Figure 9(a))
The primary objective of this research study is to identify the processes that occur at the
isothermal treatment below Ms. Thus, the isothermal treatment depicted as the cycle (a)
in Figure 9 was designed. The material was isothermally treated at 305°C for 3600 s.
After isothermal treatment, the sample was cooled down to room temperature with
20°C/s as the cooling rate.

2. Direct Quenching and Tempering Treatment (Figure 9(b))
The objective of a direct-quench is to identify the features in SXRD data that
accompany the formation of martensite. These features include changes in phase
fraction, changes in austenite and martensite lattice due to strains introduced during the
martensite formation, and interstitial carbon segregation/partitioning during tempering.
Direct quenching treatment is figuratively described as the cycle (b.1) in Figure 9.
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Serving the purpose to identify the features of the tempering of martensite, the
guenching was followed by a tempering treatment. The tempering stage was performed
at 305°C for 20 minutes, the same temperature used for the isothermal treatment
performed below Ms. The sample was then cooled down with a cooling rate of
approximately 20°C/s. The tempering process is schematically depicted as the cycle
(b.2) in Figure 9.

3. Isothermal Treatment Above Ms (Figure 9(c))
The objective of isothermal treatment above Ms is to identify features in the SXRD
spectrums which follow the bainite formation. After austenitization, the sample was
rapid-cooled at 40°C/s followed by an isothermal treatment at 350°C for 1 hour. After
isothermal treatment, the sample was cooled down to room temperature at 20°C/s. The
isothermal treatment above Ms is schematically described as the cycle (¢) in Figure 9.

2.3 In-situ Characterization: SXRD

The characterisation method used to analyse the processes during the application of heat
treatments was Synchrotron X-Ray Diffraction (SXRD). SXRD experiments were performed at
the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The incident beam
used in this study has a wavelength of 0.15582 A, beam size of 200x200 um, and energy of
79.57 keV.

The diffraction rings were obtained by a Frelon CCD camera with a detector distance (D) equal
to 300 mm. The images collected have 2048 x 2048 resolution with 50 x 50 um pixel size. To

take an image, the exposure time chosen was 0.1 seconds and the time interval from one
diffraction ring to the subsequent ring was approximately 0.7 seconds.

Before commencing the in-situ SXRD measurement, cerium oxide (CeO;) was used as a
calibrant to obtain the relevant instrumental parameters such as sample-to-detector distance,
beam centre, and tilted angle of the detector. The time of exposure for the calibrant was 60
seconds. The in-situ SXRD measurement is schematically described in Figure 10.

Detector Area

Figure 10 Schematic illustration of the SXRD measurements.
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2.4 Data Analysis for SXRD

The raw data obtained from the SXRD measurements cannot directly be used to study the
processes that occur during the heat treatments. This data is initially in the form of 2D
diffraction patterns which are needed to be converted into standard 1D patterns, intensity (1) as a
function of the diffraction angle (26), for further analysis. The analysis process for SXRD is
schematically described in Figure 11, which shows that the data analysis of the 2D diffraction
pattern can be divided into three main stages [43]:

1. Calibration and determination of detector characteristics and experimental
geometry
The 2D CCD detector measures the whole Debye ring of the sample, as shown in Figure
11(a), and after that, the geometry of the detector with reference to the diffraction
geometry must be calibrated [43], which is performed using a cerium oxide (CeO,)
standard reference sample. This calibration was done by fine-tuning the distance
between detector and sample, X-ray wavelength, beam centre, the rotation angle of the
tilting plane, and the angle of the detector in that plane [43], [58]. The calibrations were
performed using the Fit2D software.

2. Integration of the Diffraction Rings

This stage involves the integration of the Debye rings obtained during the treatments.
These integrations were calculated using the Fit2D software. The 2D diffraction
patterns collected directly from SXRD are converted into the standard 1D spectrum by
integrating them along the scattering angle (26) over the selected azimuth angles (7).
From this stage, the data can be collected into an image format showing the diffraction
intensity of the different peaks as a function of temperature and time, as shown in
Figure 11(b).

3. Peak Fitting and Analysis

In this stage, the area under each diffraction peak is analysed using an automated peak
fitting and analysis routines software. In this study, the peaks of interest are the peaks
from {200}, and {220}, planes of the austenite (FCC) and peaks from {200}, and
{211}, planes of the bainite/martensite (BCC). These four peaks are extracted from the
original 1D diffraction pattern. The fitting process of these four peaks is shown in
Figure 11(c). The properties of each peak (height, width, position, etc.) are then
calculated, and the results are recorded in a worksheet as shown in Figure 11(d). This
data is then used to track the microstructural evolution that happens as a function of
temperature and time.
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Figure 11 Steps involved in the analysis of SXRD data.

As mentioned previously, the first step in peak fitting and data analysis is separating the four
peaks of interests from one image of a 1D spectrum as shown in Figure 12(a) into four different
1D spectrums as shown in Figure 12(b). Each 1D spectrum is then fitted to a pseudo-Voigt
function to obtain the first peak property which is the peak position or 26. From Figure 12, it
can be seen that the first peak of FCC which is {111} and the first peak of BCC which is {110}
are not included in the analysis as these peaks overlap with each other and these peaks
correspond to the lowest information depth; thus are the most sensitive to the surface effects
[52].
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Figure 12 a) The primary 1D spectrum-images which contain several peaks from different
planes and structures and b) four different 1D spectrum images extracted from one primary
1D spectrum-images on the left.

Figure 13 shows the general 1D diffraction pattern that can be obtained from SXRD
measurement. In Figure 13, there are two essential peak properties shown: peak area and peak
position. The details of each property are as follow:
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Figure 13 Peak properties that can be extracted from the 1D diffraction pattern: peak area,
peak height, and peak position.

1. Peak area
The peak area is a property calculated from the integration of the total intensity under a
peak. By comparing the peak area of a particular phase with the total peak area
observed in the spectrum, the volume fraction of the particular phase in the mixture can
be obtained [59], [60]. In this work, the volume fraction of the retained austenite is
estimated using Equation (2-4) [59].

1 N I}‘,E
NZE:l(R}*,E)
1oy ‘r}’,f 1wy (lai
W2f=l(m)w2f=l(m)

where I, ; and I ; are the integrated intensity (peak area) of the monitored austenite and

fy = (2-4)

ferrite peaks, respectively. N and M are the numbers of considered austenite and ferrite
peaks, respectively. The index i refers to the Miller indices ({hkl}) of the peak of
interest. R,; and R,; are the normalisation factors for the austenite and ferrite,

respectively. The value of these normalisation factors depends on the interplanar
spacing (dpx;), Bragg’s angle (6), crystal structure, and phase composition [61]. The
details for the calculation of R-factors are described in the study of van Dijk et al. [59].
It is worth to note that these factors are calculated considering a random orientation of
phases. Texture will also influence the relative intensity of peaks and if this happens, it
has to be considered adequately.

2. Peak position
The peak position is equal to the diffraction angle (26) of the specified plane. The data
about peak position is the primary source for calculating the lattice parameter changes
in both the BCC and FCC phases. According to Bragg’s Law written in Equation (2-5)
[29]. The diffraction angle () can be related to the interplanar spacing of the refracted

plane d;;,; as written below
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nA = 2dpy;sin 8 (2-5)

where n is the order of reflection, which is equal to 1 and 4 is the wavelength used in the
characterisation and for this study is equal to 0.15582 A. The relation between variables
in Bragg’s law is illustrated in Figure 14 [29].

1 A \\ 1
Incident Diffracted
beam . beam

! 2!

.

@O0 0—@--

Figure 14 Schematic description of X-ray diffraction by planes of atoms in a solid
[29].

The value of interplanar spacing (dng;) is a function of the Miller indices of the
involved planes and the lattice parameter a according to [29]:

a
— 2-6
VRE+ K+ 12 (26)

By combining Equation (2-5) and Equation (2-6), the value of the lattice parameter at a
specific temperature and time can be calculated from the peak position (26) value.

dhk! =

2.5 Microstructural Properties Derived from the Peak Properties

2.5.1 Carbon Content of the Austenite

It is known that the lattice parameter of the austenite is influenced by its carbon content. Babu et
al. [49] suggested Equation (2-7) to quantify the change in the austenite lattice parameter due to
carbon variation in the austenite. In the Equation (2-7), x; corresponds to the weight percent of

the element “i” in the steel.

arce (A) = 3.578 + 0.033x¢ + 0.00095x,,, + 0.0006x¢, + 0.0031xp, — 0.0002x;

(2-7)
+0.0018xy + 0.0056x;

2.5.2 Carbon Content of the Martensite

As a product of the displacive transformation, the chemical composition of martensite is the
same as the chemical composition of its parent austenite. Therefore, the lattice parameter of
martensite might also be affected by the carbon content as that of austenite lattice parameter
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[49], [61]-[63]. Hidalgo et al. [61] in their study mentioned that the martensite lattice parameter
is affected by its carbon content which is defined by
C

A) = 2.866 A+ —C _
aa (A) =2 +31 wt. % (2-8)
A

with a, is the measured lattice parameter (A) of the martensite calculated using Equation (2-5)
and (2-6), x. corresponds to the weight percent of the carbon in the steel, and 2.866 A is the
reference lattice parameter of the BCC lattice without carbon at room temperature.

2.5.3 Experimental Coefficient of Thermal Expansion (CTE)

Generally, most solids expand when being heated which means that the value of interplanar
spacing (d) in the space lattice increases. The mean linear coefficient of expansion of a solid
() is defined by [64]

1L,
LT, —-T,

(2-9)

{IFH

where L, and L, are the corresponding length (measured in meter) at a temperature T, and T»
(measured in Kelvin). Therefore, the differential coefficient of thermal expansion a(T) (CTE)

can be written as

1 dL(T)

{I(T) = ﬁ—dT

(2-10)

with L(T) is a length at temperature T.

The differences in the lattice parameter (dL(T)) and temperature (dT) with respect to the
reference lattice parameter and the reference temperature were then calculated in each
temperature step measured during heating or rapid cooling stage. The gradient of the trend line

of rlmdL(T) as a function of temperature is then equal to the coefficient of the thermal

expansion of the measured phase.

Based on the evolution of the martensite lattice parameter during the heating stage and the
evolution of the austenite lattice parameter during the rapid-cooling stage, the CTE of
martensite and austenite can be calculated. In the calculation of CTE, the CTE of {200}, and
{211}, planes of the martensite are differentiated since each plane has its own peak position
and change in the martensite lattice parameter may also different. For the same reason, the CTE
of {200}, and {220}, planes of the austenite are also differentiated. One of the examples of the

CTE calculation for the austenite is shown in Figure 15.

After choosing the appropriate heat treatment stage, a temperature range for the calculation of
the CTE must be defined.

1. Martensite
In this study, the temperature range for calculating the CTE of martensite is defined
between 16°C — 600°C of the heating stage. There are two reasons for choosing this
temperature range:
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a) The temperature range is lower than Ac; which for this study is equal to 716°C
as written in Table 2.

b) The peaks of austenite are absent in this temperature range, as observed in the
diffraction spectrums. Thus, the dominant microstructure is martensite.

(a) {200} Planes (b) {220} Planes
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Figure 15 The calculation of the CTE of the austenite for a) {200} planes and for b) {220}
planes.

2. Austenite
The calculation of the CTE of the austenite was done for a temperature range between
400°C — 900°C of the rapid-cooling stage. There are also two reasons for using this
temperature range which are:

a) The limit temperature of 400°C is still higher than the Ms temperature, which
based on the dilatometry experiment [35] is measured around 320°C. Therefore,
no martensite (BCC structure) presents in the range.

b) Observation on the diffraction patterns shows that, in this temperature range,
there are only austenite peaks, so a fully austenitic condition is achieved.

2.6 1D Peak Fitting Analysis: Challenges

In order to obtain the properties of each microstructure involved in each heat treatment, after
steps mentioned in section 2.4, a set of peak properties data related to each heat treatments are
calculated. The process to obtain the peak properties is a program-aided routine. However, at a
particular condition, the program may fail to give correct peak properties. In order to have a
correct data set, each data point is again evaluated with its corresponding 1D (I vs 26) spectrum.
In this section, the conditions that often cause incorrect peak fitting are discussed.

2.6.1 Peak Finding in the Absence of Crystal Structure

In this study, failure to give reliable data is usually found when the specified structure (BCC or
FCC) is not present yet or forms in a significantly low volume fraction. Three temperature
ranges met this description:

1. During heating in which FCC phase is not present until a significant fraction is formed.
2. During austenitization in which BCC peaks are absent.
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3. During cooling until reaching the Ms in BCC peaks are insignificant or absent.

As mentioned in section 2.4, there are four peaks of interest: {200}rcc, {220} ecc, {200}scc, and
{220}gcc. In the three temperature ranges described, properties of these peaks are wrongly
identified. As the temperature rises, the BCC peak of {200} starts to disappear which indicates
the start of a fully austenitic stage. Figure 16 shows that in the fully austenitic condition there is
no detectable BCC peak, but there is a small peak in a lower 26 position which may come from
the minor phases like precipitates, carbides and oxides. The peaks which might correspond to
minor phases like precipitates, carbides and oxides and which the intensity is in the order of
background noise are called background peaks.

Fully martensitic — Heating
12 A * Data 8 *  Data

Fit Fit

Intensity (x10°)

I

Intensity (x10°)

N

QO —— —— — — -

i M, ' 09F i
%7 5.8 5.9 6 6.1 6.2 6.3 6:4 6.5 6.6 5.7 ‘0,58 5‘9 6 6.1 6:2 6.3 6.‘4 6.5 6.6
) \/
Fully austenitic : Starting point of the fully ——
e Siie Data
- *  Data i austenitic condition
’ Fit
- g Background Fit | i | _ £
z peak g P
E'_ 1.0 1 3 mi- S
A | eee ! — y, > Z
§ 1+ i ) i 1 «‘é 95| :i‘ ’
E | 1s Al § | ¥
£ o e g 1 S 9‘ : No detectable
esl E i Correct position | o5 o™ BCC peak
i of the BCC peak }
0‘855.7 58 5.9 6 6.1 6.‘2 6.3 8?4 6.5 857 5.8 5.9 6 6.‘1 6.2 6.3 6.4 6.5 6.6
29 29

Figure 16 The fitting process performed by the fitting software. At first, the software correctly
defined the peak properties of the BCC structure which is martensite. However, after the
sample reached a fully austenitic condition, the software fitted the peak properties of the

background peaks instead of ignoring the background peaks as done previously in the starting

point of the fully austenitic condition.

Due to this error, the inaccuracy for calculating the phase fraction of the austenite at this
particular temperature was equal to 0.10 of the austenite phase fraction. In this study, it was
observed that the error due to the absence of the main phase (BCC or FCC) is found to vary
between 107 to 0.10. The variation found was noted to correspond with the peak properties of
the background peaks (peak intensity and peak area) and the number of background peaks
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present. The illustration of the sensitivity of the program to the background spectrum is
schematically shown in Figure 17. Based on the condition as mentioned above, therefore a
manual inspection on each 1D spectrum is needed for finding the incorrect fitting. By doing so,
incorrect data can be identified and subsequently, be ignored.

mns»w — T —Mu— —— — ——

Data * Data
) Fit Ll Fit
—
— 1.1
S 105 Ié.
o X
i E1 05 1%t background peak ',
>~ * .-
= 1} o 4 nd A
E Background peak P 5 2" background peak o
S ¥ R S8 1 &
< y = -—] o
= 095 #*x b x B
" 0.95 £ 4 * '
091 o 09 4 #
ey ERROR: 0.006 ' ERROR: 0.098
0.85" - : . s : - s 0.85 s - - . - - -
5.7 5.8 5.9 6 6.1 6.2 6.3 6.4 6.5 5.7 5.8 59 6 6.1 6.2 6.3 6.4 6.5
29 29

Figure 17 Two examples of the fitting process. These figures represent that the error in
the calculation of phase fraction depends on the peak properties and the number of
background peak present.

2.6.2 Peak Asymmetry

Finding peak properties is challenging when the peak is asymmetric. In this study, this
asymmetry was observed in austenite peaks during the early stage of the bainite formation of the
isothermal treatments performed at 350°C and 305°C. This asymmetric shape causes a scattering
in the data of peak properties of the FCC such as the peak position.

However, the fluctuations found at the beginning of the isothermal treatments performed at
350°C and 305°C are not found at the tempering of the martensite. Thus, the fluctuations in
austenite peak position observed in those two isothermal treatments are associated with the
bainitic transformation. These fluctuations have been reported in several studies of bainite

transformation [24], [25] and peak asymmetry is related to the presence of FCC austenite with
an inhomogeneous carbon content [24].

An example of the asymmetric peak is shown in Figure 18 which displays the evolution of the
peak shape of the FCC phase in the early stage of the isothermal treatment at 350°C. The peak
of {200} and {220} planes show slightly different shape over time, which can affect how the
program fits the peak. This phenomenon causes fluctuations in the 26 positions at the early
stages of the mentioned isothermal treatments.
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Figure 18 The evolution of peak shape in the FCC phase for a) {200} planes and b) {220}
planes during isothermal treatment at 350°C.

Figure 19 shows the comparison between the peak position estimated by the fitting program and
the experimental peak position. The general error for fitting the peak position by the program is
measured to be +0.01%. Using Equations (2-7) and (2-8), the error value can be translated into
error in estimation of the carbon content which found to be +0.01 wt.% C. In the study by Babu
et al. [25], they tackled the error due to asymmetrical peak shape by separating the confounded
peaks. However, in this study, the peak separation process was not implemented.
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Figure 19 The result for the fitting of FCC {220}, planes during isothermal treatment at
305°C. The figure shows a difference in the peak position obtained by the program indicated
with point “A” and by manual (eye inspection) estimation indicated with point “B”.
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3

Results and Discussions

3.1 Heating Stage

The heating stage provides data for calculating the CTE of the martensite, as mentioned in
section 2.5.3. In this study, each of the four heat treatments has its heating stage and, thus, CTE
was calculated for each of them. These treatment-specific CTE were used in the analysis of
thermal expansion for each treatment. The reason for using treatment-specific CTE instead of an
average CTE from the four treatments is to reduce the error that may arise due to any slight
difference between specimens. The results for the calculation of the experimental treatment-
specific CTE are shown in Table 3. The CTE value between treatments is almost identical to
each other which indicates that there is no major difference between the specimens used. Table
3 also shows that CTE of {200} planes have different value than CTE of {211} planes. It may
be due to anisotropic strains experienced by martensite during the heating [52]. The CTE of the
martensite presented in Table 3 is comparable to the CTE of martensite reported in several
studies about microstructural evolution in low-C steel [52], [65].

Table 3 The treatment-specific CTE calculated for each martensite planes

CTE of o’ (10° K

Heating stage of the following treatment:

{200} BCC | {211} BCC
Direct quenching 1.52 1.44
Direct quenching followed by tempering 151 1.44
Isothermal treatment above Ms 1.52 1.43
Isothermal treatment below Ms 1.52 1.44

3.2 Rapid-Cooling Stage

Following heating and austenitization, all the studied four treatments underwent an initial rapid-
cooling from the austenitization stage at 900°C to a given isothermal treatment temperature or to
room temperature. Measurements corresponding to these four cooling stages provide
information regarding the following three parameters: coefficient of thermal expansion of the
austenite, Ms temperature and strains imposed by the martensite to the austenite.

3.2.1 Coefficient of thermal expansion (CTE) of the austenite

As mentioned in section 2.5.3, the rapid-cooling stage provides data for calculating the CTE of
the austenite. The results for the calculation of the experimental treatment-specific CTE are
shown in Table 4. These results are found to be comparable to the reported value of CTE of the
austenite in the literature [64], [66].
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Table 4 The treatment-specific CTE calculated for each austenite planes.

CTE of y (10° KY)

Cooling stage of the following treatment:

{200} FCC | {220} FCC
Direct quenching 2.23 2.32
Direct quenching followed by tempering 2.37 2.54
Isothermal treatment above Ms 2.68 2.56
Isothermal treatment below Ms 2.45 2.41

Compared to the CTE of the martensite, CTE of the austenite shows a larger variance between
the treatments. The reason may come from the difference in temperature change rate used in the
calculation of the CTE of the martensite and the austenite. As mentioned in section 2.2, the
heating rate during the calculation of the CTE of martensite is slower (2°C/s) than the cooling
rate (40°C/s) during the calculation of the CTE of the austenite. Therefore, the instruments may
not be able to capture the data perfectly at a certain temperature as the sample may have
undergone transformation for a lower temperature due to the rapid cooling rate.

3.2.2 Martensite start (Ms) temperature and the Kinetics of martensite formation

As mentioned in section 2.4, the peak area of the SXRD calculated by the fitting software can
provide the volume fraction of all the microstructures present in the steel sample. By assessing
the evolution of the volume fraction of phases, the Ms temperature and the kinetics of martensite
formation can be determined. Figure 20 shows the evolution of FCC-phase fraction on cooling
from the austenitization conditions for all the studied heat treatments. A significant decrease in
FCC-phase fraction occurring at a temperature of 319°C + 8°C is observed, corresponding to the
formation of a fraction of 0.05 martensite. This temperature is then identified as the
experimental Ms temperature.
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Figure 20 Evolution of FCC volume fraction during initial rapid-cooling in four of the
treatments as a function of temperature.
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The experimental Ms temperature measured by the SXRD is compared with the experimental
value from the dilatometry experiment of the same material performed by Navarro-Lopez et al.
[35]. In the SXRD experiment, 319°C is the Ms temperature related to 0.05 phase fraction of the
martensite. On the other hand, for the dilatometry experiment, 320°C is the Ms temperature
related to 0.01 phase fraction of the martensite [35].

The difference in the results from the SXRD and the dilatometry mentioned before may come
from the formation of the martensite at the surface. During rapid-cooling, it is expected that the
surface of the sample is transformed first than the bulk of the sample. Based on literature [42],
with only 1 mm® detection area, the formation of martensite at the surface may have a
significant effect on the amount of martensite measured by the SXRD (high detected martensite
fraction). However, for dilatometry, the formation of surface martensite may not affect much in
the measurement. The surface may transform first into the martensite however there are other
parts in the sample which significantly have a larger area than the surface that has not been
transformed yet such as part which is located far from the heating elements of the dilatometry.

As mentioned earlier, the difference between measured martensite fraction in the SXRD and the
dilatometry experiment is suspected due to the formation of surface martensite. In order to
prove the formation of surface martensite, the corresponding diffraction patterns are studied
further. Martensite is a microstructure formed by the displacive mechanism which occurred
rapidly; thus the fast-growing rate can be linked with a sudden increase in the peak intensity of
the BCC planes which directly related to the martensite fraction. During the rapid cooling stage,
it was found that there were two formation rate ranges as schematically described in Figure 21.
These two BCC formation rates measured during rapid cooling stage are higher than the
formation rate measured during diffusional transformation, as happened during the heating
stage. Therefore, the two fast formation rates of BCC structure found during rapid cooling may
correspond to the displacive transformation which produces martensite. The first formation rate
measured which is around 0.004 — 0.04 BCC fraction/s may correspond to the surface
martensite. This formation rate of the surface martensite is found to be similar to that reported in
the study by Villa et al. [52] (0.01 BCC fraction/s). From the same literature [52], the surface
martensite is reported to form at higher temperatures than the expected Ms temperature. The
second formation rate then exceeds 0.04 BCC fraction/s value at a temperature below the
expected Ms temperature (319°C), therefore corresponds to a bigger volume of martensite
which happened in the bulk of the steel sample. The finding of two martensite formation rates as
observed in this study is in agreement with what is reported in the literature [52].

3.2.3 Strain imposed on the austenite during martensite formation

Figure 22 shows the evolution of the austenite lattice parameter during rapid-cooling in the
temperature range around the Ms temperature. From this figure, it can be seen that the austenite
lattice parameter starts to deviate from the theoretical thermal contraction value when martensite
starts to form (below Ms). The formation of martensite initially induces compressive stresses
until around 150°C, which corresponds to 0.89 volume fraction of martensite. As the
temperature goes lower, the volume fraction of martensite keeps increasing which then is
followed by a sharp increase in the austenite lattice deviation. This reversion of the stress state
has been reported in several studies [52], [67], [68] and it indicates that the presence of
martensite is affecting the lattice parameter of austenite.
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Figure 21 The growth of {200}, in the sample over time during quenching. There are two
martensite formation rates observed: the lower rate which happens at higher temperatures
corresponds to the surface martensite and the formation rate for temperatures lower than the
expected Ms temperature (319°C) is related to the bulk martensite. The x-axis of the graph is
the peak position value (°) and the y-axis is the intensity (counts).
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Figure 22 The evolution of the average lattice parameter of austenite during the rapid-cooling
stage as a function of temperature. The orange line represents the pure thermal contraction of
austenite lattice parameter.
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At the end of the quenching stage of the direct quenching followed by tempering treatment, it
was measured that there is 0.96 fraction of martensite present. The strains imposed on the
austenite due to this martensite can be quantified. This strain experienced by the austenite is
named strains contribution. The calculation of the strains contribution was performed by
calculating the change between the theoretical and experimental value of FCC lattice

(a"’x""’”me"t‘”_af“‘""”“““ = s) and linking the strain () with the corresponding BCC fraction.
a theoretical

The calculation process is schematically described in Figure 23. Based on the function between
martensite fraction and strains in the austenite lattice parameter shown in Figure 23, the
presence of 0.96 martensite fraction at the beginning of the tempering treatment gives rise to
strains equal to 0.002 and 0.001 for {200} planes and the {220} planes of austenite,

respectively.
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Figure 23 Relation between strains in the austenite lattice and BCC fraction fitted to a) {200}
austenite planes and b) for {220} austenite planes in the quenching and tempering treatment.
The red dots represent data points that are not used in the calculation due to its scattered
nature. The yellow dots represent data points from 0.20-0.80 martensite fraction range while
blue dots represent data points from martensite fraction larger than 0.80.

3.3 Analysis of the Quenching and Tempering (Q&T) Treatment

For quenching and tempering treatment, the detailed discussion on the quenching stage has been
introduced in section 3.2. Therefore, the next sections are discussing the subsequent stages
which are reheating and tempering stage.
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3.3.1 Reheating Stage (from 25°C to 305°C)

The evolution of the lattice parameter of martensite and austenite during reheating is presented
in Figure 24. In Figure 24(a), the measured lattice parameter of the martensite is represented by
the green dot while the theoretical thermally expanded martensite lattice parameter is
represented by the yellow line. Similar to it, for Figure 24(b), the measured austenite lattice
parameter is symbolised with blue dot with the theoretical thermally expanded lattice parameter
of the austenite is symbolised with orange lines. The grey line shown in Figure 24 is a
theoretical thermally expanded austenite lattice parameter that has been added with the strains
contribution calculated in section 3.2.3.
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reheating as a function of temperature.
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Figure 24(a) shows that from room temperature to around 50°C, the rate of expansion of the
measured martensite lattice parameter (green dots) is consistent with the theoretical thermally
expanded martensite lattice parameter (orange line). From 50°C to 200°C, the measured
martensite lattice parameter starts to deviate further with an increase in lattice difference from
50°C to 100°C, followed by a very slow increase.

The finding of three different behaviours in the evolution of the martensite and the austenite
lattice parameters has been reported by Villa et al. [52]. The three stages observed by Villa et al.
[52] may also be occurring in the present study. The details of each three stages are as follow:

1. At temperature range between room temperature and 50°C, the consistency between
measured lattice parameter of the martensite and theoretical thermally-expanded lattice
parameter of the martensite shows that in this range only thermal expansion of the
martensite occurred.

2. At temperature range from 50°C to 200°C, the deviation of both martensite lattice
parameter shown in Figure 24(a) and austenite lattice parameter shown in Figure 24(b)
shows that the process occurred is not only the thermal expansion of both martensite
and austenite but also stress relaxation of the austenite.

3. At the end of the reheating stage, it can be seen, especially from Figure 24(b), that the
lattice parameters of the crystal structures start to give a significant deviation from the
theoretical value. Comparing the deviation at this temperature range with the deviation
at temperature range from 50°C to 200°C, the deviation in the latest temperature range
is larger. Therefore, in addition to stress relief process of the austenite, another process
that increases the austenite lattice parameter occurs which in this study may be related
to the carbon redistribution process from the martensite to the austenite as also reported
by Villaet al. [52].

The comparison between the temperature ranges reported in the literature with its corresponding
phenomenon behind it and the temperatures ranges observed in this study are presented in Table
5.

Table 5 Comparison between three observed temperatures ranges during reheating from the
literature [52] and the experiments performed in this study.

Temperature Ranges

Reported by Villa Experimental Phenomenon
et al. [52] Temperature Ranges
o Room temperature - .
1 < 150°C 500C Only thermal expansion (TE)
2 150°C - 475°C 50°C - 200°C TE + partial stres§ relief of the
austenite
3 4750C - 625°C 5200°C TE + carbon redlstrlbuthn process
from the martensite
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3.3.2 Tempering Stage (305°C)

Subsequent to reheating, the sample was then isothermally treated at the temperature of 305°C.
The evolution of lattice parameter and phase fractions of austenite (FCC) and martensite (BCC)
are presented in Figure 25. Figure 25(a) shows that the phase fractions of both FCC and BCC do
not significantly change during tempering, which indicates that there is no phase transformation
during this process. The BCC fraction has a constant value over the treatment which is 0.96.
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The evolution of lattice parameter of BCC during tempering exhibits a steady decrease in the
first 400 seconds of tempering before reaching a constant value, as depicted in Figure 25(b),
which is related to the diffusion of the carbon atoms out of the supersaturated martensite. These
carbon atoms may partition into the austenite as well as segregate into lattice defects or
precipitate as carbides [31], [69].

The carbon partitioning from martensite into the austenite can also be observed from the change
in the austenite lattice parameter. As shown in Figure 25(c), the observed increase in FCC
lattice during the first 120 seconds is probably a consequence of the partitioning of carbon from
martensite into adjacent austenite during tempering of martensite [69], [70]. Thomas et al. [69]
reported that the tempering at 400°C of a 0.31 wt.% C martensitic sample with 0.10 volume
fraction of retained austenite resulted in an evolution of the austenite lattice parameter which
started with a significant expansion in the first 30 seconds, followed by a constant value. The
behaviour of the austenite lattice parameter evolution observed in this study is comparable.

The segregation of carbon atoms and the carbide precipitation cannot be directly detected via
SXRD since the number of carbon atoms which are segregated or precipitated are significantly
lower compared to the carbon atoms contained in the major phase such as austenite [69].
However, as shown in Figure 25(b), the lattice parameter of martensite continues to decrease
even after 120 seconds in which the austenite lattice parameter has reached its maximum value.
Therefore, it can be concluded that the carbon atoms from the martensite segregate into
dislocations which usually are found in low-C steels [31], or they may form carbides [69].

By subtracting the thermal and strain contributions, the change in austenite lattice during
tempering due to carbon partitioning can be calculated, as schematically shown in Figure 25(c).
Applying Equation (2-7) to the lattice parameter of the austenite at the beginning and the end of
tempering, the estimation of C-enrichment in the austenite is calculated. At the beginning of
tempering, the retained austenite contains 0.22 + 0.01 wt.% C and after tempering for 1200
seconds, the C-content increases to 0.45 + 0.01 wt.% C. The study by Thomas et al. [69]
reported that for 0.31C steel tempered at 400°C for 1000 seconds, the carbon content in the
austenite changed from 0.31 wt.% C to 0.60 which is a change comparable to the one observed
in the present work. Applying Equation (2-8) to the martensite lattice parameter at the beginning
and the end of the tempering treatment results in the change of carbon content in the martensite
from 0.14 + 0.01 wt.% C to 0.13 + 0.01 wt.% which correspond to martensite phase fraction
0.960 and 0.958. Assuming that the total carbon content in the sample is equal to the bulk
carbon concentration of the steel (0.2 wt.%) then it was found that there is 0.005+0.01 wt.% C
that is neither in austenite nor martensite which in this case represent the carbon atoms that
precipitate or segregate.

3.4 Analysis of the Isothermal Treatment at 350°C (above Ms)

The isothermal treatment above Ms was designed to study bainite formation. Prior to the
isothermal treatment, the sample was rapidly cooled from the austenitization condition at 900°C
to 350°C. During this cooling stage, as observed in Figure 26, the amount of BCC fraction starts
to increase at a temperature lower than the theoretical Bs temperature written in Table 2
(397°C). In order to prove that this BCC structure measured here is bainite instead of martensite,
further investigations on the evolution of the BCC phase fraction was carried out. By comparing
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the increasing rate of the BCC fraction found in this stage with the increasing rate of the BCC
fraction for the martensite formation mentioned in section 3.2.2, the BCC formation rate value
measured during this cooling stage is smaller (0.002 BCC fraction/s). Therefore, it can be
concluded that the 0.05 fraction of BCC detected at the end of the rapid-cooling stage (or the
beginning of the isothermal treatment stage) is bainite instead of martensite.
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Figure 26 a) The evolution of phase fractions and the evolution of lattice parameter of the b)
bainite and c¢) austenite during isothermal treatment above Ms as a function of time.

Figure 26 presents the evolution of the lattice parameters and phase fractions of the BCC and
FCC structures during this isothermal treatment. Figure 26(a) shows that the BCC fraction
increases during the first 1500 seconds of the treatment before reaching a constant value,
indicating the formation of bainite. Figure 26(a) shows a decreasing of the FCC fraction in the
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same time range. After 2000 seconds of isothermal treatment, both phase fractions of austenite
and bainite have reached a constant value, which indicates that bainite formation has ceased.

The bainite formation is observed to cause an increase in the lattice parameter of BCC at the
first 500 seconds of the treatment, as shown in Figure 26(b). The increase comes from the
initiation of bainite formation in the low carbon region of austenite, where austenite is more
prone to be transformed into bainitic ferrite as reported by Babu et al. [25]. Bainite forming in
regions with lower carbon content will also contain lower carbon than bainite formed at later
stages. This condition explains the increase in the lattice parameter corresponding to BCC
bainite during the isothermal treatment.

The increase in BCC lattice parameter stops as the isothermal treatment reaches 500 seconds,
which corresponds to around 0.40 of BCC fraction (point 1 in Figure 26(b)). A small decrease
in BCC lattice is then observed until a fraction of BCC of around 0.60 is reached (point 2 in
Figure 26 (b)), which may be consequence of further carbon partitioning from the bainitic ferrite
to the austenite, carbides precipitation or carbon segregation into defects, which can also be
found during bainite formation [18]. However, in this time range (500 s — 2000 s) bainitic ferrite
still grows, as shown in Figure 26 (a). Therefore, in this time range, the processes that are
happening are coupling processes between the decrease in the lattice parameter of the initially
formed bainite due to carbon redistribution processes and the increase in the lattice parameter of
the newly formed bainite due to its formation from carbon enriched austenite. This behaviour is
similar to that observed in a study by Timokhina et al. [24].

In the final stage of the isothermal treatment, the BCC lattice parameter reaches a plateau,
indicating that all the bainite formed has reached its equilibrium controlled by its Ty’ curve. This
behaviour is comparable to what is reported in the literature [15], [49], [71].

In addition to the evolution of BCC lattice parameter, Figure 26 also shows the evolution of
FCC lattice parameter during the isothermal treatment above Ms. From Figure 26(c), it can be
seen that, during first 600 seconds of the treatment, there are fluctuations in the value of
austenite lattice. This condition is a result of the asymmetrical peak shape found in the
corresponding diffraction patterns, which can cause poor peak fitting, as mentioned in section
2.6.2. Based on the literature [24], [49], the asymmetrical peak shape is due to the
inhomogeneous carbon concentration in the austenite grains at the initial stages of bainite
formation. The simultaneous C-partitioning from bainite and the growth of bainite leads to the
formation of C-enriched austenite regions near sub-units of bainite and C-poor austenite regions
far from the bainite.

Similar to martensite, strains are also developed during the transformation from austenite to
bainite [72]. However, different from martensite, the strains imposed by bainite to the austenite
are more challenging to be evaluated. The growth of bainite in parallel with carbon partitioning
to adjacent austenite makes the separation between strain and chemical contributions difficult.
Therefore, in this study, the strains imposed on the austenite due to bainite formation are not
considered further.

Excluding the strains imposed by the bainite to the austenite, the difference between theoretical
thermally expanded austenite lattice parameter values and experimental austenite lattice
parameter values during the isothermal treatment can be regarded as a result of carbon
partitioning from the bainite to the austenite.
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Applying Equation (2-7) in the difference between the thermally expanded lattice and
experimental austenite lattice parameter at the beginning of the isothermal treatment
approximates that the austenite contains 0.10+0.01 wt.% C. At the same time, applying
Equation (2-8) to the lattice parameter of bainite at the beginning the treatment shows that the
carbon content in the bainite is equal to 0.12 + 0.01 wt.% C. Based on these calculations, the
total carbon from austenite and bainite at the beginning of the treatment is equal to 0.11 + 0.01
wt.% C which is lower than the C-content of the bulk (0.2 wt.% C). The difference may be
caused by the underestimation of the peak position of the austenite which can be translated into
the underestimation of the C-content of the austenite. The underestimation in the peak position
of the austenite is due to the formation of asymmetrical shape as mentioned in section 2.6.2.

At the end of the treatment, applying Equation (2-7) and (2-8) to the lattice parameter of
austenite and bainite at the end of the treatment, results in the C-content of the austenite is equal
to 0.23 + 0.01 wt.% C and bainite is equal to 0.15 + 0.01 wt.% C. Assuming that the total carbon
in the sample is equal to the bulk content of the steel (0.20 wt.%) then it is found that there is
around 0.02 + 0.01 wt.% of carbon which is not contained in either austenite or bainite. At the
end of the treatment, the austenite peaks do not show asymmetrical feature. Thus, the difference
in the C-content observed here is not due to the underestimation of the austenite peak position.
The reason may come from the carbon which segregates in the dislocations or precipitates as
carbides [15], [49], [71]. At the end of the treatment, the increase in the C-content of the
austenite from 0.10 wt.% C to 0.23 wt.% C is expected due to the enrichment from the bainite.

3.5 Analysis of the Isothermal Treatment at 305°C (below Ms)

The focus in this study is to investigate the processes that occur during isothermal treatments
below Ms. Before the sample is isothermally treated at 305°C, it was rapidly cooled to this
temperature from 900°C. In this cooling stage, there is a sudden increase in BCC fraction after
327°C, as shown in Figure 27, which indicates the formation of martensite. Reaching 305°C, the
volume fraction of martensite formed is 0.034. Based on the dilatometry experiment on the
same material [35], for isothermal treatments at a temperature between 300°C and 310°C, the
amount of the martensite present should be between 0.04 and 0.16 which is higher than
measured in this study (0.034).
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Figure 27 The evolution of BCC fraction as a function of temperature during rapid cooling
before isothermal treatment at 305°C.
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Two reasons may cause the difference in the volume fraction of martensite measured smaller
than expected from the dilatometry experiments [35] which are:

1. There may be an instrumental error, i.e. error in the thermocouple, during the in-situ
SXRD experiments, leading to the measurement of a temperature lower than the real
temperature in the material, which led to a fraction of martensite lower than expected.

2. There might be a slight difference in the chemical composition of the steel used in the
isothermal treatment below Ms and the steels used in the other three treatments in this
work. Figure 28 shows that at the temperature range 300°C - 400°C, the formation
kinetics of BCC measured in the case of the isothermal treatment below Ms is slightly
delayed than in the other three treatments. A slight difference in chemical composition
might explain this effect.

However, the offset between the current experiment and dilatometry experiment [35] is not
expected to affect much of the results. It is because the temperature range (310°C — 320°C)
suggested by the dilatometry for 0.03 BCC phase fraction as measured in this study, is still
lower than the expected Ms temperature presented in Table 2. Therefore, the objective to
achieve treatment temperature below Ms is not compromised.
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Figure 28 The evolution of BCC fraction during rapid cooling of all the four treatments.

The evolution of the lattice parameter of the austenite (FCC) shown in Figure 29(a) indicates
fluctuations in the first 400 seconds of the isothermal treatment, which corresponds to the
formation of a bainite fraction equal to + 0.28. The fluctuations are then followed by an increase
in the lattice parameter of austenite until around 3500 seconds before it becomes constant. As
discussed in section 2.6.2, the fluctuations observed indicate an inhomogeneous carbon
concentration in the austenite. Moreover, bainite is formed right after the isothermal treatment
started which was also obtained in dilatometry experiment [35]. The formation of bainite is also
supported by the decrease in the phase fraction of FCC, as presented in Figure 29(b).

The increase in the austenite lattice parameter after 400 seconds is followed by a constant value,
behaviour that was also observed during the isothermal treatment above Ms. In that case, the
evolution of the austenite lattice parameter was a consequence of carbon diffusion out of the
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bainite subunits during bainite formation, as discussed in section 3.4. However, in the case of
treatment below Ms, carbon atoms may come from both prior athermal martensite and bainite.
As the amount of prior athermal martensite is relatively small compare to bainite, its
contribution to the carbon enrichment of the austenite may be smaller than that of the bainite.
The constant value of the austenite lattice parameter at the end of the treatment is related to the
completion of the bainite formation.
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Figure 29 The evolution of lattice parameter of a) FCC phase and b) FCC phase fraction at

the isothermal treatment 578K as a function of time.

The evolution of the BCC lattice parameter is presented in Figure 30(a), showing that in the first
500 seconds, the BCC lattice parameter value decreases rapidly, coinciding with fluctuations in
the austenite lattice which corresponds to the formation of bainite [24], [25]. This feature is then
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followed by a slower decrease in treatment time between 500 — 1500 seconds and ending up
with a constant lattice parameter value from 1500 seconds onwards.

However, in the isothermal treatment above Ms (section 3.4), the formation of bainite is
accompanied by an increase of the BCC lattice parameter. In that case, the only BCC structure
present in the specimen is bainite, while in the present case, the microstructure after the
decrease in the first 500 seconds of the BCC lattice parameter is a mixture of around 0.034
volume fraction of martensite and around 0.4 volume fraction of bainite.
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Figure 30 The evolution of a) BCC lattice parameter as a function of time and b) a graph
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treatment above and below Ms as a function of time.
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Prior to the isothermal treatment below Ms, the BCC structure present in the steel was
martensite. As the product of displacive transformation, martensite contains similar carbon
content to the parent austenite. Applying equation (2-8) to martensite lattice parameter at the
beginning (t = 0 s) of the isothermal treatment below Ms results in C-content of the martensite
id equal to 0.20 + 0.01 wt.% C. As the isothermal treatment below Ms proceeds, bainite starts to
form, probably from the low-C content austenite (as discussed in section 3.4). The formation of
bainite leads to a reduction of the average BCC lattice parameter measured by the SXRD, as
bainite has a smaller lattice parameter than the initially detected BCC structure which is
martensite. Carbon redistribution processes from bainite through the partition to the adjacent
austenite, carbon segregation, or carbide precipitation may also contribute to the fast decrease in
the first 500 seconds.

Based on Figure 30(a), a continued decrease of the BCC lattice parameter from 500 seconds
until 2000 seconds may correspond to the continuation of the growth of the bainite. The growth
of the bainite is then stopped as indicated with a constant value of the BCC lattice parameter
after 2000 seconds. However, carbon enrichment of the austenite is suspected still to occur as
the austenite lattice parameter still shows an increase even after 2000 seconds, as shown in
Figure 29(a).

Applying Equation (2-7) and Equation (2-8) to the lattice parameter of austenite and martensite
present at the beginning of the isothermal treatment below Ms, results in the C-content of the
austenite and martensite are equal to 0.07+0.01 wt.% C and 0.20 + 0.01 wt.% C respectively.
Comparing the total carbon of the austenite and martensite present here and the C-content of the
bulk sample, the calculated value is much lower. It may be due to the formation of the
asymmetrical peak of the austenite (section 2.6.2) which later causing an underestimation in the
calculation of the C-content of austenite.

At the end of the isothermal treatment, the C-content of austenite changes from 0.07+0.01 wt.%
C to 0.45 + 0.01 wt.% C. Comparing to the C-enrichment of the austenite during isothermal
treatment above Ms which is changed from 0.10+0.01 to 0.23++0.01 wt.% C, the value of the C-
enrichment in the isothermal treatment below Ms is higher. This is expected with the decrease of
the temperature since the solubility of carbon in the austenite that is in equilibrium with ferrite
increases [73].

In addition to that, as there is no formation of asymmetrical peak of austenite, calculating the
fraction of carbon in the BCC constituents through Equation (2-8) and considering the fraction
of carbon in the austenite through Equation (2-7), results show that there is 0.05 + 0.01 wt.% C
at the end of the treatment that is not located in either BCC structures or FCC structures. The
value represents carbon redistributed in dislocation or precipitated as carbides. Comparing with
the isothermal treatment above Ms, the number of carbon atoms which are segregated or
precipitated is higher in the isothermal treatment below Ms. One of the reasons may come from
the presence of martensite which introduced additional dislocation into the steel. Thus,
providing additional sites for carbon segregation. With a lower treatment temperature, the
carbon movement becomes slower than in isothermal treatment above Ms. Therefore, it may be
easier for the carbon atoms to segregate in the dislocation lines attached to the martensite
formation than to diffuse into the austenite.
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In Figure 30(b), after 500 seconds, in the same time period, the amount of bainite formed at the
isothermal treatment below Ms is higher compared to the isothermal treatment above Ms. In
order to get clearer comparison, calculation of the nucleation rate and density of potential
nucleation sites, assuming that the bainite grows without diffusion of carbon [35] is then
performed. The change in bainite fraction (%) as a function of time (t) can be described as [35]

f& _dN 0(’1"—528 K) 31)

dt dt’ 150 K
with dN/dt is the nucleation rate per unit of volume (m3s?), V is the constant related to the
initial volume of bainite which is equal to 2 x 10% m? and T is the isothermal holding
temperature measured in Kelvin. The difference in the nucleation rate of the isothermal
treatment above and below Ms based on Equation (3-1) can be observed in Figure 31.
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Figure 32 shows that initially (for bainite fraction below 0.1), the nucleation rate of bainite
between isothermal treatment above and below Ms is similar which is also shown in Figure
30(b). For the isothermal treatment above Ms, the nucleation rates decrease and reach a constant
value of nucleation rate between 0.1 — 0.5 fraction of bainite before decrease again until reach
its maximum bainite fraction. The range where the nucleation rate shows a constant value
coincides with the constant increase in bainite formation at isothermal treatment above Ms as
shown in Figure 30(b).

On the other hand, the kinetics for isothermal treatment below Ms, the nucleation rates keep
increasing until reach a maximum at bainite fraction between 0.5 and 0.6. These bainite fraction
values coincides with the turning point between increase in kinetics and gradual decrease region
of the bainite formation at the isothermal treatment described in Figure 30(b). The low
isothermal temperature contributes to the increase in the undercooling. Thus, the driving force
for nucleation increases and results in the faster transformation observed in the isothermal
treatment below Ms.

The difference in the characteristics of the evolution of nucleation rate between isothermal
treatment above and below Ms may also related to the presence of the martensite prior to the
isothermal treatment below Ms which do not form at the isothermal treatment above Ms. The
presence of martensite results in the formation of martensite/austenite interfaces which can act
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as potential nucleation sites for bainite. This phenomenon is supported with the SEM
observations of the same material performed by Navarro-Lopez et al. [21]. It showed that some
of the bainitic ferrites have a similar crystallographic orientation relationship with the prior

athermal martensite. Therefore, it was suggested that these particular bainitic ferrites grow from
the prior athermal martensite.

Based on the aforementioned processes, the microstructural developments occurred in the
isothermal treatment below Ms are schematically described in Figure 32.
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— Martensite interface
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Figure 32 The schematic of the process occurred during isothermal treatment below Ms. 1) A
fully austenitic condition, 2) Formation of martensite upon rapid-cooling, 2a) C-
redistribution processes from the martensite, 2b) formation of bainite at the
martensite/austenite interface, 2c¢) simultaneous processes of bainite formation and C-
redistribution processes from the bainite, 3) Final condition which consists of martensite,
bainite, and C-enriched austenite.
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The microstructural developments illustrated in Figure 32 are based on the observed features in
the evolution of lattice parameter and phase fraction of BCC and FCC structures. The
microstructural evolution below Ms is suggested to occur as follows:

1. Rapidly cooled sample from austenitization temperature to isothermal treatment below
Ms (305°C) leads to the formation of martensite. The martensite formation is supported
by a sharp increase in the BCC phase fraction measured by the SXRD.

2. During isothermal holding, four processes occur simultaneously:

a. Carbon redistribution from the athermal martensite through C-partition to the
adjacent austenite, C-segregation, and carbide precipitation. In addition to the
carbon balance calculated from the austenite and BCC structures
(martensite/bainite) obtained from the diffractograms, the formation of carbides
from athermal martensite is supported with SEM micrographs [21]. The
micrographs showed that there are carbides visible within the microstructural
features which have martensitic nature.

Formation of bainite from the martensite/austenite interfaces.

Formation of bainite from the austenite/austenite interfaces. As mentioned in
section 3.4, without the presence of martensite, bainite is suggested to form from
the low-C austenite region (austenite/austenite interface).

d. Carbon redistribution processes through C-partition to the adjacent austenite, C-
segregation, and carbide precipitation from bainite. Different with C-redistribution
processes from the martensite, carbide precipitation is more unlikely to happen in
the C-redistribution processes from bainite. The reason is that from the SEM
observations [21], there are no carbides visible within the microstructural features
identified with bainitic nature.

3.6 Final Quenching Stage of All the Treatments

Following isothermal treatments around Ms, all the studied three treatments: tempering,
isothermal treatment above Ms, and isothermal treatment below Ms, underwent final quenching
from a given isothermal treatment temperature to room temperature. The data obtained during
this final quenching stage is then used to study the stability of the austenite that has been
enriched with carbon during isothermal treatment around Ms temperature.

As mentioned in section 3.3.2, 3.4, 3.5, during the three isothermal treatments, the BCC
structures enrich the austenite with their carbon atoms. The carbon enrichment of the austenite
leads to lower Ms temperature of the steel. If the carbon enrichment is such that the Ms
characteristic of the austenite falls below room temperature, austenite becomes retained at room
temperature. The presence of retained austenite is desired as it can provide an additional
strengthening mechanism to the bainitic steel [54]. The process of deformation-induced
transformation of the austenite is named as transformation-induced plasticity (TRIP). The local
transformation of the retained austenite to martensite hardens the region of the material where
the transformation occurs thus preventing further strain in this region. The condition leads to
high strain hardening rate of the steel which in the end improve the formability of the bainitic
steel.
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Figure 33 shows the evolution of the austenite fraction and austenite lattice parameter as a
function of quenching temperatures during final quenching stage. In Figure 33, the changes in
slope represent the formation of martensite during the final quenching stage which follow the
three mentioned isothermal treatments. The temperatures at which this martensite formation is
occurred will be named ‘“secondary” Ms temperatures. Therefore, Point 1 in Figure 33(a)
represents the secondary Ms temperature for the isothermal treatment above Ms, while Point 2
and 3 represent the Ms temperature for isothermal treatment below Ms and tempering,
respectively. The secondary Ms temperatures with its corresponding changes in C-content of the
austenite from the three isothermal treatments around Ms are summarized in Table 6.
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Figure 33 The evolution of a) FCC phase fraction and b) average lattice parameter of the
austenite as a function of quenching temperature. The dashed circles represent the point
where the estimated Ms temperatures lie.

Table 6 Comparison between secondary Ms temperature and changes in the C-content of the
retained austenite measured during the last cooling to the room temperature of the three
isothermal treatments performed around Ms temperature.

C-content in the Austenite

Point Isothermal Secondary Ms (Wt.%0)
Number Treatment Temperature (°C) Initial Final
Isothermal Isothermal
0.10+0.01 0.23+0.01

240°C + 8°C

Isothermal
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Treatment above Ms
Isothermal o
+ 89 + +
2 Treatment below Ms 17°C+8C 0.07£0.01 0.45+0.01
8 Tempering 77°C + 8°C 0.22:0.01 0.45£0.01

Table 6 shows that the isothermal treatment above Ms has the highest new Ms temperature. This
condition is expected as in this isothermal treatment, the C-enrichment of the austenite is the

lowest (around 0.13 wt.%) which gives rise to least stable austenite.

In addition to that, compared to the tempering treatment which is also performed in the same
treatment temperature, isothermal treatment below Ms shows the highest C-enrichment of the
austenite (Table 6). As mentioned in section 3.3.2, for the tempering treatment the enrichment
of the austenite occurred due to C-redistribution process from the martensite. However, this
process alone cannot explain the significant increase in the C-content during the isothermal
treatment below Ms as the martensite present is small (0.034 phase fraction). Therefore, it is
suspected that the C-enrichment process of the austenite occurred by simultaneous enrichment

from other BCC structures present which is bainite.
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A

Conclusions and Recommendations

In this study, phase transformations and carbon redistribution processes were studied during
isothermal treatment below Ms in low-carbon high-silicon steel. In order to understand the
microstructural evolutions occurring in this treatment, three additional treatments were
performed: direct quenching, tempering of martensite, and isothermal treatment above Ms.
These four treatments were studied with the aid from in-situ synchrotron XRD.

4.1 Conclusions

In the isothermally treated sample at a temperature below Ms, concurrency of tempering of
martensite and bainite formation is expected. Therefore, the details of the microstructural
developments during isothermal treatment below Ms can be determined by first investigating
the microstructural evolutions related to the tempering of martensite and the formation of
bainite. The microstructural development for the tempering of martensite were obtained through
direct guenching followed by tempering treatment while the microstructural development of
bainite formation were collected through isothermal treatment above Ms.

1. Direct quenching followed by tempering treatment (Tempering of martensite)

a. Based on the diffractograms obtained during tempering stage, tempering of
martensite is identified with carbon partitioning from the martensite to the adjacent
austenite.

2. lIsothermal treatment above Ms (Bainite formation)

a. Bainite formation is correlated with the fluctuations of the austenite lattice
parameter at the beginning of the isothermal treatment.

b. Bainite is suggested to form initially at the austenite region (austenite/austenite
interface) with low-C content.

c. During formation of bainite, it is observed that carbon partitioning from the bainite
to the adjacent austenite

3. Isothermal treatment below Ms

a. The presence of martensite is identified prior to the isothermal treatment below Ms.

b. Bainite was observed to be formed right after the treatment started.

c. Based on the results from the diffractograms, there are six concurrent processes
occurred during isothermal treatment below Ms which be divided into three
categories:

— Carbon partitioning from supersaturated BCC phases (bainite and martensite) to
austenite

— Bainite formation: at the austenite/austenite interface and at the
martensite/austenite interface

— Additional carbon redistribution processes
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In addition to study the microstructural developments below Ms, the data obtained during final
guenching stage of the four heat treatments showed that enriching the austenite reduces the Ms
temperature of the sample.

4.2 Recommendations

The conclusions mentioned previously are obtained only by analysing the data obtained from
one characterisation method which is SXRD method. In order to gain a deeper understanding of
the microstructural developments below Ms, some additional characterization techniques that
can be applied for further research:

1.

In order to overcome the challenges from the peak finding in the absence of the crystal
structure and peak asymmetry, development of a software-routine which can separate
the overlapped peaks is needed.

Since the carbon quantification in both BCC and FCC structures was calculated based
on empirical equations, atom probe tomography (APT) can be performed in order to
study the solute redistribution through identifying the local chemical composition
around the BCC/FCC interface during isothermal treatment below Ms.

Since the characterisation of BCC structures during isothermal treatment below Ms was
done through analysis of the trend in the evolution of BCC lattice parameter,
transmission electron microscopy (TEM) is needed. TEM is expected to provide better
microscale characterisation especially for identifying the carbon segregation in the
dislocation or carbides formation that are included in the carbon redistribution processes
from the supersaturated BCC structures (bainite or martensite).

In order to study the effect of the stability of retained austenite on the mechanical
properties of the steel, mechanical testing such as tensile test is needed to be carried out.
By tensile testing samples that contained enriched retained austenite, the relation
between C-content and the mechanical stability of the retained in this specific steel
alloy can be obtained.

In order to study the strains introduced by martensite and bainite, an in-situ sin¢

method is needed. In sin?¢ method, the angle between the scattering vector and the
surface normal, ¢, is varied by tilting the sample around an axis parallel to the plane

through the incident and diffracted beam. The experimental setup of this method is
presented in Figure 34. By varying treatment temperature, the strain introduced by
bainite during isothermal treatments above Ms can be calculated. The results from it can
be used to study the evolution of the strain during the isothermal treatment below Ms
which can also be studied using an in-situ sin?¢ method.
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APPENDIX

A. TREATMENT-SPECIFIC COEFFICIENT OF THERMAL EXPANSION (CTE) OF THE

AUSTENITE

I.  DIRECT QUENCHING TREATMENT

(a) {200} Planes (b) {220} Planes

0 0
600 700 800 900 1000 1100 1200 1300 600 700 800 900 1000 1100 /- 1200 1300

-0.002 -0.002
-0.004 -0.004
o o
2 g
S S
S -0.006 S -0.006
: 5
-0.008 -0.008
-0.01 -0.01 -
_ 1 dL(T)_ -5 pr—1 _ 1 dL(T}_ -5 pr—1
a(T) = I ar gradient=2.23 X 107 K~ a(T) = I ar gradient=2.32 X 107> K~
Temperature (K) o Temperature (K)

1. TEMPERING TREATMENT

(a) {200} Planes (b) {220} Planes

0 0
600 700 800 900 1000 1100 /1200 1300 600 700 800 900 1000 1100 /1200 1300

/ -0.002

-0.002 £
/ 0.004 /

-0.004 ’ /
g // g /
b= < -0006
o ©
g 0006 / S s
3 2 o
N -0.008 N
-0.01
//{f ’/‘
0.01 / o012 /-‘
_1 duT)_ 1 _1odum)_ -5 -1
a(T) = 1) ar gradient=2.37 X 1075 K~ a(T) = ) ar gradient=2.54 X 107> K
Temperature (K) Temperature (K)

68



ISOTHERMAL TREATMENT ABOVE MS
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B. TREATMENT-SPECIFIC COEFFICIENT OF THERMAL EXPANSION (CTE) OF THE

MARTENSITE

I. DIRECT QUENCHING TREATMENT
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1. ISOTHERMAL TREATMENT ABOVE MS
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C. TREATMENT-SPECIFIC MS TEMPERATURE
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D. EvoLUTION OF THE OVERALL PeEakK POSITIONS DURING THE

TREATMENTS
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1. TEMPERING TREATMENT
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V. ISOTHERMAL TREATMENT BELOW MS
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E. EvOLUTION OF THE OVERALL PEAK

TREATMENTS
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