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Abstract

Abstract

Carbide-free bainitic (CFB) steel has become a new forefront of advanced high-strength steels
owing to their outstanding balance in mechanical properties. Due to a thermodynamic instability
of austenite in low carbon CFB steels, formations of only primary phase bainitic ferrite and
secondary carbon enriched retained austenite phase are impracticable. The untransformed austenite
at high temperatures could partially transform into fresh martensite during cooling operation,
depending on the local carbon concentration in the austenite. A general consequence is that an
excessive formation of fresh martensite may deteriorate ductility, despite the enhanced strength of
the steel. Thus, controlling the thermodynamic stability of austenite has been a challenging issue
in developing low-carbon carbide-free bainitic (CFB) steels, besides increasing mean carbon

content and chemical compositions.

Ausforming as a thermomechanical heat treatment process is applied to compromise the formation
of fresh martensite and to balance the phase constituent of the steels. This process combines plastic
deformation of the untransformed austenite with the conventional process of isothermal heat
treatment. Parameters of ausforming, such as deformation temperature, strain, and strain rate, are
of significant importance in defining appropriate conditions for desirable microstructures and
mechanical properties. The correlation between the ausforming conditions throughout the kinetics
behavior of isothermal bainitic transformation, factors inherent in the martensite transformation,

hardness, and tensile properties have been established.

A unified physics-based model has been developed based on nucleation rate theory to provide a
better understanding of how ausforming influences the wvariations of activation energy,
corresponding driving energy, and the evolution of carbon enrichment in austenite. In addition, the
impact of the chemical compositions has been conducted to reveal a limitation of ausforming with
respect to the deformation strain on improving the thermodynamic stability of austenite against
the formation of fresh martensite. Throughout the dissertation, a systematic investigation in
heterogeneous microstructure and mechanical properties subjected to ausforming conditions
allows for establishing advanced high-strength steels with reasonable hardness and improved

strength and ductility.
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Kurzzusammenfassung

Karbidfreier bainitischer (CFB) Stahl hat sich aufgrund seiner hervorragenden Ausgewogenheit
der mechanischen Eigenschaften zu einer neuen Vorreiterrolle bei den neuen hochfesten Stiahlen
(Advanced High Strength Steels AHSS) entwickelt. Aufgrund einer thermodynamischen
Instabilitdt von Austenit in kohlenstoffarmen  CFB-Stidhlen ist die Bildung von nur
primédrphasigem bainitischem Ferrit mit der Sekundérphase kohlenstoffangereicherter Restaustenit
nicht praktikabel. Der bei hohen Temperaturen nicht umgewandelte Austenit konnte sich wahrend
des Abkiihlvorgangs teilweise in frischen Martensit umwandeln, abhéngig von der lokalen
Kohlenstoffkonzentration im Austenit. Eine allgemeine Konsequenz ist, dass eine {iberméBige
Bildung von frischem Martensit trotz der erhohten Festigkeit des Stahls die Duktilitét
verschlechtern kann. Daher war die Kontrolle der thermodynamischen Stabilitidt von Austenit
neben der Erhohung des mittleren Kohlenstoffgehalts und der Legierungsmodifikation ein
herausforderndes Problem bei der Entwicklung von carbidfreien bainitischen (CFB) Stidhlen mit

niedrigem Kohlenstoffgehalt.

Ausforming als thermomechanischer Wiarmebehandlungsprozess wird angewendet, um die
Bildung von frischem Martensit zu beeintrachtigen und den Phasenbestandteil der Stdhle
auszugleichen. Dieser Prozess kombiniert die plastische Verformung des nicht umgewandelten
Austenits mit dem konventionellen Prozess der isothermen Wéarmebehandlung. Parameter des
Ausforming, wie Verformungstemperatur, Dehnung und Dehnungsrate, sind von erheblicher
Bedeutung beim Definieren geeigneter Bedingungen fiir wiinschenswerte Mikrostrukturen und
mechanische Eigenschaften. Die Korrelation der Ausforming-Bedingungen mit dem kinetischen
Verhalten bei der isothermen bainitischen Umwandlung und mit den Faktoren, die der Martensit-

Umwandlung, der Hérte und den Zugeigenschaften innewohnen, wurde ermittelt.

Basierend auf der Keimbildungsratentheorie wurde ein einheitliches physikalisches Modell
entwickelt, um ein besseres Verstindnis dafiir zu liefern, wie das Ausforming die Variationen der
Aktivierungsenergie, der entsprechenden Antriebsenergie und der Entwicklung der
Kohlenstoffanreicherung in Austenit beeinflusst. Dariiber hinaus wurde der Einfluss der
chemischen Zusammensetzungen analysiert, um eine Begrenzung des Ausforming in Bezug auf

die Verformungsspannung bei der Verbesserung der thermodynamischen Stabilitdt von Austenit
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gegen die Bildung von frischem Martensit aufzuzeigen. Durchgehend wird in der gesamten
Dissertation eine systematische Untersuchung der heterogenen Mikrostruktur und der
mechanischen Eigenschaften vorgenommen, um mittels Ausforming die Entwicklung neuer

hochfester Stidhle mit verbesserter Festigkeit und Duktilitdt zu ermdglichen.
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Chapter 1

Chapter I - Introduction

Due to its high strength and resilience of production cost, steel remains the best candidate material
used in various industry sectors, particularly automotive manufacturing. The progress in research
and technology allows the optimal balance of strength, performance, and weight reduction with
the most negligible environmental impact [1-4]. Most lightweight components not only improve
fuel efficiency but also reduce the rate of carbon emissions produced by the combustion engine.
The forged steel components must be strong and tough in response to their loading conditions,
whereas good machinability should not be avoided since subsequent machining is usually required
after forging. Consequently, conventional quenched and tempered (Q&T) steel grades were made
for automotive bolts and screws by which better cyclic tolerance is achieved with the feature of a
hard and brittle martensitic structure. However, the three stages of heat treatment operation after
the forging are cost intensive. Precipitation-hardened pearlitic ferritic (in German called AFP)
steels have been then developed to shorten such processing routes by directly hardening while
exhibiting inferior mechanical properties compared to Q&T steels [5]. To these drawbacks, light-
weight and micro-alloyed bainitic steels have been developed as an alternative to Q&T and AFP
steels, as shown in Fig. 1a. For example, a bainitic grade DIN-20MnCrMo7 is commercially
available for applications to the common rail and injector body [6]. By additions of Mn, Cr, and
Mo, the desired bainitic microstructure can be achieved via a single step of heat treatment
operation, as illustrated in Fig. 1b. An essential aspect of the bainitic steels is their machinability,
to which carbide formation and solid solution are significantly related. However, compared with

Q&T steels, bainitic steel is more difficult to machine due to its higher hardness.

Alloying with Si or Al by an appropriate content can change carbon activity by rejecting carbon
into the parent austenite when bainitic ferritic plates are formed. The enrichment of carbon into
austenite thus results in austenite retention during cooling operation. The benefit of retained
austenite is the transformation-induced plasticity (TRIP) effect, by which damage tolerance can be
improved when the working component reaches its critical value. However, the TRIP effect should
not be susceptible to bulk components design like sheet metal in which formability is extremely
required. Therefore, a component with an appropriate fraction of the retained austenite may lead

to a balance in strength-ductility when it is subjected to mechanical loading. There is a critical
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concern regarding fresh martensite that could form while cooling operation for the steel producer.
In particular, low-carbon steels where carbon enrichment within austenite is somewhat small,
resulting in the thermodynamic instability of austenite. Although some fraction of the unstable
austenite is transformed into fresh martensite, most of the retained austenite presented after the
heat treatment operation is in the form of granular or blocky type. The problem is that if the size
of blocky retained austenite is much coarsened, the austenite becomes less stable and prone to
transform into high-carbon martensite under the influence of a small strain. Thus, this untempered
and hard martensite embrittles the steel compromising its mechanical properties, even though the
presence of fresh martensite gives rise to a strengthening point of view. In this dissertation,

controlling balance in phase constituents by minimizing the total fraction of fresh martensite is

necessary.
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Fig. 1 (a) Mechanical properties of AFP, Q&T, and bainitic grade steels [7] and (b) heat-

treatment process required for Q&T and bainitic grade steels [8].

Based on the displacive transformation theory of bainite, the carbon enrichment accompanying
diffusionless growth of bainitic ferrite is limited by T locus. The locus allows the design of a wide
range of high-strength bainitic steels. By increasing the amount of bainitic ferrite, the rate of
carbon-enriched austenite is simultaneously augmented. In general, this strategy becomes feasible
when the mean carbon of the steel is increased so that a reduction in the start temperature of
martensite allows the possibility of treating the steel at a lower temperature. Apart from that,
various heat treatment techniques have been employed, including alloy modification, i.e.,

manganese. Most of them are associated with prior austenite grain reduction in which the available



Chapter 1

nucleation sites for martensite are mostly prevented, despite the increased availability of bainitic

transformation.

Ausforming, which combines plastic deformation of the untransformed austenite with an
isothermal heat treatment process, is one of the thermomechanical treatments employed for such
a purpose. However, only few research studies have paid attention to low-carbon steels. Even
though the ausforming parameters, such as deformation temperature, strain, and strain rate, have
been conducted, the effect of mechanical stabilization, which occurs during the transformation
progress, has not been systematically and distinctly described. Therefore, the first objective of this
dissertation is to establish a quantitative correlation between the ausforming parameters, bainitic
transformation behavior, microstructural features, and strength behavior for 0.18C-1Si-2.5Mn-
0.2Cr-0.2Ni-0.02B-0.03Ti steel. Also, understanding the effect of ausforming on phase
transformations, including the kinetics behavior of isothermal bainitic transformation and

subsequent formation of fresh martensite, is of importance.

Nonetheless, the role of ausforming parameters on the kinetics of isothermal bainitic
transformation at the desired temperature and the mechanical stabilization to the thermodynamic
stability improvement of austenite remains questioned. Because inconsistent outcomes regarding
the kinetics of isothermal bainitic transformation with respect to alloying variations, including
carbon, have been reported. In this regard, several models based on the classical nucleation rate
theory have been proposed to describe the kinetics behavior of bainitic transformations under the
influences of alloying elements and undercooling temperatures in terms of activation energy
change. Nevertheless, none of them does consider the effect of ausforming on the variation of
activation energy, driving pressure, and evolution of the carbon enrichment in austenite during
isothermal bainitic transformation. Thus, a unified physics-based model has been later derived by
considering the effect of ausforming. The model is proposed to give rise to an in-depth
understanding of the nucleation rate influenced by changes in the activation energy and enriched
carbon in the austenite. In aspects of mechanical stabilization of austenite, dislocation density
involving ausforming and alloying elements (referring to 0.26C-1Si-1.5Mn-1Cr-1Ni-0.003B-

0.03Ti steel) is also roughly estimated in this dissertation.

According to the statements above, the defects induced by ausforming lead to changes in grain

size, morphology, carbon enrichment, and phase constituents, leading to variations in the



Chapter 1

mechanical properties of the steel. However, the insight discussion on the effect of ausforming
involving thermodynamic stability throughout tensile properties, including post-necking and
fracture behaviors of the low carbon steels, has never been thoroughly characterized. Therefore,
the insight discussion on the microstructural heterogeneity that responds to the tensile properties
of low-carbon steel is proposed in this dissertation. In particular, the TRIP effect dependent on the
retained austenite fraction and grain refinement associated with strengthening and resistance to
fracture is also evaluated. To conclude, this dissertation provides approaches for designing and
preparing bainitic steels with low carbon content via the ausforming process and facilitating the

application of such steels.
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1.1 Fundamentals

The following sections summarize the current research status of low-carbon bainitic TRIP steels,
which is relevant to the inquiries conducted within the scope of this dissertation. In particular,
scientific literature on the kinetics of bainitic transformation, the thermodynamic stability of high-
temperature austenite, ausforming heat treatment, and the mechanical stability of retained austenite

have been reviewed.

1.1.1. Overview of bainite

Bainite is a non-equilibrium transformation product of austenite as it forms at a high cooling rate,
which is high enough to avoid pearlitic transformation but not as high as to transform into
martensite. Apart from cooling, bainite can form under isothermal heat treatment at a temperature
range between bainite start (Bg) and martensite transformation (Mg) temperatures [9]. Austenite
decomposition into bainite is time-dependent; thus, the kinetics or progress of the bainitic
transformation is represented by a lower C curve on the time-temperature-transformation (TTT)
diagram, as shown in Fig. 2. Since the formation of bainite occurs between reconstructive pearlite
(as in the upper C curve) and displacive martensite, the exact definition of bainitic transformation
mechanism is relatively ambiguous. In particular, the growth nature that can be controlled by
reconstructive or by displacive mechanism. Consequently, the transformation mechanism

applicable to bainite has remained controversial among metallurgists up to the present.

Bainitic microstructures are commonly described as non-lamellar aggregates of bainitic ferrite
(BF) laths or platelets as the primary phase, separated by a carbon-enriched phase like cementite,
fresh martensite (FM) or retained austenite (RA) [10]. The enriched carbon phase as a secondary
phase is inevitable during bainitic transformation, which remains untransformed upon the growth
of BF. The term BF stands for the formation of ferrite components in bainite [11]. The aggregates
of BF platelets are called sheaves, and the platelets within each sheaf are sub-units. Fig. 3 shows
a schematic representation of a characteristic of bainitic sheaf at the prior boundary of austenite.
The sub-units within each sheaf are not isolated from each other by the second phase. They are
connected in three dimensions since they share a common crystallographic orientation and habit
plane. Bainite can generally be classified into two types according to the transformation
temperature, i.e., upper bainite and lower bainite. The difference in morphology is the formation

of cementite interlath between or within BF lath. Upper bainite forms at higher temperatures where
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the diffusion rate is fast to allow carbon diffusion to the lath boundaries. Lower bainite forms at
relatively lower temperatures where the carbon is entrapped within the growing plate of BF as the

diffusion rate is low. Hence, carbon is precipitated within BF.

However, those upper and lower bainite can not be fully described for all features that form during
the transformation because of variations of plate or lath, depending on carbon concentration,
alloying elements, and heat treatment. Other aspects of the bainitic classification were suggested
by Krauss and Thompson [12], Lotter and Hougardy [13], or by Ohmori et al. [14], and Bramfitt
and Speer [15]. Zajac et al. [16] proposed a summary of bainitic classification. As shown in Fig.
4, bainite is distinguished into five categories based on the arrangement of primary phase bainitic
ferrite and secondary carbon enriched phase. Apart from the common well-known upper and lower
bainite structures, degenerated features of upper/lower bainite (DUB/DLB) and granular bainite
was obtained. The degenerated upper bainite has so-called martensite/retained austenite (M/A)
constituent on the lath boundaries, while the degenerated lower bainite has M/A dispersed inside
the ferrite laths. Granular bainite is defined as irregular ferrite with carbon-enriched second phases

distributed between these irregular grains.

P o I —————
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>

Fig. 2 A time-temperature-transformation (TTT) digram for steel showing microstructural

features that can be achieved by heat treatment [17].
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sheaf of bainite
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austenite grain
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Fig. 3 Schematic representation of the sheaf structure of bainite [10].

Generally, the carbon-rich second phase is not cementite. It is any transformation product
developed from carbon-enriched austenite, which can be characterized into five categories: (i)
degenerated pearlite or debris of cementite, (ii) retained austenite, (iii) mixture of ‘incomplete’
transformation products, (iv) M/A, and (v) martensite. The advantage of this scheme is that it

covers various bainitic microstructures and can be easily used and understood in common parlance.

Granular Degenerated Upper Upper Bainite
Bainite (GB) Bainite (DUB) (UB)
Carbon-rich Bainitic Martensite/ Bainitic Cementite Bainitic
2™ Phase Ferrite Austenite (MA) Ferrite Ferrite
Lower Bainite Degenerated Lower
(LB) Bainite (DLB)
—_— i =
e ~ P 2
e
- P 2
- ~
/’ - ~ \ f\
Bainitic Cementite Bainitic Martensite/
Ferrite Ferrite Austenite (MA)

Fig. 4 Graphical illustration of microstructural features of bainite summarized by Zajac et al.

[16].
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1.1.2. Growth mechanism of bainite

Since the bainitic transformation occurs between displacive martensite and reconstructive pearlite,
in some instances, it exhibits both characteristic features of martensite and pearlite. As such, the
mechanism of bainitic transformation has been the subject of earnest debate thus far, whether it
grows by diffusive or displacive mode [18,19], as the comprehensive understanding has not been
clarified yet. The diffusive fashion elucidates that bainitic formation is controlled by carbon
diffusion. Bainitic ferrite formed by the ledge mechanism, where it has been postulated that the
interface area, has a disordered structure. By using hot stage microscopic to examine the growth
mechanism of bainitic ferrite, Ko and Cottrell in 1952 [20] found that bainitic transformation was
continuous process and it grown relatively slow compared with the growth rate of martensite
plates. Later, this mechanism was also experimentally confirmed by other publications [21,22].
They claimed that the diffusion of carbon atoms plays an essential role in controlling the edgewise
growth of a plate at y/a interface boundary. Growing plates ceased when they reached the
austenite grain boundary. Although surface relief was also observed, the bainitic ferrite plates did

not cross the austenite grain or even at twin boundaries.

In view of the displacive approach, this theory was first proposed by Hultgren in 1926 [23], where
the formation of bainitic ferrite seemed to be governed by a shear mechanism similar to that of
martensite. This mechanism involves the motion of carbon atoms across a glissile interface and a
generation of an invariant plane shear strain or IPS caused by shape change during the bainitic
ferrite formation. The shape change accompanied by the formation of individual sub-unit requires
plastic accumulation in austenite. This leads to an accumulation of transformation strain energy
and a loss of coherency of the interface boundary that requires for nucleation of a new sub-unit of
bainitic ferrite. During the transformation, carbon immediately rejected from bainitic ferrite is
enriched into the adjacent parent austenite due to the shear mechanism, even though at the
nucleation stage the diffusion of carbon under paraequilibium condition is taking place [24].
However, most researchers accepted that the bainitic transformation is processed by diffusionless
rather than diffusion if the transformation occurs nearly above the start temperature of martensite
[9,18,25]. A short summary of the structures formed by the diffusive and displacive mechanisms

is illustrated in Fig. 5.
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Ferrite

Diffusive transformation Allotriomorphic ferrite

*  Ideomorphic ferrite and massive ferrite

Diffusion of all atoms
* Break atomic bonds

* Grow on both sides of the austenite
grain boundary

Pearlite

*  Cooperative growth of ferrite and cementite

Widmanstiitten ferrite

= Carbon diffuses during paraequilibrium
nucleation and growth.

Displacive transformation

* No diffusion of iron or substitutional
solutes

«  Carbon may move

+  Grow on one side of the austenite
grain boundary

+ Shape deformation

Thin plate shape

Bainite

*  Carbon diffuses during paraequilibrium
nucleation.

+  Carbon gjected into austenite immediately
after growth.

Martensite

Deformation of austenite lattice without any
diffusion of atoms

Fig. 5 Characteristics of diffusive and displacive transformations in steels, modified from [10].

From the displacive theory point of view, the kinetics of austenite decomposition is represented
on the TTT digrams. The formation of bainite proceeds by the nucleation and growth mechanisms.
The kinetics of transformation of austenite is represented on the time-temperature-transformation
diagrams. The nucleation occurs by spontaneous dissociation of specific dislocation defects
presented in the parent phase, while the growth progresses autocatalytically at the adjacent defects
on freshly formed bainitic ferritic sub-units without any diffusion. The individual mechanisms are
controlled by the rate of bainitic ferritic nucleation with respect to the driving force and mobility
of alloys caused by partitioning. In steels containing the alloying elements such as Cr, Mo, and B,
the reaction can be separated C-curve nature of the TTT diagram at which the characteristic flat
top of bainite at a temperature of T}, appears (illustrated in Fig. 2). This indicates the highest
temperature where ferrite can form by a displacive mechanism. However, the nucleation reaction
of Widmanstitten ferrite and bainite possesses the same mechanism, opposing the growth
mechanism. The same nucleus can develop into either phase based on the available thermodynamic

conditions.
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1.1.3. Incomplete reaction phenomenon

In displacive manner, bainite starts with paraequilibrium nucleation and grows without carbon
diffusion. The bainitic growth arises soon after carbon supersaturated from bainitic ferrite is
rejected into the residual austenite. The residual austenite enriched with carbon defines a
characteristic of diffusionless growth that the transformation of bainite would never reach its
equilibrium. On the Fe-C phase diagram (Fig. 6), the T, curve is the locus of all points where the
austenite and ferrite of the same composition have identical free energy. This curve lies between
ferrite and austenite phase boundaries. Ae; refers to the (y + a)/a phase boundary and Ae; refers
to the paraequilibrium phase boundary of (y + a@)/y. A plate of bainitic ferrite grows by
diffusionless of carbon as any excess of carbon from the supersaturated bainitic ferrite plate is
rejected into the residual austenite. The next plate is thus forced to grow from carbon-enriched
austenite. This process can continue until the mean carbon concentration of steel reaches the
carbon concentration of the residual austenite at T, locus. Therefore, the decomposition of
austenite into bainite caused by the carbon enrichment can only take place below the T, curve. The
T, curve has the similar meaning, but it takes into account the strain energy term of ferrite due to
shape change in the growth process [26,27]. Regarding shape deformation, the elastic strain
component caused by the IPS is accommodated in the residual austenite. The strain energy
associated with the deformation is estimated to be about 400 J/mol, which is higher than that for

Widmanstitten ferrite (~200 J/mol) but lower than martensite (~600 J/mol).

The transformation of bainite follows that the maximum amount of bainite can be achieved at any
temperature by the fact that the carbon concentration of retained austenite must be lower than the
Ty curve. Hereby, the transformation incompletes as it is expected to fall between austenite and
ferrite. The incomplete reaction phenomenon was initially introduced by Zener [28] and modified
by Aaronson et al. [25]. The transformation of austenite under such a phenomenon explains why
the degree of transformation to bainite is zero at the Bg temperature and increases with
undercooling below the Bg temperature of steels. A benefit of the Ty curve is allowing the design
of advanced high strength bainitic steels which comprises mainly bainitic ferrite with a certain
amount of retained austenite [29]. The schematic illustration of the T, and the modified T, curves
are shown in Fig. 7. According to this concept, Takahashi and Bhadeshia [30] proposed that there

are three possibilities for steel design to achieve the maximum amount of bainitic ferrite: by
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adjusting the Ty curve to greater carbon concentration by controlling the average carbon
concentration and by minimizing the transformation temperature. These strategies are based on the

following relationship:

X1 —X

Vmax — To (1)

oBF X~ Xapr
where x¢ is the molar carbon concentration of the residual austenite given by the Ty locus, X is

the mean carbon concentration in steel, and x4, is the molar carbon concentration of bainitic

ferrite. However, this condition is feasible if the following two thermodynamic conditions are met

below the T, temperature.

AGy, < Gy and AGY™® < —Ggp )

where the first condition describes nucleation of bainite. AGy, is the maximum molar Gibbs free
energy change for the bainitic nucleation, Gy is the universal nucleation function depending on a
dislocation mechanism associated with martensite nucleation [31,32]. The term Gy depends on the
transformation temperature and chemical composition. The second condition describes the limit
to the growth of bainitic ferrite formation. AGY~% is the free energy change accompanying the
decomposition of austenite without any change in chemical composition. Ggg is the stored energy
of bainite that considers the strain energy due to invariant plane strain shape changes

accompanying the growth of bainitic ferrite [27].
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Fig. 6 Schematic illustration of the origin of the Ty construction on the Fe-C phase diagram. The

T, curve represents T which takes into consideration of the strain energy term of ferrite [25].

Aejz

Fig. 7 Illustration of the incomplete reaction phenomenon. A plate of bainitic ferrite grows
without diffusion, then partitions its excess carbon into the retained austenite. The next plate is
stimulated to grow from carbon-enriched austenite, starting from the bulk carbon concentration

x. and through points 1,2,3,...,5 [29].

1.1.4. Developments of low carbon carbide free bainitic steel and heat treatments
In the early stage of bainitic steels developments, Edmond and co-workers [11,33—-35] show that
carbide-free bainitic steels are an ideal microstructure. Instead of the microstructure combined

between bainitic ferrite laths and interlaths of carbide, it comprises bainitic ferrite laths embedded
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in thin films of untransformed retained austenite. The steel reveals a relatively impressive high
resistance to cleavage fracture and void formation owing to the absence of the precipitates of
carbide. Moreover, developing such a microstructure can simultaneously improve the strength and
further enhance the ductility by TRIP effect. Based on original experiments conducted by
Bhadeshia and Edmond [11], they highlight the role of the T curve in greatly influencing the
mechanical properties of carbide-free bainitic steels. Nevertheless, the experimental alloys
designed for their work are not optimum for mechanical property improvement. Afterward,
Caballero et al. [36,37]. design alloys based on the concept of T curve to obtain a bainitic
microstructure with a satisfied hardenability after forging and subsequent air cooling. The
hardenability is achieved by alloyed 3.5Ni-1.4Cr-0.1V (wt.%), while the addition of 1.5 wt.%Si1
suppresses the precipitation of cementite during bainitic transformation. The minimum strength of
about 1100 MPa is reached when 0.3 wt.%C is added to the two designed steels. The steels are
forged to a thickness of 25 mm at an austenitizing temperature of 950°C before air cooled to room
temperature. Desired microstructure consisting of bainitic ferrite and film-like retained austenite
achieves toughness values of nearly 130 MPa/m'? and strength in the range of 1500-1700 MPa.
Recently, Wirth [38] adjusted alloys by lowering carbon to 0.18 wt.%C with Mn of about 2.5 wt.%
for hardenability and B of 0.0018 wt.% to retard bainitic reaction. Minimized Si concentration to
~1 wt.% is found to sufficiently suppress carbide formation during the bainitic reaction, conducted
in three different processing routes, as shown in Fig. 8. The first processing route (Fig. 8a-I) is
that the steel is forged at a high temperature above Ac3 temperature, then cooled to room
temperature. For the second route (Fig. 8a-II), the forged steel is cooled at a controlled rate
immediately after austenitizing heat treatment. In the other route, the forged steel is austenitized
at a temperature above Ac3 temperature similar to the first and second routes then cooled to a
temperature in the bainitic regime above Mg prior to isothermally transform into bainite according
to Fig. 8a-1II. The microstructures obtained from these processing routes (Fig. 8b) show that the
steel processed by isothermal tempering at 400°C for 1 hr. provides a better suppression of fresh
martensite formation and balance in strength and ductility ranged of 1000-1200 MPa and 8-12%,
respectively. However, the large amount of small fresh martensite remains an issue for further
development since it limits the range of ductility with the initiation of damage at the early stage of

the deformation.
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Fig. 8 (a) conventional process routes for bainitic forged steel (b) graphical representative of
bainitic microstructure comprising bainitic ferrite, retained austenite, and fresh martensite in the

form of martensite in retained austenite (M/A) [38].

Also, Buchmayr [39] suggests that from the optimal mechanical properties point of view,
isothermal heat treatment offers a better reduction of fresh martensite with appropriate balance in
bainitic ferrite and retained austenite fractions. Fig. 9 shows that the strength and ductility of
carbide-free bainitic steels, which lie above comparable other commercial grades, can be improved

by adjusting alloys and optimal process parameters of isothermal heat treatment.
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Fig. 9 Yield strength and total elongation of advanced bainitic steels compared with other

commercial automotive steels [39].

1.1.5. Thermodynamic stability of austenite

Austenite or gamma phase configured with face-centered cubic (FCC) structure is considered a
common phase in the Fe-C phase diagram, being stable at high temperatures above the
recrystallized temperature. While cooling, austenite can be decomposed into other phases due to
structural instability. The resistance of austenite against transformation during temperature
changes is referred to as its thermodynamic stability, characterized by any change in phase
transition temperatures [40]. Apart from that, the most essential evaluation of the thermodynamic

stability of austenite is the variation of martensite start temperature.

Carbon is known as the most effective element that can either expand or restrict the austenite ()
phase region in the equilibrium phase diagram. Moreover, alloying elements such as nitrogen (N),
manganese (Mn), and nickel (Ni) are classified into those that expand the y-field by decreasing
the A, temperature and deviating the A; temperature, which is the ferrite phase field. Fig. 10
shows the enthalpy difference of alloying elements in austenite and ferrite calculated from the

following equations.

AGY~% = (1= X)AGL,® + xAHY~¥ 3)
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AH = H, — H, (4)

Negative values of the latent heat of transformation for the allotropic y — a transformation result
in an increase of the A, temperature and a decrease in the A3 temperature [41]. These values are
responsible for an expansion of the y -phase field. In contrast, positive values of the heat
transformation for the allotropic ¥y = a transformation of the latent heat for the y —» «
transformation cause a decrease in the A, temperature and an increase in the A; temperature, thus
corresponding to a reduction of the y-phase field. The negative values are indicators of the relative
strength of an element as austenite-former elements, while the positive values are indicators of

ferrite-former elements.
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Fig. 10 Relative strength of various alloying elements acting as ferrite-or austenite formers [41].

The start temperatures of bainite and martensite are good indicators for the thermodynamic
stability evaluation. Several quantitative investigations have been conducted to determine the
relationship between the alloying element additions and the variation of those critical temperatures.
Based on such a relationship, many empirical equations have been proposed to predict the B; and
M temperatures. However, these temperatures depend not only on the chemical composition of
steel but also on the prior austenite grain sizes (PAGs). It has been found that the By temperature
decreases with increasing carbon content, some alloying elements, and decreasing the PAGs. An
empirical equation proposed by Kang et al. [42] taken into consideration of alloying addition and

PAGs is presented as follows.
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By(°C) = 634.8 — 193.1C + 102.4C* — 31.2Mn — 4.6Si — 18.6Ni — 32.4Cr 5
—15.6Mo + 10.36 - In(d,,) (5)

where d,, is the PAGs in um. Similarly, a decrease in the Mg temperatures were represented by an

empirical equation proposed by Arlazarov et al. [43].

M,(°C) = 565 — 27Mn — 75i + 10Al — 16Cr — 600 - [1 — e°9¢] — 90(d, ) ~/° (6)

He [44] compiled intrinsic and extrinsic factors that delay phase transformation temperatures
expressed in terms of thermodynamic resistance. All factors that resisted phase transformation are
directly associated with the strength of austenite grains, which depends upon heat treatment and
chemical composition. As known, the strengthening of austenite increases with decreasing PAGs
according to the concept of the Hall-Petch relationship [45]. PAGs in the range from 6 to 185 um,
obtained by varying austenitizing temperatures or applying cyclic heat treatments after
austenitization, were studied by Casero et al. [46]. The result of grain refinement not only shifts
the M, temperature to lower values but also accelerates the transformation at the initial stage due

to the increased density of nucleation sites.

With respect to displacive transformation, the growths of martensite, bainite, and Widmanstatten
ferrite are accompanied by a change in the shape of the transformed region. A change is described
by the IPS with a large shear component [47]. When the transformation occurs at a temperature
where the shape change cannot be accommodated elastically, the plastic deformation driven by the
shape change causes the accumulation of dislocations in austenite and their product phases. The
creation of dislocation debris in the austenite then resists further progress of the transformation by
a phenomenon known as mechanical stabilization of austenite [48—50]. Later, Chatterjee et al. [51]
derived an equation to elucidate this phenomenon that occurs when the stress driving the interface
and the opposing stresses are equivalent. The equation can be used to estimate the critical stain

that is satisfied for mechanical stabilization.

_ 1 3/2 (€ 1/2
bAGen = 8m(1-v) Gyb (L) +15b (7)

where b is the Burgers vector, AG, is the chemical driving energy change of the transformation.
It is a function of temperature and the chemical composition of steel. v is the Poisson ratio, G, is

the shear modulus of austenite, £/L is the aspect ratio of the austenite grain, and 7, is the critical
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shear strain for the transformation. Pickering [52] determined the dislocation density accumulated
in these phases. It mainly depends on the transformation temperature. Garcia-Mateo et al. [53] then
conducted an X-Ray line profile analysis to estimate dislocation density based on a change in
lattice strain. The dislocation density conducted by this analysis increases due to increasing
isothermal tempering temperatures for bainite, as shown in Fig. 11. The specimen after

isothermally heat-treated at 200, 300, and 450°C had dislocation densities of 8.8 X 10'%, 2.1 X 10",

Temperature, °C ‘

and 1.4X 10" m?, respectively.
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Fig. 11 Dislocation density as a function of transformation temperature obtained from XRD line

profile analysis [53].

In terms of microstructural features, retained austenite as a product of the carbon enrichment
during the austenite decomposition usually forms in two types of morphology, including film-
like/thin-film and blocky/granular types, respectively, as depicted in Fig. 12. The thermodynamic
stability of the austenite reflects the formation of these features during heat treatment since their
carbon contents are somewhat different from each other. Increasing mean carbon content in steel
improves the thermodynamic stability of the austenite against martensitic transformation, leading
to a more fraction of film-like retained austenite after the heat treatment operation. Sugimoto et al.
[54] also found that apart from carbon concentration, film-like retained austenite is influenced by
more hydrostatic pressure from adjacent phases, unlike in the blocky type. Based on an experiment

of Caballero et al. [55], changes in mean carbon concentration in low alloy steels provide an
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explicitness that low carbon steels have a much more blocky type of retained austenite than

medium and high carbon steels. It is owing to low carbon enrichment in austenite grain.
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Fig. 12 (a) SEM micrograph of a specimen isothermally treated at 375°C for 15 min after
austenititized at 950°C, showing microstructure of bainitic ferrite, with minority of blocky

martensite/austenite (M/A) and film-like retained austenite [56]

The presence of either film-like or blocky-type is mostly dependent on the rate of carbon
enrichment in the austenite and local carbon content, which is entrapped within retained austenite
and its surrounding phases [57]. According to atom probe tomography (APT) measurement shown
in Fig. 13a, Caballero et al. [58] found that both film-like and blocky-type entrapped between
bainitic ferrite/retained austenite interface have different carbon concentrations. Carbon
concentration profiles obtained from APT reveal that the nano-scale film-like retained austenite
has a greater carbon content than the sub-microscale blocky type due to higher defect density,
which induces more carbon enriched in untransformed austenite during isothermal tempering at

400°C (Fig. 13b).
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Fig. 13 (a) Carbon atom maps obtained from atom probe tomography (APT) measurement and
corresponding concentration profiles across austenite-bainite interfaces for nano-scale film and
sub-microscale blocky retained austenite, (b) carbon content in austenite measured by APT as a
function of the thickness of the analyzed austenite regions in the initial microstructure and after

tempering at 400 °C [58].

1.1.6. Ausforming heat treatment

Ausforming is a thermo-mechanical heat treatment process that combines a prior plastic
deformation of austenite with a typical heat treatment process, either control cooling or isothermal
tempering. A general consequence is to improve strength without deteriorating ductility. The
deformation reduces the effective grain size of austenite, leading to more refined final
microstructures [59]. The microstructural refinement gives two prospects for the mechanical
property development of bainitic steels [60]. The strength is controlled by the refined bainitic
ferrite thickness and the accumulated dislocation density, whereas ductility is mainly occupied by
retained austenite fraction. The fraction of retained austenite is simply evaluated by the
transformability of retained austenite during plastic deformation or TRIP effect. Chen et al. [61]
investigated phase transformation behavior and microstructural change in medium carbon steel
comprised of 0.43C-1.90Si-2.83Mn-0.57A1-0.06Cu (wt.%) affected by ausforming. After
plastically deformed with a strain of 0.2 at a strain rate of 1 s, the kinetics of austenite
decomposition into bainite is accelerated during isothermally treated at 573 K for 60 min but
ceased much earlier when compared with the specimen treated without ausforming (see in Fig.
14a and b). The cessation is overwhelmed by dislocation-induced mechanical stabilization of

austenite. The effect of mechanical stabilization leads to a drastic increase in retained austenite
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volume from 7% to 23%, with a much reduction of fresh martensite formation from 38% to 13.5%.
Owing to a benefit in shortening the onset of bainitic transformation, ausforming has been utilized
mostly in high carbon (>0.5C%wt.) and medium carbon (0.3 to 0.5C%wt.) steels. Because the
decomposition of austenite into bainite is generally time consuming in those materials [62—64].
Two major outcomes were found during ausforming. Firstly, more defects introduced into
austenite provide available nucleation sites for subsequence phase transformation. The substantial
nucleation sites enhance the free energy change for the bainitic transformation, thus accelerating
the nucleation process. Secondly, the maximum fraction of bainitic ferrite is reduced due to the
high dislocation density accumulated within the austenite matrix during the bainitic transformation
progress, referred to as the mechanical stabilization of austenite. Recently, many research efforts
have conducted experimental validations by considering the influence of processing parameters,
such as strain, strain rate, and temperature, on changes in the kinetics behavior of bainitic
transformation. For instance, Fan et al. [65] performed ausforming experiments at the deformation
temperatures of 700°C, 600°C, and 300°C with strains upon 50%. Bainitic ferrite fraction increases
with decreasing the deformation temperature, whereas ausforming conducted at 300°C with
various strains shows significant outcomes. An increase in ausforming strain accelerates the
kinetics of transformation and then promotes the total fraction of bainitic ferrite. In contrast, it
increases the fraction of blocky retained austenite while reducing the amount of film-like retained
austenite. A similar approach was carried out by Hu et al. [66,67], but the fraction of bainitic ferrite
reduces, and that of retained austenite increases when the plastic strain increases. Chen et al. [68]
evaluated the influence of ausforming strain rate on the kinetics transformation behavior of bainite,
and it shows a slight difference in the kinetic evolution when increasing the strain rates (from 0.01-
5 s!) at a constant temperature at 400°C. But there is a critical strain rate, which is 1 s™! providing
the maximum retained austenite fraction of 35% by volume with a carbon concentration of 0.75%.
The carbon concentration in retained austenite of ausformed material lies in between para-
equilibrium T, and equilibrium Acs loci and even higher than isothermally treated material [66].
However, there is no clear conclusion on the kinetics transformation and microstructural evolution
for this range of carbon steels. In terms of mechanical properties, an excellent comprehensive
mechanical property of the steel with an ultimate tensile strength value of 1850 MPa and total
elongation of 23% is achieved in the ausformed 0.7%wt.C steel [69]. The improved tensile

strength is attributed to the volume fraction of 68.3% of nanostructure bainitic ferrite with a
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thickness of ~60 nm, while the extended elongation is contributed by 34.2% of retained austenite
with a considerable reduction of its blocky size to ~0.28 um. Apart from that, the increase in the
proportion of film-like retained austenite and decrease in the block size is associated with an almost
parallel alignment of bainitic ferrite grains and a decrease in number of variants in a single
austenite grain [70]. In low carbon steels, Zhao et al. [71] explore the possibility of producing
superfine bainitic ferrite structure with improved mechnical properties in a 0.15C-1.41Si-1.88Mn
(%. wt) steel. A great balance in mechanical properties with an ultimate tensile strength of 1650
MPa and engineering strain of 0.28 is achieved when plastic deformation of austenite was
conducted at temperatures below Mg temperature. However, the ductility of the steel ausformed at
a temperature above Mg temperature needs to be improved due to a presence of a large amount of
brittle fresh martensite. Although the approach of improving the mechanical property of low-
carbon steel is proposed, other contributing factors to the microstructure development, including

thermodynamics of transformation, and dislocation density, are not considered.
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Fig. 14 (a) Dilatation change versus time during isothermal bainitic transformation at 300°C, and
(b) transformation rates in non-ausformed and ausformed speciemens, showing a much faster

kinetics of bainite transformation after a plastic deformation of austenite at a strain of 0.2 [61].

1.1.7. Analysis of crystallographic arrangement

Based on the crystallographic relationship between face-centered cubic (fcc) and body-centered
cubic (bcc) systems, the parallelism of their crystallographic planes and directions can be
theoretically described through the most common four major orientation relationships (OR)

models: Bain OR [72], Kurdjumov-Sachs (K-S) OR [73], Nishiyama-Wassermann (N-W) OR
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[74,75], and Greninger-Troiano (G-T) OR [76]. These OR are listed in Table 1. The Bain OR was
first proposed in 1924 to explain the martensite transformation in carbon steel in terms of a simple
set of orthogonal strains that would transform the austenite lattice directly to the martensite lattice.
It is now well known that Bain distortion alone is insufficient to describe the martensitic
transformation in carbon steels [77], and the Bain OR is not observed for martensite in these alloys.
However, it is found that the Bain OR has been observed in Fes;Pt martensite and Fe3;Al-C
martensite [78] but has never been reported for ferrite and austenite microstructure. The K-S and
N-W ORs are the most frequently reported relationships for fcc-bee systems, including martensite
in steels, and they are the only ones reported for austenite-ferrite microstructures. These two
relationships differ from each other by a small relative rotation of 5.26 deg. The G-T OR is reported
for martensite in steel containing 0.8%C-22%Ni. It always lies between the K-S and N-W ORs,
which are separated by approximately 2.5 deg. from the N-W OR.

Table 1 four commonly used orientation relationship models for face-centered cubic (fcc) to body-

centered cubic (bcc) transformation.

OR Plane Direction
Bain {010}, Il {010}, (001), Il (101)4
Kurdjumov-Sachs {111}, I {110}, (110}, Il {(111),
Nishiyama-Wassermann {111}, 1 {010}, (011), 11 (001)4 or
(112) 11 (110)4
Greninger-Troiano {111},~1° |l {110}, (12,17,5), 11 {17,17,7)¢

For bainitic steels, Tari et al. [79] analyzed pole figure obtained Electron BackScatter Diffraction
(EBSD) technique and found that the OR between bainitic ferrite and retained austenite is strongly
dependent on isothermal temperature. At high temperature of about 350-450°C, the OR between
parent and daugther phases is closed to N-W OR with twelve variants, while it is closed to K-S
OR with twenty four variants when the transformation is employed at low temperatures below
200°C. The closest orientations to N-W and K-S ORs are confirmed by Suikkanen et al. [80] and
Hu et al. [81]. However, not wholly N-W and K-S ORs are observed in bainitic steels. As shown
in Fig. 15, a few variants are identified as K-S OR, while other variants are closely related to the
N-W relationship. They claimed that the multiple ORs might be attributed to the accommodation

of transformation strain associated with the bainitic transformation.
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From the EBSD result, the inverse pole figure (IPF) image showed that the prior austenite grain is
divided into several packets that consist of one or more blocks. Each block contains few bainitic
ferrite laths and retained austenite with a similar orientation, as shown in Fig. 16. When the
transformation of bainitic ferrite is conducted at a high temperature above 350°C, Beladi et al. [82]
showed that the microstructure becomes coarsen and the formation of crystallographic variants
becomes smaller. The strong variant selection is obtained due to a presence of high dislocation
density in bainitic ferrite. This evidence is attributed to the plastic strain formed during the bainitic

transformation.

Austenite OR K-SOR N-W OR

Fig. 15 (a) Inverse pole figure (IPF) map of BF in the region of ~0.38 wt.% C, which was
transformed at 410 °C. (b) band contrast image overlaid with grain boundaries indexed as block
(green) and packet (red). (c) {100}, pole figure, with blue dots showing experimental orientation
of austenite. (d) and (e) {100}, pole figure, with the black dots showing poles predicted by (d)
K-S and (e) N-W orientation relationship [81].

Recently, Wang et al. [83] analyzed area fraction distributions of misorientation angles of two
multiphase steels with different Ni contents, namely 0.080C-2.43Ni (Low Ni) and 0.074C-4.29Ni
(High Ni) steels. These steels have three structural components (bainite, martensite, and retained
austenite), and only martensite and bainite share similar crystallographic orientations. According

to the distributions of misorientation angles shown in Fig. 17a, the misorientation angle of
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martensite/bainite boundaries and retained austenite is about 45°, while that of martensite and
bainite grain boundary are about 50-60° degrees. They interpret that the misorientation angles
between bainite and prior austenite in the N-W relationship are approximately 53-54°(110) and
that between martensite and prior austenite in the K-S relationship is 60°(111). However, there
remained difficulty in discriminating between martensite and bainite structures by these angles.
Therefore, they continue using image quality (IQ) values to resolve this complication. By fitting
the Gaussian distribution function with the 1Q values, the threshold value between martensite and
bainite is obtained by the intersection point between the martensite and the bainite, represented by

green, and red curves, respectively (Fig. 17b).
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Fig. 16 (a) IPF-EBD image of fully bainitic microstructure formed at 350 °C isothermal

Packet

temperature, and (b) Schematic representation of bainitic ferrite and retained austenite

arrangement in a given parent austenite grain [82].
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Fig. 17 (a) Area fraction distributions of misorientation angles of 0.080C-2.43Ni (Low Ni) and
0.074C-4.29Ni (High Ni) steels, and (b) a Gaussian distribution curve of image quality (IQ)
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values for Low Ni steel, analyzed to quantify the volume fraction of bainite and martensite by

thresholding method [83].

1.1.8. Impact of microstructure on mechanical properties

» Strengthening of a mixed structure of fresh martensite and bainitic ferrite

According to works dedicated by Bhadeshia [10], the strengthening of the mixed structures can be
factorized into five components: the intrinsic strength of iron (Aog,), solid solution strengthening
(Aoss), precipitation (Aop), dislocations (Aap), and grain size (Aoggs). By adding up the values

of these factors, the strengthening of bainitic ferrite can be estimated as follows.
Aoy, = Aoge + Aogg + Aop + Aag, + Aogs (8)

As shown in Fig. 18a, pure bcc iron in the fully annealed condition and substitutional solutes that
do not partition during the growth of either martensite or bainitic ferrite formation are the major
contribution of the strengthening of the steel. Kashyap et al. [84] proposed that the stress involving

pure bece iron can be calculated by Peierls—Nabarro equation.

Aoge = (if‘;) exp (%n{) 9)
where G, is the shear modulus of bce iron, v is the Poisson ratio,  is the half-width of the
dislocation, and b is the Burgers vector. This stress represents the lattice friction stress required
for the movement of edge dislocations from one position to another. Meanwhile, among various
equations expressing the effect of the solid solution on the strengthening of alloyed steels, Kang
et al. [85] proposed an equation covering the contribution of carbon (x¢), manganese (xyy, ), silicon

(xsi), and titanium (x;).

AO’SS = 457OXC + 37an + 83xSi + 80xTi (10)

Apart from that, Fig. 18b also shows estimated contributions by other factors. Precipitation
strengthening is another beneficial mechanism, and the strengthening due to a uniform dispersal

of spherical cementite particles is given by
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Aop ~ 0.52fpdp? (11)

where fg is the volume fraction of the cementite, and dp is the particle spacing. However, in
bainitic steels, most of carbon is enriched into the residual austenite and remains in solution rather

than precipitating as carbides.

{a) (b) Carbides Fe-0.15C-1Mn-0.35i-1Ni-0.005N wt.%
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Fig. 18 (a) Typical solid solution strengthening contributions per wt.% of solute atoms in bainitic
ferrite, (b) Estimated contributions to the strength of bainitic steel. The graphical illustration is

modified from [10].

Since the diffusionless growth of both fresh martensite and bainitic ferrite causes the shape change
of the transformed region, the plastic deformation that is driven by large shear components as the
IPS generates the accommodation of dislocations in both phases. In this regard, Takahashi and
Bhadeshia [86] found that the tendency for plastic accommodation is largely dependent on the
transformation temperature. They suggested that although the equation was valid for most low
alloy steels, the transformation temperature that would fit this equation should be lower than 370
K. Later, Young and Bhadeshia [87] conducted this investigation at higher temperatures and found
that the dislocation density of composite structures increases with decreasing the transformation

temperature. This correspondence with the increase in undercooling temperature.

An experimental validation proposed by Bailey and Hirsch [88] indicates that the strengthening of
low alloy steels also depends on the chemical composition and volume fraction of phases. These
factors must also affect the increased dislocation density in alloys. Thus, the strengthening caused

by the contribution of dislocation density can be estimated using the following equation.
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Ao, = MabG,p*/? (12)

where M is the Taylor factor, @ is a constant depending on crystal structure, and p is the
dislocation density, which forms by those factors. In terms of grain size, it is associated with the
lath shape of fresh martensite and bainitic ferrite and could be described by the morphology of
platelets. In low alloy steels, if the dimensional shapes of both structures are relatively small, the
strengthening due to the fine lath size can be estimated by the mean values of the largest diameter

of slip planes [89,90] and given by

Aogs ~ 115L, 1 (13)

Where L5 is the mean linear intercept corresponding to the thickness of the subjected plate.
» Strengthening of retained austenite

The resistance of retained austenite to transformation into fresh martensite upon deformation is
referred to as its mechanical stability. It is a significant factor used to evaluate the mechanical
response in multiphase steels. Pereloma et al. [91] summarized that the mechanical stability of
retained austenite depends on various factors such as alloying elements, carbon concentration,
retained austenite grain size, the nature of neighboring phases, orientation, and stress state. In this
study, some factors relevant to the mechanical stability of retained austenite are reviewed as

follows.
L Effect of retained austenite grain size

According to a number of experimental studies, the mechanical stability of retained austenite is
inversely related to its grain size. The retained austenite with small grain sizes is more stable than
that with the coarser grains, which is unstable and prone to transform into fresh martensite at low
strain. This feature provides only a limited contribution to the total ductility of steel. In contrast,
although a majority of fine grain retained austenite is strongly beneficial to TRIP effect, very fine
retained austenite grains may not transform into fresh martensite even at fracture and make
themselves useless for TRIP effect. Timokhina et al. [92] analyzed the sensitivity of retained
austenite grain diameter to the formation of fresh martensite at different stages of tensile
deformation based on EBSD measurements. Fig. 19 shows that retained austenite grains prior to

tensile testing have an average grain size of up to 2 pm whereas the vast majority of the retained
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austenite at fracture has sizes of less than 0.7 pm. They concluded that the retained austenite grain
size restricts the number of available nucleation sites for fresh martensite formation [93]. If the
effect of chemical elements is not disregarded, the number of available nucleation sites is
proportional to their surface area [94]. The very fine grains are prone to hinder the plastic
accumulation accompanying the fresh martensite formation and control the interfacial energy of

fresh martensite.
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Fig. 19 Effective grain diameter of retained austenite measured at different tensile deformation
stages [92].

1. Effect of neighboring phases

The effect of neighboring phases on the mechanical stability of retained austenite is examined in
carbide-free bainitic steels and dual-phase TRIP steels by Sugimoto et al. [54]. The retained
austenite grains located between polygon ferrite grains are less stable and are being transformed
at a small strain, then leaving some retained austenite with coarse grains untransformed. Likewise,
the retained austenite located between very fine layers of bainitic ferrite laths is more stable,
resulting in a remaining some fraction of retained austenite after fracture. They concluded that the
size of retained austenite is likely similar to that of bainitic ferrite. With this expression, Radcliffe
and Schatz [95] described that if the surrounding phase is hard, it exerts hydrostatic pressure on
the retained austenite. The factors affecting the hydrostatic pressure are correlated by the following

equation.
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2 Ao 2 E%ep
ahydro = §(O'y0 + ZA_{-:(SP) + §O-yoln —(1 — v)o_yo (14)

A : . : .
where gy, and A—Z are the yield stress and the work hardening rate of the surrounding retained

austenite matrix, respectively. E® is the elastic modulus of bainite and martensite structures, and
ep 1s the plastic strain. Sugimoto et al. [54] also reported that the much higher stability of retained
austenite film located between the bainitic ferrite laths has a much higher oy,y4r, value than the
lower stability of blocky retained austenite located between granular bainitic ferrite matrix.
However, if the retained austenite is in contact with fresh martensite or a strong bainitic ferrite
matrix, the direct propagation of stress to the retained austenite will raise the total driving force of

the austenite to transform into fresh martensite.
1II. Effect of retained austenite orientation and stress state

As reported by Wang et al. [96], the orientation-dependent mechanical stability of retained
austenite is defined by the Schmid factor, which relates the maximum resolved shear stress with
respect to the loading direction. In Fig. 20(a) and (c), the different shades of green embedded
within the bainitic ferrite matrix show Schmid factor distributions in the 0.25C-4Mn-1.88Al1-0.6Si
specimens before and after tensile deformation, respectively. It is clear by the Schmid factor
histogram, shown in Fig. 20(b) and (d), that before the deformation, most of the retained austenite
has Schmid factor greater than 0.4, in contrast to the others after fracture most of the Schmid
factors of the remaining grains shift to smaller values around 0.3. This means the retained austenite
grains with high mechanical stability have small values of the Schmid factor. It can also be noted
that most granular or blocky grains of retained austenite presented in the fractured specimen exhibit

high mechanical stability, whereas the elongated grains have low mechanical stability.

Also, to account for the effect of retained austenite and ferrite grain orientations on the tensile
loading, a micromechanical model proposed by Tjahjanto et al. [97] shows the evolution of
transformation of grains of retained austenite in different orientations to the martensitic
transformation. As illustrated in Fig. 21a, they given that the cubic structure of a TRIP steel
consisting of 27 grains of retained austenite evenly distributed in a ferrite matrix composed of 81
grains is subjected to uniaxial tensile load at a rate of 10~ s™!. The results (in Fig. 21b) show that

orientations of the retained austenite and ferrite grains play a vital role in the transformability of
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retained austenite during tensile loading. Regardless of the orientation of ferrite grains, the
specimens containing [1 0 0] 5-loaded austenitic grains transform relatively slowly compared to
those with [1 1 1]-loaded austenitic grains. This means any grains of retained austenite oriented

in [1 0 0] possesses high mechanical stability than those oriented in the other planes.

0.20 0.25 0.30 035 040 0.45 0.50
Schmid factor
(d) 125 mmm—

Percentage, %

0.0
0.20 0.25 0.30 0.35 0.40 0.45 0.50
Schmid factor

Fig. 20 (a), (¢) Schmid factor distribution map and (b), (d) corresponding statistical data of
Schmid factor distribution of retained austenite grain analyzed by EBSD: (a), (b) undeformed
specimen and (c), (d) fractured specimen of 0.25C-4Mn-1.88Al1-0.6Si steel [96].

Regarding the macroscopic stress state, the influence of the different loading paths on the
mechanical stability of retained austenite is analyzed by Shan et al. [98]. Fig. 22 shows the volume
fraction of retained austenite dependent on effective strain under different loading paths, such as
simple shear, uniaxial tension, plane strain, and equibiaxial stretching. These results imply that
retained austenite under equibiaxial stretching is drastically sensitive to transformation into fresh
martensite while straining contrast to that under simple shear, which is partially transformed during

the deformation. This is because the equibiaxial stretching possesses higher stress triaxiality and

promotes martensitic transformation.
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Fig. 21 (a) a micromechanical model representing the microstructure of TRIP steel, and (b)

evolution of transformation of retained austenite grains as a function of axial strain. The
microstructure consists of 37 grains of retained austenite embedded in a matrix of 81 grains of

ferrite [97].
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Fig. 22 Volume fractions of retained austenite dependent on effective strain under different

loading paths [98].
» Retained austenite on ductility

As known that retained austenite is the main parameter affecting ductility of TRIP steels. As
described previously, retained austenite is found to be located between laths or granular bainitic
ferrite. In a study by Miihkinen and Edmonds [39], retained austenite films were found to improve

deformation, while the impact of blocky retained austenite was negligible. The research conducted
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by Chiang et al. [99] shows that retained austenite in equiaxed microstructure transforms faster in

the early stage of straining. It is then completely transformed into fresh martensite at a high strain

of about 0.25 (Fig. 23a). By contrast, retained austenite in the lamellar microstructure transforms

relatively slowly and remains untransformed by 20% after cessation of the transformation.

Regarding the optical micrographs shown in Fig. 23b, the equiaxed microstructure of retained

austenite corresponds to the “blocky” types, while the lamellar microstructure is referred to as a

mixture of “elongated” and “film-like” types of retained austenite. It should be noted that the

retained austenite in lamellar microstructure has higher mechanical stability and would also be

beneficial for desirable steel undergoing the TRIP effect.
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Fig. 23 (a) Percentage of retained austenite in different microstructures transformed into fresh

martensite as a function of strain, and (b) optical micrograph of retained austenite in the equiaxed

and lamellar microstructures [99].
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1.2 Objectives and scope of the study

As an excessive formation of fresh martensite remains a critical issue in developing low carbon
(<0.2 %wt.) carbide-free bainitic steels, it may deteriorate a balance in their mechanical properties.
Thus, various heat treatment techniques, including ausforming, have been utilized to deal with
martensitic transformation during cooling operations. Despite numerous research efforts utilizing
ausforming to improve the mechanical properties of the steels, an understanding of how plastically
deformed austenite interacts with the kinetics of phase transformation and microstructural
development remains unclear. In particular, the effect of ausforming parameters on the kinetics of
isothermal bainitic transformation, microstructure heterogeneity, and mechanical properties has
never been comprehensively investigated. Thus, this dissertation is expected to explore the
possibility of establishing high-strength low-carbon bainitic steels with a better understanding of
phase transformation and microstructure development affected by the process parameters of

ausforming. Furthermore, the scientific questions are addressed as follows.

e How do the process parameters of ausforming affect the kinetics behavior of isothermal
bainitic transformation, the resistance to the formation of fresh martensite, the development

of microstructural features, and finally the mechanical properties of low-carbon steel?

e How to understand the nucleation rate influenced by changes in the activation energy and
carbon enrichment in the austenite due to ausforming and chemical compositions? How
much is the dislocation density affected by the ausforming strain and chemical

compositions?

e s there any possibility of establishing heterogeneous microstructures with improving

strength and ductility for low-carbon bainitic steels?

Experiments and a physical model are carried out to address these scientific questions. The

hypotheses have been provided as follows.

e The kinetics behavior of isothermal bainitic transformation, the resistance to the formation
of fresh martensite, microstructures, and the mechanical properties affected by the process

parameters of ausforming should be systematically correlated.
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e A unified physics-based model can provide an in-depth understanding of the nucleation
rate influenced by changes in the activation energy, driving pressure, and carbon
enrichment in the austenite. The dislocation density enhanced by ausforming and chemical

compositions can be estimated by XRD analysis.

e A systematic investigation of the transformation behavior and analysis of microstructural
heterogeneity that responds to the tensile properties might allow a possibility of improving

strength and ductility by an appropriate balance in phase constituents.

In order to achieve these objectives, the kinetics of bainitic transformation affected by ausforming
has been monitored via a thermomechanical heat treatment simulator. The nucleation rate
influenced by changes in the activation energy, driving pressure, and enriched carbon in the
austenite has been examined through constitutive equations derived from the classical nucleation
rate theory. Mechanical properties such as hardness and uniaxial tensile tests have been conducted
based on the standard individual testing method. Finally, this dissertation elaborates on all

corresponding methodologies and results in three chapters.

Chapter II examines low-carbon steel comprised of 0.18C-0.97Si-2.5Mn-0.002B-0.033Ti by
weight percent. The effects of ausforming temperature, strain, and strain rate on martensitic start
temperature and kinetics of isothermal bainitic transformation are investigated using a
thermomechanical heat treatment simulator. Microstructure, the volume fraction of each phase,
and hardness behavior have also been evaluated. A comprehensive evaluation establishes a
correlation between the ausforming parameters, the kinetics of isothermal bainitic transformation,

microstructure, and hardness property.

Chapter III proposes a unified physics-based model for isothermal bainitic transformation by
considering the effect of ausforming strain and chemical compositions. This model is derived from
the theoretical basis of displacive transformation concerning a modified T, concept and the
empirical Koistinen-Marburger (KM) equation. The nucleation rate influenced by changes in the
activation energy, driving pressure, and carbon enrichment in the austenite is correlated with the

kinetics of isothermal bainitic transformation. Regarding mechanical stabilization of austenite,
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dislocation density involving ausforming and the impact of chemical compositions are roughly

estimated.

Chapter IV takes representative steel from the previous chapters to analyze the evolution of
heterogeneous microstructure affected by ausforming and without ausforming using SEM and
EBSD measurements. Uniaxial tensile tests are used to validate such microstructural changes that
respond to mechanical properties. In particular, yield strength, ultimate strength, post-necking
behavior, and elongation are described in this regard. WHR behavior of the heat-treated steels is
described with respect to the transformation of retained austenite, and the post-necking behavior

is explained through the ability of microstructure refinement against fracture.

The results summarized in each chapter address the scientific questions mentioned above
respectively. When the results from all three chapters are connected, a better understanding of the
effect of ausforming on the kinetics behavior of isothermal bainitic transformation, resistance to
fresh martensite formation, microstructural features, phase constituents, hardness, and tensile

properties is established.
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1.3 Original scientific contribution

After isothermal bainitic transformation, dealing with fresh martensite formation upon cooling was
the majority of this work. Based on this scenario, the plastic deformation of austenite, called
ausforming, was adapted to bring about a certain amount of planar dislocations into austenite so
that the thermodynamic stability of this phase was enhanced significantly. Parameters of
ausforming, such as deformation temperature, strain, and strain rate, are of significant importance
to address for a better understanding of how they affect the kinetics of isothermal bainitic
transformation based on the microstructure refinement. Based on nucleation rate theory, a physics-
based model is developed to elucidate the physical parameters, such as driving energy, activation
energy, nucleation rate, and carbon enrichment, subjected to ausforming and alloy modifications.
The influence of ausforming on heterogeneous microstructure and mechanical properties of the
ausformed steel is of importance to explore the possibility of establishing advanced high-strength

steels to improve strength and ductility via the ausforming process.

» Correlation between process parameters of ausforming, the kinetics of isothermal

bainitic transformation, and hardness property

The effect of ausforming parameters on the kinetics of isothermal bainitic transformation has been
investigated in many research studies. However, most of them have been conducted in medium
and high carbon steels with a majority of increasing strength without sacrificing ductility,
including accelerating the onset of the transformation. Since the isothermal holding time for
bainitic transformation is very time-consuming, which takes, for instance, dozens of hours to
complete the reaction at a temperature range of 200-300°C. Ausforming parameters such as
deformation temperature, strain, and strain rate are of importance for controlling the
transformation behavior throughout the mechanical properties of the steels. Although these
parameters have also been correlated with the kinetics behavior, microstructure, and mechanical
properties, the contribution of ausforming parameters has not been comprehensively concluded
due to separate investigations, including dissimilar alloying conditions. In low carbon steels
(<0.2%wt.), there has been a critical issue involving the thermodynamic stability of austenite due
to lower resistance against phase transformation at a lower temperature, especially during cooling.
In this stage, the austenite could be transformed into fresh martensite, which may not be desirable

for bainitic steels if an excessive amount of fresh martensite is formed. However, there are no
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systematic investigations concerning the ausforming parameters. The effect of mechanical
stabilization, which occurs during the transformation progress, has not been adequately described.
Therefore, this research fills the scientific gap by establishing a quantitative correlation between
the ausforming parameters, bainitic transformation behavior, microstructure features, and strength

behavior for low-carbon bainitic steel.

According to the ausforming parameters, there are three process scenarios to carry out separately.
For the first scenario, the plastic deformation of austenite is performed at temperatures of 650,
700, 750, and 800°C, with a deformation strain of 0.78 at a constant rate of 1 s™'. The second
scenario is that the austenite is plastically deformed at a temperature of 650°C and at 1 s of strain
rate by changing the deformation strains from 0.15 to 0.78. The strain-dependent experiment is
also compared with the one without deformation. Finally, the last scenario is strain rate
dependence, which varies from 0.1 to 10 s™\. The deformation temperature is the same as in the
second scenario, while the deformation strain is 0.78. After deformation, the kinetics variables,
including martensite start temperature, and dilatational change during isothermal transformation
at 400°C, are monitored. All materials treated by individual scenarios are characterized using a
light optical microscope and scanning electron microscope for microstructural analysis. The phase
fraction is quantified by combining XRD measurement and image analysis using an adaptive
threshold method. The latter is adapted for structural characterization, particularly those almost
identical structures of bainitic ferrite and fresh martensite. The strength of the materials is then
evaluated by the Macro-Vickers hardness test. It is observed that the martensite start temperature
decreases after lowering the ausforming temperature. The decreased Mg temperatures are due to
an increase in austenite strengthening, leading to triggering a mechanism called mechanical

stabilization of austenite.

However, the enhanced strengthening of austenite, in turn, contributes to the onset of bainitic
transformation. Lowering the temperature of ausforming also introduces substantial crystal
defects, which act as available nucleation sites, enhancing the dilatational rate for bainitic
transformation. Similar to those affected by ausforming strain and strain rate, the number of defect
densities depends on the magnitude of plastic deformation of austenite and the decrease in strain
rate. In the aspect of the microstructural feature, crystal defects induced by ausforming refines the

prior austenite grain. Even though grain refinement accelerates the onset of bainitic transformation,
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the displacive shear transformation of bainitic ferrite accompanied with dislocation debris
eventually stabilizes the austenite in the later stage of the transformation. The enhancement of
thermodynamic stability of austenite then resists a formation of fresh martensite during subsequent
cooling operation, thus resulting in more volume fraction of retained austenite. The amount of
fresh martensite formed during cooling predominantly affects the material strengthening evaluated

from the micro-hardness value.

» A unified physics-based model predicts the Kinetics of isothermal bainitic formation

of low-carbon steels by considering the effects of ausforming and alloy modification.

Since the thermodynamic stability of austenite is a significant factor controlling the kinetics of
isothermal bainitic transformation and the formation of fresh martensite during cooling operation,
understanding physical parameters interplay with those phase transformations is of importance. In
particular, when the plastic deformation of austenite and chemical composition are involved.
Although numerous works have been proposed to describe the solid-state bainitic transformation
kinetics, the chemical change and undercooling conditions have only been considered, and the
effect of ausforming has been barely investigated. Therefore, a unified physics-based model
proposed in this work is derived to thoroughly describe the macroscopic kinetics of isothermal
bainitic transformation undergoing ausforming strains and chemical compositions. The kinetics
model is derived based on the nucleation control mechanism in conjunction with the modified
Koistinen-Marburger (KM) relationship to predict the amount of fresh martensite and retained
austenite after the subsequent cooling. The nucleation-control approach is based on the displacive
and diffusionless characteristics of forming bainitic ferrite sub-units. The basic idea is that the sub-
units of bainitic ferrite (BF) are formed by activated nucleation at the interfaces of the austenite
grain boundary and developed autocatalytically on the pre-existing platelets surrounding the
ferrite/austenite interface. The growth of individual sub-unit is fast enough so that the
transformation rate is determined by the successive nucleation events of bainitic ferrite. The
nucleation events are time-temperature dependent and mainly governed by carbon enrichment in
austenite and activation energy as an energy barrier required for nucleation. As observed
experimentally, ausforming accelerates the nucleation reaction, then gradually becomes sluggish

due to the mechanical stabilization of austenite. An explicit acceleration of grain boundary
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nucleation is owing to the increased magnitude of ausforming strain and reduced mean carbon

content of the steel.

On the other hand, being slow in the autocatalytic process is associated with carbon enrichment
and dislocation density induced by bainitic ferrite formation during the transformation progress.
An increase in the magnitude of ausforming strain decreases the amount of bainitic ferrite fraction,
while a reduction of mean carbon concentration provides a more fraction of bainitic ferrite. A fitted
parameter representing the initial energy barrier can be used to examine the activation energy
change required for the nucleation processes, affected by ausforming and alloying variation. It is
observed that a decrease in the energy barrier allows the acceleration of the transformation. While
the transformation progresses, the driving energy for autocatalytic nucleation becomes smaller due
to the increment of the dislocation density in the austenite. Also, minimizing mean carbon
concentration in steel decreases the net activation energy difference with the increase of the
nucleation rate. The result allocates a higher density of nucleation sites with more bainitic ferrite
fractions. It is also obtained that a higher degree of ausforming is more applicable in steel with
lower carbon content. With the substantial development of nucleation sites, the result effectively
resists the formation of fresh martensite by improving the thermal stability of austenite, even

though they provide a slightly lower fraction of bainitic ferrite.
» Effects of ausforming on heterogeneous microstructure and mechanical property.

Owing to the microstructure heterogeneity of low-carbon CFB steels, it is significantly responsible
for their mechanical properties, including strength and ductility. In particular, when ausforming
followed by the process of isothermal transformation of bainite at 400°C above Mg temperature is
exploited to deal with microstructure constituents. The effects of ausforming on microstructures
and mechanical properties have been investigated in a wide range of carbon steels. Generally, the
investigation is aimed at shortening the incubation period for isothermal bainitic transformation
and increasing the strength of the steel without sacrificing ductility according to the concept of
nanostructured bainite steel. However, it has been given less attention in low carbon (C < 0.2 wt%)
steels because of a lack of carbon content in austenite and a less possibility of achieving bainitic
ferrite thickness of less than 100 nm. But even so, ausforming remains crucial for minimizing the
formation of fresh martensite during cooling operation. If dislocations introduced by ausforming

into prior austenite adequately suspend the formation of fresh martensite, more remaining austenite
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would be achievable due to increased thermodynamic stability of the austenite. In terms of
mechanical response, the retained austenite plays an essential role in enhancing strength and
ductility via TRIP effect. Several efforts have been attempted to describe the thermodynamic
stability of austenite dependence on the dislocation density in connection to the heat treatment
process, microstructure evolution, and tensile properties. However, the insight discussion on the
effect of ausforming involving thermodynamic stability throughout tensile properties, including
post-necking and fracture behaviors of the low carbon steels, has never been thoroughly

characterized.

This work systematically investigates the isothermal transformation kinetics, phase constituents,
and mechanical properties related to the microstructural evolution of a low carbon bainitic steel
that is processed either by the conventional process of isothermal heat treatment or by applying
ausforming prior to the isothermal heat treatment is proposed. The results show that ausforming
improves the thermodynamic stability of austenite. Increasing the number of substructures with
high GND density reduces the nucleation sites available for martensitic transformation and leaves
more austenite untransformed. Strength and ductility are enhanced by the heterogeneous
microstructure developed during the ausforming process. A large fraction of retained austenite
significantly impacts the enhancement of both uniform elongation and strength due to TRIP effect.
Furthermore, grain boundary strengthening and a large fraction of highly stable retained austenite
lead to effective retardation of void nucleation, consequently preventing the formation of

macro/micro-cracks during post-necking.
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Chapter II investigates the influence of ausforming parameters, including deformation
temperature, strain, and strain rate on prior austenite grain size, martensitic and isothermal bainitic
transformations, and hardness property of 0.18C-0.97Si-2.5Mn-0.002B-0.033Ti steel. A
quantitative correlation between the parameters, microstructure features, and strength behavior of
the steel is established. Ausforming enhances the stability of austenite, decreases the martensitic
start temperature, and accelerates the kinetics of bainitic transformation. The mechanical driving
force and more nucleation sites increase the total extent of isothermal bainitic transformation.
Microstructural refinement is highly effective when ausforming is conducted under low

temperature, low strain rate, and high strain. The martensite fraction mainly defines hardness

property.
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Highlights:

. A quantitative correlation is established between the ausforming parameters,

microstructure features and strength behavior for the low-carbon carbide free bainitic steel.

. Ausforming enhances the stability of austenite, decreases the martensitic start temperature,

and accelerates the kinetics of bainitic transformation.

. Mechanical driving force and more nucleation sites contribute to increase in total extent of

1sothermal bainitic transformation.

. Microstructural refinement is highly effective when ausforming conducted under low

temperature, low strain rate, and high strain.

d Hardness 1s mainly defined by the martensite fraction
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Abstract:

Effects of process parameters of the ausforming such as temperature, strain and strain rate on the
martensitic start temperature, kinetics of isothermal bainitic transformation and microstructure
refinement of a low carbon carbide-free bainitic steel were investigated. It was found that applying
plastic deformation to untransformed austenite during intermediate temperatures decreased the
martensite start temperature of steel and enabled isothermal bainitic transformation at low
temperatures. Hereby, ausforming significantly generated heterogeneous nucleation sites, which
accelerated the overall kinetics of bainitic transformation and thus increased bainitic phase fraction
in steel. In addition, the ausforming enhanced the stability of austenite that led to reduced amount
of martensite after cooling down to room temperature. Finally, the ausforming parameters and

observed microstructure features were correlated and discussed along with the hardness of steel.

Keywords: Ausforming; Low-carbon CFB steel; M/A constituent; Grain refinement; Deformation

temperature; Strain rate

1. Introduction

The requirement of high-performance steels with lower production cost and better machinability
has led to development of carbide free bainitic (CFB) steel. This CFB steel mainly consisted of
fine lath matrix of bainitic ferrite (BF) embedded with retained austenite (RA). This RA was
certainly a residual product from the process of carbon partitioning between supersaturated bainitic
ferrite and surrounding austenite during a bainitic transformation. Such partitioning resulted in a
formation of film-like or blocky RA that exhibited different stabilities [1]. The strengthening
mechanism of CFB steel was mostly controlled by the contribution of BF, whereas its toughness
and ductility are governed by the volume fraction and shape of RA [2,3]. According to Caballero
and Mateo [4], RA could affect the strengthening mechanism of steel by the transformation-
induced plasticity (TRIP) effect. It was obviously shown that controlling the stability of RA played
an important role in balancing mechanical properties (ductility, strength, and toughness) regarding

the TRIP effect, which strongly depended on its chemical composition and morphological feature.

As reported in [5,6] a film-like RA was a slender phase and located between BF sheaves. The film-
like RA was more stable and difficult to be transformed to untempered martensite during either

final quenching or deformation at a lower temperature in comparison to the blocky type RA due
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to its higher degree of carbon enrichment. The blocky RA was usually found in the form of an
inequiaxed blocky shape and dispersed among the granular matrix of BF, in which its stability
directly depended on the block size. Liu et al. [5] showed that large blocky RA was unstable and
could partially transformed into high-carbon brittle martensite during cooling down to room
temperature, while smaller RA blocks were more stable. However, blocky RA exhibited lower
stability than the film-like RA. Such unstable feature was often called ‘M/A’ phase, because it
basically contained both martensite and untransformed RA. This untransformed RA could be
completely transformed into a fully martensitic structure during an early stage of deformation [6—
8]. Although the existence of brittle martensite was beneficial to hardness and strength in general,
it was a major factor for deteriorating ductility and impact toughness of steels, since it could lead

to a severe localization of neighboring phases due to the large difference in terms of strength [9].

Numerous works have been conducted in the past decades, in which the M/A constituents were
replaced with fine and stable structures by different methods [5,10,11]. It was suggested that
increasing the volume fraction of bainite and the possibility of austenite decomposition could be
solutions of this critical issue [12]. Principally, the bainitic transformation started by para-
equilibrium nucleation and grew through shear mechanism induced by diffusionless
transformation [13]. Nevertheless, the transformation will be completely terminated when carbon
was partitioned into austenite immediately after the bainitic growth approached the T locus of
equilibrium phase diagram, in which the strain energy of BF was taken into account [7,14,15]. It
is also known that carbon is the main element which governed the phase transformation in steel.
Increasing of carbon concentration enhanced the thermal stability of austenite and subsequently
decreased the transformation temperature. Bhadeshia [16] reported that microstructure refinement
of low-alloy bainitic steels was achieved well at very low transformation temperatures for steel
containing 0.3-1.0%C. On the other hand, the phase transformation in those high/medium-carbon

steels was time-consuming, possibly taking several days to complete the process [3].

Moreover, there have been attempts to apply the concept of lowering transformation temperature
to low-carbon CFB steels (%C < 0.2%) because of their better weldability and wear resistance,
accompanied by other high-performance features [11,17]. Indeed, the typical heat treatment used
for producing such ultrafine-grained bainitic steel by isothermal tempering above the martensite

start (Mg) temperature was by far unpractical, because insufficient enrichment of carbon in



Chapter I1

austenite caused an inability of lowering transformation temperature. Subsequently, it led to a low
thermal stability of austenite and allowed the formation of M/A constituent [18,19]. Hence,
ausforming as a thermomechanical heat treating process can be applied in order to overcoming the
limitation by means of applying external load to the untransformed austenite. The advantage of
this process is to increase the thermal stability of austenite by introducing structural defects and
thus to enable the bainitic transformation at a lower temperature. It also generated sub-grain
boundaries, which led to a refinement of prior austenitic grain structure [20,21]. These defects
could further facilitate additional nucleation sites for subsequent bainitic transformation, in which
its transformation kinetics was accelerated. In contrast, occurred nuclei could then transformed to
smaller amount of bainite due to mechanical stabilization of the austenite. Such mutual effects
were clearly verified by experimental studies concerning ausforming heat treatment of
medium/high carbon steels [22-28]. However, a few studies have been done for low-carbon steels
[29,30]. The transformation kinetics of bainite and systematic correlation between ausforming
parameters, microstructure evolution and mechanical properties of low-carbon steels remain

unclear.

Therefore, in this work influences of processing parameters of ausforming including deformation
temperature, strain and strain rate on the isothermal bainitic transformation behaviour,
microstructure refinement and hardness of a low-carbon CFB steel were investigated by means of
thermo-mechanical simulation. Each single control variables were systematically studied. Except
for the ausforming parameters, other thermal histories of the examined samples was kept the same
in the dilatometry tests of all cases. The microstructures of thermo-mechanically treated samples
were characterized by light optical microscopy (LOM) and scanning electron microscopy (SEM).
Afterwards, volume fraction of M/A and bainite including their morphologies were analyzed. In
addition, X-ray diffraction (XRD) was employed to quantify the volume fraction of RA. It should
be noted that the main focus of the current study was effects of processing parameters on emerged
microstructure development. Therefore, resulting mechanical properties have been not elaborated
and size of used samples in the thermal-mechanical treatment was also limited. The strength
property was investigated by using a hardness measurement. Detailed discussions on the
correlation of processing parameters with determined microstructure features and hardness values

were provided.
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2. Materials and Methods
2.1.  Materials

A low-carbon CFB steel containing 0.18%C, 0.97%Si1, 2.5%Mn, 0.002%B, and 0.033Ti by weight
was investigated in this work. The amounts of Si and Mn in the examined steel were verified to be
adequate for a development of CFB steel [31]. Hereby, the addition of Mn aimed to increase the
stability of RA and hardenability of steel, whereas Si could suppress the formation of cementite in
bainitic structure and facilitate an enrichment of carbon in austenite during the bainitic
transformation. Moreover, adding such a little amount of Ti could also prevent the formation of
boron nitride at the ferrite/austenite interfaces by forming either titanium nitride (TiN) or titanium
carbonitride (Ti(C, N)) with nitrogen. The test material was initially produced in a laboratory
vacuum induction furnace and cast into an 80 kg block with a cross-section of 140x140 mm?.
Subsequently, the ingot was homogenized at 1250°C for 2 hours and pre-forged into a final cross-
section of 60x60 mm? by the semi-product simulation center (SPSC) prior to cooling down to

room temperature (RT).
2.2.  Dilatometry

To investigate the influences of processing parameters of ausforming on the kinetics of phase
transformation, microstructure evolutions and hardness of steel, cylindrical specimens with a
diameter of 5 mm and length of 10 mm were machined from the homogenized billet along the
direction perpendicular to the forging direction. The thermo-mechanical experiments were carried
out using a Bahr DIL80S dilatometer. Before each test, a Pt/Pt/-10 Rh thermocouple (type S) was
spot-welded on the surface of central area of specimens for measuring temperature development.
The specimens were then placed between two quartz rods and in the middle of an induction coil.
A cooling system with helium gas and laser infrared detector for determining displacement of
specimen in the radial direction were installed. Note that such measured radial displacement could
be also used to gather a volumetric change of specimen. An example of radial dilatation vs.
temperature diagram, which was recorded throughout the heating and cooling stages in the
dilatometry test is illustrated in Figure 1a. By a heating rate of 18 °C/s from RT to the austenitizing
temperature of steel at 950 °C, the observed first inflection point represented the Ac1 temperature

of 745 °C and finish temperature Ac3 of 855 °C for the austenitic transformation. When cooling
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down at a rate of 50 °C/s, the first deviation of tangent line around 390 °C was the martensite start
(My) temperature and the temperature of about 172 °C was the martensite finish (M) temperature.
Fig. 1b exhibits the continuous cooling transformation (CCT) diagram of the investigated steel,
which was determined from dilatometry tests at various cooling rates after austenitizing at 950 °C
for five minutes. It was found that a fully martensitic structure likely formed when a cooling rate

higher than ~1.5 °C/s was employed.
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Fig. 1 (a) Radial dilatation vs. temperature during heating and cooling and (b) experimental CCT
diagram of the investigated steel (M, B, and P stand for martensitic, bainitic, and pearlite

transformation regimes, respectively).

In this study, four different heat-treatment routes (I to IV) were applied, as presented in Fig. 2. The
routes I and III were designed to investigate the effect of ausforming on the Mg temperature. The
decomposition behavior of austenite to bainite affected by ausforming was studied by the routes
IT and IV or so-called pure isothermal tempering (PIT). Note that the tempering stage defined at
400 °C was aimed to experimentally verify the martensitic transformation. The results obtained
from specimens passed through routes I and II were considered as a reference for comparison with
those from routes with ausforming. For specimens subjected to ausforming, Mg temperature was
also identified. In the case of ausforming route III, deformation temperature was varied between
650 °C and 800 °C, while final strain and strain rate of 0.78 and 1 s™! were employed, respectively.
For the ausforming route IV, all temperatures, final strains and strain rates, as given in Table 1,
were taken into account. At the beginning of the heat treatments, all specimens were heated to the

austenitizing temperature of 950 °C with the rate of 18 °C/s and held for 300 s for achieving a
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homogeneous microstructure. The cooling rate to the tempering temperature of 50 °C/s was set for
both specimens with and without ausforming. For the PIT treatment, specimens were soaked at the
temperature of 400 °C for 1 hour and further cooled down to RT at the rate of 20 °C/s. It is noted
that prior to deformation by ausforming, specimens were held for 10 s so that thermal gradient
caused by the fast cooling could be first eliminated. The similar concept was also applied in [30].
During the cooling stages of each routes, radial dilatations of specimens were gathered in order to
examine the phase transformation characteristics. To evaluate the kinetics of the isothermal
bainitic phase transformation under different conditions, the dilatation data obtained at 400°C was
additionally determined and afterwards normalized using the formula: (d; — dy)/d,, where d; and
d, represent the instantaneous diameter during tempering and diameter after deformation before

the isothermal holding, respectively [25].

Fig. 2 Thermomechanical treatment routes through direct quenching (I, III) and tempering (II, IV)

with and without ausforming.

Table 1 Variations of temperature, strain and strain rate applied in the ausforming routes IIl and

IV.
Parameters
Temperature (°C) Strain rate (s™) Strain (-)
Type of investigation
Effect of deformation strain 650 1 0.15,0.78
Effect of deformation temperature 650, 700, 750, 800 1 0.78
Effect of deformation strain rate 650 0.1,1,10 0.78
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2.3. Microstructure analysis and hardness test

Microstructure analyses and hardness measurements were performed at the center of cross-
sectional area of thermo-mechanically treated specimens parallel to the compression direction. The
microstructures were examined by both light optical microscope (LOM) and scanning electron
microscope (SEM). The quantitative identifications of observed phases were done by using X-ray
diffraction (XRD) on BRUKER DS diffractometer. All specimens for LOM and SEM were
mechanically ground with abrasive papers (no. 600, 1200, and 2400) and then further polished
with fine diamond paste. Different types of etching procedures were applied for metallographic
specimens. For observing prior austenitic grains, specimens were etched with saturated picric acid
and distilled water, heated at 60 °C for 30 s in a water bath, while for microstructure examination
they were etched with Klemm’s solution. In case of SEM investigations, etching with a 3% Nital
solution was used. On the other hand, specimens prepared for XRD measurement were electro-
polished by a TenuPol-5 single-jet electro-polishing device. Hereby, A2 electrolyte was employed
at room temperature with the voltage and flow rate at 40 V and 12 mm/s, respectively. The XRD
machine was set by using a filtered CuKa radiator, which was operated at 40 kV and 30 mA under
the collection range between 30° and 120° at a step width of 0.01° with counting time of 2 s. The
phase fractions of face-centered cubic (FCC) RA and body-centered cubic (BCC) bainitic ferrite
or/and martensite were subsequently analyzed by the Rietveld’s refinement method using MAUD
software. Macro-Vickers hardness measurements were conducted, in which a constant load of 10

kg and holding time of 15 s according to the ASTM E92-17 standard were applied.
3. Results and discussions
3.1.  Martensite start temperature and prior austenite grain

First, effects of ausforming and deformation temperature on the radial dilatation during martensitic
transformation and prior austenitic grains of directly quenched specimens after
austenitizing/ausforming heat-treatments are displayed in Fig. 3. It was found in Fig. 3a that
lowering deformation temperature of ausforming resulted in shifting of the Mg temperature. It
decreased from the temperature of around 382°C to 363°C when the ausforming temperature was
reduced from 800°C to 650°C. This could be due to the fact that during the hot deformation crystal
defects and grain boundaries were increased, while prior austenitic grain (PAG) size was reduced.

As a consequence, the strength of undercooled austenite increased before the transformation of
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martensite. Particularly, at lower temperatures, where effect of work hardening on the generation
of substantial crystal defects was pronounced, the contribution to austenite strengthening was thus
more significant. Generally, the strength of prior austenite played a major role in the subsequent
phase transformation with regard to mechanical stabilization. Hereby, the austenite to martensite
transformation of steel was resisted so that its Mg temperature was lowered and an isothermal
bainitic transformation was enabled at low temperature [22,32]. Additionally, it is noted that
during the martensitic transformation another small slope change was observed nearby the Mg
temperature. Such uneven transition occurred only in the deformed specimens and its degree
depended on the ausforming temperature. This phenomenon was also reported for some steels,
especially highly alloyed chromium steels in [33,34]. It was evidenced that carbide precipitation
and/or growth of existing carbides could lead to an inhomogeneous distribution of alloying element
in austenite, which resulted in a discontinuous characteristic of austenite to martensite
transformation between the Mg and My temperature. However, in this work, the soaking time of
300 s at the austenitization temperature of 950 °C was applied, which was sufficient for achieving
a complete solid solution of austenite without remaining carbides in the steel. Note that this slope
change was not observed in the specimens without ausforming and the discontinuity was more
pronounced when the deformation temperature became higher. Therefore, such discontinuous
transformation was likely caused by ausforming accelerated/induced carbide precipitation. It
seemed that larger difference between ausforming and Mg temperature led to more noticeable
slope change. Additional investigations are needed to verify this occurrence. Moreover, the PAGs
of ausformed specimens were horizontally elongated, in which its magnitude directly depended on
the deformation temperature. It was found that ausforming caused pancaking of prior austenite
grains and it became more severe at lower ausforming temperature, for instance, at 650 °C, as
depicted in Fig. 3b-3d. It was due to the increase of boundary areas of prior austenite per unit

volume/area.
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Fig. 3 a) Mg temperatures determined by the dilations and b)-d) prior austenitic grains of
specimens after direct quenching from austenitization temperature (route I) and those quenched

after ausforming at various temperatures (route III).
3.2.  Dilatation characteristic during phase transformation

Figure 4 shows the radial dilatation vs. temperature curves of specimens during the cooling stages
of applied thermomechanical treatment (routes Il and IV). From the beginning of austenitization
temperatures or from the ausforming temperature to the tempering temperature at 400 °C, all
dilatation curves exhibited almost linear behaviour which showed no phase transformation
occurred. Then, by decomposition of austenite to bainitic ferrite the curves rose up vertically until
the transformation completed. Hereby, amount of transformed bainite could be approximately
estimated by measuring such a vertical change [35]. In the final stage from the temperature of 400
°C to room temperature, all curves deviated from the given tangential (dashed) lines. These dashed
lines were drawn individually on each experimental curve by a linear regression with respect to
the deformation conditions. These obvious deviations were caused by decomposition of residual
austenite into harder martensite. Larger deviation implied increased amount of transformed
martensite. In Fig. 4a, the vertical arrows showed the estimated temperatures at the onset of the
transformation. The martensitic transformation of specimen after PIT took place at the temperature
of 351 °C, whereas those of specimens deformed at 650 °C/ 1 s! until the strain of 0.15 and 0.78

were around 270 °C and 183 °C, respectively. The dilatation characteristics exhibited that lower
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fraction of martensite was transformed in ausformed specimens in comparison with that in PIT
specimen. In addition, variation of the ausforming temperature also significantly affected the
deviation of curves, as shown in Fig. 4b. The decomposition of residual austenite to martensite
tended to be increased when the ausforming temperature became higher. The results were in
consistent with those reported in [22,32]. However, effect of varying strain rate of the ausforming
on the martensitic transformation was negligible, as seen in Fig. 4c. The martensitic fractions in
the specimens subjected to different strain rates were not much differed, especially when

ausforming between the strain rate of 0.1 s and 1 s\
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Fig. 4 Radial dilatation vs. temperature curves from the entire cooling stage after ausforming at

various (a) strains (b) temperatures and (c) strain rates of specimens from route Il and IV.

3.3.  Kinetics of bainitic transformation

The decomposition of deformed austenite into bainite could be identified by the relative dilation
at the isothermal tempering stage, since there was no other phase transformation occurred [36].
Hereby, the dilatation rate was interpreted as the rate of phase transformation. Fig. 5a illustrates
the kinetics of bainitic transformation of specimens deformed at the temperature of 650 °C, strain
rate of 1 s™! until the final strains of 0.15 and 0.78 in comparison with that of PIT samples. It was
found that the bainitic transformation behavior of steel could be considerably altered by applying
ausforming. Both onset and completion of the transformation were accelerated when ausforming
strain was increased. The magnitude of transformation in the PIT specimen was rather low. The
ausforming caused crystal defects within former austenitic grains during deformation e.g.
deformation bands, sub-grain boundaries and dislocation [37]. These generated defects further

enhanced nucleation sites for the bainitic transformation stage. The amount of defects increased

700
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with increasing ausforming strain. More nucleation sites implied that more austenite could be
decomposed into bainite with a higher rate. The ausforming also contributed to mechanical
stabilization of deformed austenite through accumulated strain and dislocations. As a result,
mechanical driving force of nucleation sites became higher which was advantageous for the
isothermal bainitic phase transformation, in which the total driving force required for diffusionless
growth was raised [29,30]. On the other hand, retardation of the bainitic transformation because
of increased ausforming temperature is presented for the examined steel in Fig. Sb. At high
ausforming temperatures such as 800 °C, strain-induced dislocations were compensated by effect
of dynamic and static recovery, in which the mechanical driving force was necessarily reduced
[38]. Consequently, the total driving force for diffusionless growth was decreased, because
distortion energy inherited from deformation to transformation stage was lowered. According to

Zou et al. [37], reduction of driving force led to a delay of incubation time and thus decrease in

the amount of bainite.
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Fig. 5 Relative dilation and dilatation rate curves gathered during the isothermal tempering of
specimens (a) treated with and without ausforming, (b) ausformed at various temperatures and (c)

ausformed at various strain rates in comparison.

Fig. 5c depicts the influences of strain rate on the kinetics of bainitic transformation of investigated
steel. In this work, it was found that the transformation rate was accelerated when lower
ausforming strain rate was applied. It implied that increasing deformation rate generally led to a
decrease in the amount of transformed bainite. The highest amount of transformed bainite was
obtained at the strain rate of 0.1 s”. The result was inconsistent to the fact that higher strain rate
increased both dislocation densities in prior austenite and nucleation sites for the bainitic
transformation, which subsequently led to an acceleration of transformation kinetics. Chen et al.
[29,40] performed experiments to examine effects of strain rate during ausforming on the kinetics
of bainite transformation. It was though reported that such relation most likely occurred in some
medium/low carbon steels, in which the ausforming caused the inconsistent mechanism of

dislocation rearrangement.
3.4.  Microstructure characteristics

Microstructure of the PIT specimens and specimens heat-treated and ausformed at 650 °C with the
strain rate of 1 s up to the final strain of 0.78 were characterized by LOM and SEM, as
demonstrated in Fig. 6. According to the used processing routes, three phases could form in the
investigated steel, namely, BF, RA in thin film and/or block form and M/A constituent [39,40].
The presence of M/A constituent verified that the bainite transformation was incomplete. The
amount of occurred martensite was consistent with the dilatation curves of the last cooling stage
of the heat treatment with ausforming. By means of the color etching with Klemm’s solution, in
the LOM micrographs of specimens BF and martensite appeared as bright and dark brown areas,
respectively, while RA was white zones [41], as illustrated in Fig. 6a and 6d. The microstructures
of PIT specimens showed a formation of highly elongated BF, RA, and martensitic structures,
whereas those of specimens heat-treated with ausforming were obviously refined with reduced
amount of martensite. This was due to that the movement of dislocations caused by ausforming
increased the boundary areas of austenitic grain per unit volume and thus led to the refinement of
BF and RA structures at the end of heat treatment [22,32]. Furthermore, SEM micrographs in Fig.

6b and 6e exhibited well the effect of ausforming on the microstructure refinement. It is obvious
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that the ausforming completely altered the microstructure of steel by replacing large blocks and
elongated film-like areas with many tiny heterogeneous blocks and film-like morphologies.
Observed microstructures at higher magnitude are depicted in Fig. 6¢ and 6f. Hereby, the
difference between RA and M/A constituent could be distinguished by their appearances. The RA
phase was characterized in the form of either white thin-films located within sheaf-shape matrix
of BF or island blocks with bright mellow appearance surrounded by matrix of granular BF. The
M/A constituent was recognized as a mixture constituent, which consisted of martensite with rough
appearance embedded within thin boundaries of RA, as shown with the red polygons in Fig. 6c
and 6f. The resulted microstructures of ausformed specimens were finer and more uniformly
distributed. Though undesired M/A constituent could be considerably reduced by ausforming, the
morphological distribution needed to be further controlled properly, since this may also affect the
deterioration of ductility of steel [32]. Likewise, the amount of defects significantly depended on
ausforming strain. Increasing the strain led to an increase in dislocation densities and splitting prior
austenitic grains into several small sub-grain structures. Hereby, in the individual RA subsections,
the area of growth was restricted and the ratio of carbon concentration per unit volume was
increased that finally resulted in enhanced stability [7]. Furthermore, the variation of temperature
and strain rate of ausforming also played an essential role in microstructure refinement due to static
and dynamic recovery occurred [38,42]. When the temperature and/or strain rate of ausforming
was increased, deformation induced dislocations partially vanished and the increase of sub-grains
became more difficult. Hereby, the potential of grain refinement was greatly reduced and thus led

to a formation of blocky RA and M/A constituent instead of film-like RA.
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Fig. 6 Observed microstructures of specimens subjected to PIT (a-c) and ausforming (d-f) at 650
°C under the strain rate of 1 s™ up to the strain of 0.78 and followed by isothermal tempering at

400 °C for 1 hr.
3.5.  Phase fraction analysis

The XRD patterns of specimens undergoing various ausforming conditions were analyzed. The
low relative intensity peaks of (111), (200), (220) and (311) planes, which took place at a
diffraction angle of 43°, 48°, 74°, and 91° were corresponding with the diffraction planes of FCC-
RA, while the other peaks concerned either BCC bainite or martensite. Note that for multiphase
steels, it was relatively difficult to distinguish the pattern of the martensitic and bainitic phases,
because both exhibited BCC pattern [43]. Thus, the XRD patterns obtained from the investigated
steels in this work were classified into the BCC-BF and/or martensite with FCC-RA. The amount
of RA was hereby calculated by means of the Rietveld refinement method incorporated with the
XRD patterns. On the other hand, the area fraction of BF was estimated from LOM micrographs
by an adaptive threshold method. Finally, phase fractions of martensite could be then calculated
with the assumption that only three constituents, namely, RA, BF and martensite were formed in
all ausformed specimens. As shown, in Fig. 7 along with more details in Table 2, the phase
fractions of RA and BF increased and that of martensite decreased with increasing the ausforming

strain. On the other hand, increasing the ausforming temperature and strain rate noticeably caused
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the reductions of RA and BF phase fractions while larger amount of martensite. This was due to
grain refinement mechanism induced by ausforming, which contributed to mechanical
stabilization of austenite by segmenting its grains into small sub-grains. Such enhanced austenite
stability hindered the martensitic transformation. Moreover, the increase of BF phase fraction was
likely because of acceleration of bainitic transformation affected by the mechanical driving force.
It is noted that optimum phase fractions of examined steel would be 20% of RA, 65% of BF and
15% of martensite that were observed in the specimen deformed at the temperature, strain and
strain rate of 650 °C, 0.78 and 0.1 s!, respectively. Additionally, rather high phase fraction of
martensite of 63% was found in the PIT specimens due to the instability of austenite and somewhat

lower formation rate of bainite.
3.6. Hardness

The macro-Vickers hardness values measured on the entire cross-sectional surface of all
investigated specimens are provided in Fig. 8. It is seen that ausforming temperature, strain and
strain rate considerably affected the hardness and thus strength of ausformed steel. The hardness
decreased by increasing the ausforming strain, whereas it increased when the deformation
temperature and strain rate became higher. These overall results agreed well with the ratio and
individual hardness of all identified constituents in the thermo-mechanically treated specimens

[44].

Table 2 Determined phase fractions of RA, BF and martensite by XRD and LOM. (Details of

combination of temperature, strain, strain rate are found in Table 1)

Ausforming Deforn.lz.ltlon RAxzo BFLom Mear
parameter condition

PIT 32+14 33.8+3.9 63.0

Strain 0.15 45+09 384+6.2 57.1
0.78 18.7+1.3 63.5+5.6 17.8

650 18.7+£1.3 63.5+5.6 17.8

Temperature (°C) 700 16.5+1.2 51.2+£6.5 323
750 13.3+1.5 48.8+4.6 37.9

800 89+1.7 38.8+4.9 523

0.1 202+ 1.5 64.7 + 6.1 15.1

Strain rate (s™!) 1 18.7+1.3 63.5+£5.6 17.8
10 16.6 1.2 61.7+64 21.7
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Fig. 7 Phase fractions of treated steels determined by a combination of XRD measurements (RA
fraction) and image analysis using an adaptive threshold (BF). M, BF and RA stands for martensite,
bainitic ferrite and retained austenite, respectively. (Details of combination of temperature, strain,

strain rate are found in Table 1)

An increased martensitic phase fraction led to a higher hardness of specimens, while a reduction
of hardness was caused by larger phase fraction of RA. The highest hardness of about 405 HV was
obtained from the PIT specimens, which exhibited larger amount of martensite of 63% and a few
RA of 3%. Nevertheless, the specimens deformed at 650 °C with strain and strain rate of 0.78 and
0.1 s, respectively showed a relatively low hardness, in which 15% of martensite and 20% of RA

were observed.

420
410
400+
390
380
370+
360+
350
340
330-

HH

——

HV10

PIT 015 078 650°C 700°C 750°C 800°C 0.1s’ 1s'  10s”
a) Strain b) Temperature c) Strain rate

Fig. 8 Vickers hardness values as a function of different ausforming parameters: a) strain, b)
temperature and c) strain rate. (Details of combination of temperature, strain, strain rate are found

in Table 1)
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4 Conclusions

The present study aimed to investigate the influences of ausforming temperature, strain and strain
rate on the kinetics of isothermal transformation, microstructure characteristics and hardness of a

low-carbon carbide-free bainitic steel. The conclusions can be drawn as follows:

. The applied ausforming accelerated the transformation kinetics and thus increased phase
fraction of bainite in steel. This was due to the impact of mechanical driving forces on the

decomposition of austenite.

. Ausforming temperature, strain and strain rate greatly affected both magnitude of defects
and austenite grain size of steel. Its bainitic transformation kinetics was directly governed by the

heterogeneous nucleation sites and stability of austenite.

. The ausforming refined the prior austenitic grains and increased the matrix strength. As a

result, retained austenite was stabilized and thus led to lowered fractions of martensite.

. The final hardness of steel was defined by the martensitic phase fraction which depended
on all ausforming parameters. The correlation between microstructure features and other

mechanical properties will be further studied.
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Chapter 111
Kinetic model development of isothermal bainitic
transformation of low carbon steels under ausforming conditions

Theerawat Kumnorkaew, Junhe Lian, Vitoon Uthaisangsuk, and Wolfgang Bleck
Alloys 2022; 1(1): 93-115
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Chapter III proposes a unified physics-based model to elaborate thermodynamic factors,
including driving energy and activation energy interplayed with the kinetics of isothermal bainitic
transformation by considering the effect of ausforming strain and alloy modification. The model
is derived from the classical nucleation rate theory based on a modified T,, concept and combined
with the empirical Koistinen-Marburger (KM) equation. The nucleation rate dependence changes
in activation energy, driving pressure, and carbon enrichment caused by the process contributions
are also correlated with the kinetics of isothermal bainitic transformation. By means of the model,
the thermodynamic stability of austenite can be appropriately adjusted with an optimal design of
the processing parameters of the ausforming and alloy modification of low-carbon CFB steels.
Regarding mechanical stabilization of austenite, dislocation density involving ausforming and the

impact of chemical compositions are roughly estimated by XRD analysis.
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Abstract:

Carbide-free bainitic steels show attractive mechanical properties but are difficult to process
because of the sluggish phase transformation kinetics. A macroscopic model based on the classical
nucleation theory in conjunction with the modified Koistinen—Marburger relationship is proposed
in this study to simulate the kinetics of incomplete bainitic and martensitic phase transformations
with and without austenite deformation. A 0.26C-1Si-1.5Mn-1Cr-1Ni-0.003B-0.03Ti steel and a
0.18C-1S1-2.5Mn-0.2Cr-0.2Ni-0.002B-0.03Ti steel were investigated with different levels of
ausforming. The concept of ausforming is expected to accelerate the onset of the bainitic
transformation and to enhance the thermodynamic stability of austenite by increased dislocation
density. The phase transformation kinetics of both steels is quantitatively analyzed in the study by
dilatometry and X-ray diffraction so that the carbon concentration in the retained austenite and
bainitic ferrite, as well as their volume fractions, is determined. A critical comparison of the
numerical and experimental data demonstrates that the isothermal kinetics of bainite formation and
the variation of driving energy can be satisfactorily described by the developed model. This model
captures the incompleteness of the bainite phase transformation and the carbon enrichment in the
austenite well. A fitting parameter can be used to elucidate the initial energy barrier caused by the
ausforming. An increase in austenite stability can be described by the nucleation reaction and the

thermodynamic energies associated with the change of dislocation density. The proposed model
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provides an in-depth understanding of the effect of ausforming on the transformation kinetics
under different low-carbon steels and is a potential tool for the future design of heat treatment

processes and alloys.

Keywords: Bainitic steels; phase transformation; ausforming; carbon enrichment; activation

energy; dislocation density

1. Introduction

Controlling the thermodynamic stability of austenite has been a challenging issue in the
development of carbide-free bainitic (CFB) steels when considering carbon as an essential element
for a bainitic transformation at low temperatures. With an addition of 1.5%wt and %Si, the
decomposition of austenite occurs when supersaturated carbon from bainitic ferrite is rejected into
adjacent austenitic regions and becomes robustly available for stabilization during the bainitic
transformation instead of forming cementite (Fe3C) [1-4]. The increased stability of the
neighboring austenite via the enrichment of carbon thus leads to an incompleteness of the
transformation that leaves two different features of the retained austenite (RA) as the secondary
phase, namely film-like RA and blocky-type RA. These features of RA can be characterized by
their stabilities in accordance with chemical contributions that can be statistically estimated by
atom probe tomography (APT) [5,6]. The carbon-rich, thin-film RA is always more stable
compared to the other type [7—10]. In light of the thermodynamic stability, Garcia Mateo et al.
[11] reported that the blocky RA could also be present in various granular morphologies,
depending on the carbon concentration. The morphologies with low carbon content, particularly
in the central zone, are prone to decompose further into fresh martensite (FM) during ambient
cooling. Even though the formation of FM is beneficial in some applications that require material
with high hardness, strength, and wear resistance (e.g., railway material and agricultural parts,
etc.), the existence of such a hard phase is usually an impairment when the transformation-induced
plasticity (TRIP) effect is desired [3]. Therefore, the recent progress in bainitic forging steel
development is aimed at refining the microstructures by means of replacing the large granular
blocky RA with nano-structured film-like RA. For instance, Caballero et al. and Garcia-Mateo et
al. [12,13] exploited the T, concept as a thermodynamic limit of CFB transformation to design

advanced carbon CFB steels with an ultra-fine structure (RA thickness < 100 nm). They achieved
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prominent steel properties, including strength and elongation of about 2.2-2.5 GPa and 20-30%,
respectively. However, the concept is successful only in high- and medium-carbon steels (0.4—1.0
wt.%C), whereby transformation at very low temperatures above the martensite start temperature
is necessary. Despite the attempt to take low-carbon steels (<0.2%C) into account, higher Gibbs
free energy, associated with the insufficient C enrichment in austenite affected by the lower bulk
density of C, has promoted the thermal instability of the austenite during the cooling process after

isothermal holding.

Yao et al. [14] proposed an alloying modification strategy and considered a chemical Gibbs free
energy change of the FCC to BCC transformation. An addition of 1.5%Ni encourages the austenite
stability by means of enlarging the austenitic phase region so that an increase in the free energy
difference retards the kinetics of the bainitic transformation and induces a reduction in the bainitic
ferrite (BF) plate thickness. However, although the energy reduction due to another supplement of
1.5%Cr favors the bainitic transformation, a formation of iron carbide (Fe3C) consequently
deteriorates the thermal stability of the austenite. Herein, the stability of austenite likely depends
on the free energy difference between the parent and the child phases. As a consequence, both Cr
and Ni alloyed in nearly equivalent compositions, which causes another reduction in the driving
energy by ~400 J/mol; thus, this is expected to enhance the thermal stability of austenite and
stimulate bainitic transformation simultaneously. Hence, the enhanced stabilization of austenite is
feasible by adjusting an appropriate amount of Cr and Ni addition in the concerned steel. Changle
et al. [15] stated that steels alloyed with Mn content over 2.2 wt.% provide an excellent
hardenability and a lower bainitic start temperature (Bg), which in turn yields an 18% volume
fraction of retained austenite with a reduction in BF laths. Mn as a solid solution element is
evidently effective in raising the free energy of ferrite and reducing that of austenite, causing a
delay of austenite decomposition to bainite at low temperatures. Nevertheless, if the Mn content
in bainitic steel exceeds its limitation and segregation occurs at the prior austenite grain

boundaries, it may lead to an increase in transformation temperature and undesired brittleness.

Ausforming is one of the thermomechanical treatment processes, in which the structure of
austenite is refined at its metastable temperature prior to phase transformation. The deformation
plays an important part in accelerating the bainitic transformation due to increased bainitic

nucleation sites, whereas raised dislocation density encourages the thermal stability of austenite.
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The process parameters of ausforming, such as deformation temperature, strain, and strain rate, are
also reported as being the essential controlling parameters of the kinetics of isothermal bainitic
transformation [16]. A sophisticated result showed that the stability of austenite is not improved
when a severe ausforming strain of 50% is applied, because of a high BF volume fraction. It is
noticed that such a result is confirmed in a few works concerning low-carbon steels [17,18].
Although these qualitative conclusions can be applied to optimize the microstructure of CFB
steels, a reliable physical-based model for correlating the alloying composition with processing
parameters is still required because the variations of both the alloy design and the process
parameters are very high. Several models have been developed for describing phase transformation
of alloys, but one proposed by Bhadeshia and his co-workers has been widely employed [19,20].
Their model is based on a displacive approach, by which bainite growth without diffusion of any
alloying elements is considered. In this approach, bainite formation is assumed to begin at prior
nucleation sites on austenite grain boundaries and to successively form by autocatalytic nucleation
at the newly formed sheaves. Consequently, the transformation of bainite is a nucleation-controlled
process. The prior austenite grain size and the maximum driving energy are essential factors
controlling the nucleation kinetics of bainitic transformation. Later, Magee [21] revealed that the
number of nucleation sites as a function of prior austenite grain size should also be considered and
can be determined by the driving energy difference. It is increased with a rise in undercooling. Van
Bohemann formulated this concept to estimate the number of potential embryos for martensitic
nucleation [22]. However, these displacive models use empirical constants by which the activation
energy is only represented a net free energy used to activate the transformation. In the model of
isothermal martensitic transformation proposed by Ghosh and Olsen [23], an energy barrier
consistent with the critical driving energy needed for the nucleation should be incorporated by the
sum of the strain energy, the defect-size-dependent interfacial energy, and the composition-
dependent interfacial work [24]. They also introduced a model that takes autocatalytic factors into
account as material constants. The effectiveness of the y/a interface boundaries and the thickness
of the bainitic plate play a significant role in the overall transformation kinetics. Meng et al. [25]
reported that morphological features also affect internal stresses by the autocatalytic nucleation of
martensite. A stress field, which disperses outside a transformed martensite plate, is potentially
capable of triggering unstable martensite embryos to become stable nuclei and then grow up. Zou

et al. [26] studied the effects of prior deformation and undercooling on the isothermal bainitic
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transformation. They found that the pre-deformation provides a mechanical driving force, which
further enhances the nucleation rate of bainite transformation, in addition to stresses internally
generated by the dislocation density when new bainite plates are formed. Moreover, the difference
in the activation energies between grain boundary nucleation and autocatalytic nucleation is
proposed by Ravi et al. [27]. The autocatalytic nucleation, which is considered to have a dynamic
nature, has been controlled by the degree of carbon enrichment in austenite during the
transformation. Nevertheless, an empirical constant, which involves the autocatalytic term,

remains undefined with any physical significance.

From the previous studies, it can be concluded that a more precise model of the bainitic
transformation, especially for an ausforming process of low-carbon steels, is still to be developed.
Thus, in this work, a unified physics-based model is derived to thoroughly elucidate the isothermal
bainitic transformation, while taking into consideration varying ausforming strain and alloy
modifications. The model is derived from the theoretical basis of the displacive transformation
concerning a modified T, concept and the empirical Koistinen—Marburger (KM) equation. The
activation energy, nucleation rate, and carbon enrichment variations caused by the process
contributions are also correlated with the kinetics of isothermal bainitic transformation. By means
of the model, the thermal stability of austenite can be appropriately adjusted with an optimal design

of the processing parameters of the ausforming and alloy modification of low-carbon CFB steels.
2. Materials and Methods
2.1.  As-Received Materials

Two as-received low-carbon steels of different compositions were chosen. The steels are identified
as MC1.5Mn1NiCr and LC2.5Mn0.2NiCr steels. The chemical compositions of both steels are
represented in Table 1. Manganese as the former austenite element was added to increase the
stability of the retained austenite and properly elevate the hardenability of the steels. Silicon was
alloyed in the amount of 1 wt.% for retarding and suppressing the formation of cementite in the
bainitic structure so that retained austenite as a secondary phase was promoted. The addition of
boron was to provide a shift of the diffusion-controlled ferrite/pearlite transformation to a longer
time. A precipitation of boron nitride in solid solution was suppressed by alloying titanium of

about 0.03 wt.%, whereas the interaction of nitrogen and titanium in the form of titanium nitride
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(TiN) could be formed. The steels were individually melted in a laboratory-scale vacuum arc
furnace and cast into a square ingot with a dimension of 140 x 140 x 525 mm. Afterwards, the
ingots were homogenized at 1250 °C for 2 h, then hot-forged into square billets with a dimension
of 60 x 60 x 1000 mm at a finishing temperature of 950 °C. The billets were slowly cooled down
to room temperature. Finally, the homogenized billets were cut parallel to the forged direction to

manufacture cylindrical specimens of 10 £ 0.1 mm height and 5 = 0.1 mm diameter.

Table 1. Chemical composition of the investigated steels in wt.%.

Steel Fe C Si Mn Cr Ni B Ti
MCI1.5MnINiCr Bal. 0.26 1.07 1.46 0.99 098 0.0031 0.027
LC2.5Mn0.2NiCr Bal. 0.18 0.97 2.50 0.20 0.21 0.0018 0.033

2.2.  Experiment

The cylindrical specimens were subjected to three different heat treatment conditions. These heat
treatments are distinguished between quenching and isothermal tempering, with and without
austenite deformation, as follows: direct quenching (DQ), pure isothermal tempering (PIT), and
ausforming followed by isothermal tempering (AIT). All heat-treating experiments were
conducted on a Bihr DIL80SA/D dilatometer. The machine was additionally equipped with an
optical module for cross-sectional measurement, which enabled a precise investigation of the phase
transformations by monitoring changes in the length of the specimen in the longitudinal and radial
directions. A Pt/Pt/—10 Rh thermocouple (type S) was spot-welded at the central edge of the
specimens so that the temperature signal was accurately gathered from the machine. The
experiments were conducted within a vacuum chamber where the specimens were located in the
middle between two quartz rods inside an induction coil. A cooling gas, e.g., helium, was directly
fed into the chamber through a pressure control valve. The desired temperature could be achieved
by balancing the heating coil and the cooling gas. A deformation module was also installed for
uniaxial compression tests. As a result, the relative volume strains were determined by considering

the profile variations of the specimens in the radial and longitudinal directions, as follows [28,29].

AV/Vo= (1+¢e)(1+e)?—1 (1)
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where AV represents the volume change of specimen, V, is the initial volume, &, is the

longitudinal strain, and &g is the radial strain of the specimen.

For all the experiments, the specimens were first heated to the austenitizing temperature at 950 °C,
at the rate of 18 °C/s, and soaked for 5 min for homogenization. The PIT specimens were
subsequently cooled to 400 °C at a cooling rate of 50 °C/s and isothermally treated for 1 h before
cooling to room temperatures at 20 °C/s. The AIT specimens were cooled after homogenization to
a deformation temperature of 650 °C at the same rate and held for 10 s. The specimens were
subsequently deformed with an ausforming strain of either of 0.15 (AIT0.15) or 0.35 (AITO0.35),
atarate of 1 s™!, and cooled to the isothermal temperature within the same period, as was conducted
for the PIT samples. To examine changes in the martensite start (M) temperature, a specimen of
each material was directly quenched from the austenitizing temperature. It was defined as the DQ
specimen, and the volumetric expansion result was set as a reference. The M locus of the DQ
specimens was captured from the first deviation of the dilation curve during cooling, whereas that
of the AIT specimens was traced in the same manner specifically during the secondary stage of
cooling after isothermal tempering. In the case of the DQ specimens, the volumetric
transformations of the martensite were calculated by using a total volumetric expansion with
respect to the relative tangent of the dilatation curve as a reference, bearing in mind that in this

research the M temperature was also empirically estimated, using the following equation [30,31].

M = 539 — 423x¢ — 30.4xp, — 7.5xs; + 30x4 )

where X¢, Xmn, Xsi» and x,; are the carbon, manganese, silicon, and aluminum contents in wt.%,
respectively. The specimens for evaluating the prior austenite grain (PAG) were directly quenched

from the ausforming stage to room temperature.
2.3.  Characterization

In the beginning, the specimens were ground and polished with abrasive papers (grids no. 600,
1200, 2400, and 4000) and 0.1 um diamond paste, respectively. For the PAG observation, they
were chemically etched using 4 g of sodium dodecylbenzene sulfonic acid in 100 mL of aqueous
saturated picric acid diluted in 100 mL of distilled water in a water bath. The optimized
temperature and time for etching were 60 °C and 30 s, respectively. After etching, the average

grain size of PAG (d,) was measured on a light optical microscope (LOM) and calculated by using
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the linear intercept method based on the ASTM112-12 standard [32]. The same preparation
techniques were applied to the specimens for phase quantification by X-ray diffraction (XRD)
measurement, except for the solution etching. Hence, after the polishing step, all the specimens
were further electro-polished by means of a TenuPol-5 single-jet electropolishing device. An A2
electrolyte was employed at room temperature with a voltage of 32 V and a flow rate of 15 mm/s.
The XRD machine was operated using a filtered CrKa radiator at 40 kV and 30 mA, under the
collection range between 60° and 165°, at a step width of 0.08° and a counting time of 2 s. The
phase fractions of face-centered cubic (FCC) RA and body-centered cubic (BCC) bainitic ferrite
or/and martensite were analyzed by the Rietveld’s refinement method, using MAUD software. The
carbon concentration of the retained austenite (x¢ in wt.%) was estimated from its lattice parameter
(ay), as given in Equation (3) [33]. The parameters Xy;, Xcr, XN»> XCos Xcu> XNb> XMos XTi> Xv, and
xw are the nickel, chromium, nitrogen, cobalt, copper, niobium, titanium, vanadium, and tungsten

contents in wt.%, respectively.

ay(4) = 3.5780 + 0.0330x¢ + 0.00095xy;, — 0.0002xy; + 0.0006x,

+ 0.0056x4; + 0.0220xy + 0.0004x¢, + 0.0015x¢, + 0.0051xyy, (3)
+ 0.0031xy, + 0.0039x; + 0.0018xy + 0.0018xyy

Apart from phase quantification, the Rietveld method, which involves the Fourier analysis of the
broadened peaks, was used to evaluate the microstructure parameters, such as the effective
crystallite size and the average microstrain within the crystal [34]. Considering the plastically
deformed materials, the Popa model was used to deconvolute the size and strain effect in the
deformed crystals in accordance with the anisotropic size—strain broadening [35]. The peak
shifting, broadening, and asymmetry experienced by the line profiles because of the accumulation
of irradiation defects were analyzed using the Warren model [36]. The dislocation density due to
the crystallite size contribution (pc) was defined as the length of dislocation line per unit volume

of crystal and could then be estimated using the Williamson and Smallman relation [37].

Pc = 3/D2 (4)
where D is the average crystal size. On the other hand, the dislocation density due to the

contribution of the microstrain (pg) was evaluated by the following relation.
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where k is a material constant (k = 0.9 for cubic crystal), € is the microstrain within the crystal
domain, and b is the Burgers vector. Likewise, the average dislocation density (p) could be

estimated from the relationship given as follows.

p =+/PcPs (6)

In order to determine the dislocation density for the bainitic transformation range, only the PIT,
AITO.15, and AIT0.35 specimens were taken into consideration. The dislocation density value of
the PIT specimen was used as a reference and further compared with that of each AIT specimen

so that the dislocation density influenced by the ausforming strain was calculated.
3. Transformation Models
3.1.  Transformation Models

According to the thermodynamic principle of bainitic transformation [3,38,39], it has been
suggested that if bainite forms under the displacive approach, the transformation can occur when
the criteria of AG,, < AGy and AGY™® < —Ggg are satisfied. The first criterion is defined for the
nucleation process, and the latter is for displacive growth. AGy, represents the maximum driving
force available for the para-equilibrium nucleation. AGy is the universal nucleation function,

¥Y=a s associated with a

which was experimentally determined by Ali and Bhadeshia [40]. AG
stored energy difference between austenite and bainite, and Gggp is a stored energy of bainite, which
is usually considered to be 400 J/mol. A further suggestion is that AG,, and AGY~% are dependent
on the chemical compositions of steel and undercooling [3]. The temperatures at which AG,, =
AGy and AGY™® = —Ggp are called the Ty, and T, temperatures, respectively. Hence, it is
understood that bainitic transformation can only occur when the transformation temperature is
below both temperatures. In any silicon-rich steels in which the formation of cementite is most
likely impossible, the concept of Ty can be used to indicate the incompleteness phenomena of
bainitic transformation. This is with respect to carbon, which is only enriched into the adjacent

austenite, instead of forming cementite, during the decomposition of austenite into bainite. The

temperature is thus defined as a locus where the enrichment process of carbon ceases [10,41]. For
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steels subjected to ausforming, a prior austenite grain is subdivided into several subgrains by
plastic deformation such that it gives a greater defects per unit volume in an austenite grain, as
shown in Fig. 1a. The sub-grain boundaries acting as additional defects give rise to more
nucleation sites which will then facilitate the bainitic transformation. Therefore, the deformation
leads to an increase in austenite free energy and enables more carbon enrichment in austenite at
the beginning stage of the transformation. However, on the other hand, the dislocations generated
by the growth process will arrest the transformation as it reduces the austenite free energy, as

presented in Fig. 1b.
3.1.1. Nucleation Rate Model

By the displacive approach, the kinetics of the bainitic transformation is controlled by a nucleation
rate reaction. Firstly, sub-units of bainitic ferrite (BF) are formed by activated nucleation at the
interfaces of the austenite grain boundary (y/y interface) and the subsequent autocatalytic
nucleation on the pre-existing platelets surrounding the UA (y/a interface) [27]. The former
process incorporates prior austenite grain, while the latter is essential for the growth of BF sheaves,
which might arise spontaneously at the tip of previously formed sub-units due to elastic and plastic

strain generations within the surrounding austenite [42].
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Fig. 1 (a) Graphical illustrations of the isothermal decomposition of austenite into bainite for PIT
and AIT specimens, and (b) schematic diagram showing relationships of Gibbs free energy,

temperature, and composition of steels under various heat treatments. NS, GB, UA, BF, and FM
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stand for nucleation site, grain boundary, untransformed austenite, bainitic ferrite, and fresh

martensite, respectively.

According to this hypothesis, the processes have successively continued to form bainitic sheaves
until their evolutions were arrested by the mechanical stabilization of austenite. Therefore, the

development of these nucleation mechanisms can be expressed as follows.

(@)~ (@) () g

where (dN/dt) is the total nucleation rate per unit volume, (dN/dt)gg and (dN/dt) sy are the
nucleation rate per unit volume arising at the austenite grain boundaries and that caused by the
autocatalytic nucleation, respectively. Considering the individual nucleation rate reaction, the
density of the potential nucleation sites and the activation energy play a vital role in describing the

principle of the nucleation kinetics, which is expressed by Equation (8).

(dN) _kBTN N ®)
dt). = h VPRt

where the subscript i represents either a nucleation process at the grain boundary (GB) or the
successive nucleation by autocatalytic reaction (AN). kg is the Boltzmann constant, T is the
isothermal transformation temperature, h is the Plank constant, N; is the number of potential
nucleation sites at the very beginning stage, R is the gas constant, and Q" is the activation energy
required for the individual nucleation process. With respect to the original Koistinen—Marburger
(KM) equation [43], Van Bohemann and Seitma indicated that the nucleation density is associated
with the net driving energy and undercooling [22]. The driving energy is associated with
thermodynamic activation, and it thus requires two atomic processes to trigger the reaction. On the
one hand, the dissociation of certain dislocation defects may partially facilitate sites for BF
embryos. On the other hand, the enrichment of carbon into the surrounding austenite matrix allows

a necessarily available driving force for the nucleation.
3.1.2. Activation Energy

As the activation energy accounts for the thermodynamic requirements of the nucleation processes,

any energies stored within the parent phase can be presumed to be the parts of the energy barrier
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necessary for the isothermal transformation. As reported by Olsen and Cohen [44], the activation

energy can be determined independently with the free energy sum, as expressed by Equation (9).

Qf = Q5 + KiAG ©)

where Q; is considered to be the activation energy when the nucleation process is absent, given
here as a fitting parameter. However, Q; can be also used to estimate the existing energy required
for the phase transformation when no chemical energy is involved and only the effects of
undercooling and ausforming are occupied; K; is a fitting parameter in the model; and AG; is the

total molar driving force of the associated event of nucleation.

In the present study, the extra stored energy due to the deformation of austenite is formulated based
on the assumption that no dynamic recrystallization occurred. Thereby, the deformation likely
introduces only two energy portions to the austenite, namely the grain boundary and the change of
dislocation energy. The variation of these energies depends on two factors. Firstly, the deformation
elongates the austenite grains and enhances the grain boundary areas. Secondly, the deformation
increases the disorder of the grain structure, which leads to an increase in the grain boundary
energy per unit area (ay/,), roughly 10% [45,46]. Note that it is not significantly increased if the
deformation stress is relatively small. However, the total driving energy required for the grain
boundary nucleation is not included the effect of an increase in the number of nucleation sites
because it is already involved in the initial activation energy term. The total molar driving force

can thus be represented by Equation (10).

AGgg = AGey + AGy )y (10)
where AG, is the difference in thermodynamic Gibbs free energy between the austenite and the
bainite, determined by using the MUCG83 database [47], and AG,,, is the semi-coherent
interfacial energy of the y/y interfaces required to overcome its barrier, which can be expressed
as the following relationship.

0.
/
AGyjy = 2V — (11)
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Vmol 1s the molar volume of austenite, gy, is the semi-coherent interfacial energy at the y/y
interfaces, n is the number of FCC cubic planes along the nucleus thickness, and d is the spacing

between the cubic planes, which equals 2.5 x 107'%m for the FCC planes [44].

Considering the spontaneous association of the nucleation events, the driving force is related to
the elastic and plastic stresses generated in the adjacent austenite. In addition to the chemical
driving energy change owing to the variations of carbon in BF, the stored energy associated with
the stress field can also provide a particular strain accompanying the stress-energy in the
surrounding austenite, due to the dislocation barrier that significantly affects the bainitic
transformation. Consequently, the semi-coherent interfacial energy between austenite and bainite
(y/« interfaces), established by Dong et al. [45], is a straightforward representation of the
subsequent stage of the transformation. Therefore, the total driving energy required for the iterative

dynamic nature of the autocatalytic nucleation is represented by Equation (12).

AGan = AGena + AGy /o + Gaislo (12)

Parameter AG.,p is the chemical free energy change depending on the degree of carbon
enrichment in the austenite. AG, /o is the semi-coherent interfacial energy between the austenite
and bainite (y/a interfaces). Ggigo 1S the dislocation interaction energy because of the bainitic
stress field. The carbon rejected from BF during the transformation is thus specified by the
chemical driving energy reduction, while the interfacial energy at the y/a interfaces is neglected
afterwards because its influence is negligible compared to the other factors [44]. Rees and
Bhadeshia [20] suggested that the decrease in total energy change is caused by a mechanically
induced stabilization surrounding the enrichment zone. Thus, the chemical energy change is then

determined as shown in Equation (13).

AGenn = AGen (1 — d; x (w +f (z:—;”)))) (13)

AGpai 1s the initial free energy change at the beginning of the transformation or grain boundary
nucleation. dg is a constant considered as a fitting parameter in the model. w is the average carbon
concentration of steel in wt.%. f is the fraction of bainite formed during the transformation. w,

denotes the fraction of carbon entrapped in the bainite, either in solid solution or in a form of iron
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carbide, depending on the condition of the applied heat treatment and the ability of the carbon
enrichment in the austenite due to the alloy addition. For the interaction energy of the bainitic
stress field mentioned above, it can be given as follows.
3EY
Ggiclo & — ——— (€552 14

dislo 2(1 + V)( 22) ( )
where €55 represents the internal elastic strain state resulting from the local strain incompatibility
between the bainite and austenite, EV is the elastic modulus of austenite, and v is the Poisson ratio

of austenitic steel (0.27). From Equation (9)—(14), the formation of the total energy difference

required for activating the transformation at each iteration can be determined as follows.

AQ" = Qg — Qan (15)
It is noted that the physical basis of such autocatalytic factors has been not adequately given in the
current reported literature. Hence, the proposed model provides more details describing the
particular net free energy changes caused by the elemental partitioning, particularly when the

effect of ausforming is considered.
3.1.3. Potential Nucleation Site Density

In this model, the number density of the potential nucleation sites is estimated based on the original
concept of Magee for athermal martensitic transformation [21]. It is reported to be linearly
dependent on the undercooling temperature. In this regard, Van Bohemann and Seitsma [48]
validated the increase in undercooling with a reduction in the Mg temperature due to carbon
content. The higher density of nucleation sites results from the driving energy, which is increased
when decreasing the transformation temperature of martensite. This concept is later reformulated

to be applicable to an isothermal transformation and is given by the following expression.

No = 0(Gn(Th) — Gn(Tiso)) = ET(Th — Tiso) (16)

By analogy with the work of Magee on martensite nucleation, ¢ is equal to a/(V,I"). a is a material
constant, and I is determined by the slope of d(AG,,)/dT, which is approximately constant in the
temperature range of martensitic/bainitic transformation. V;, represents the average volume of the

bainite sub-unit [20,22]. Ty, is the highest temperature at which the displacive transformation
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occurs. Because of the experimental investigations, the number density of the pre-existing defects

can be calculated by Equation (17).

N; = — (T, — Tiso) (17)

=~ 3

m is the proportionality constant between the number density of the bainite nucleation sites and
the degree of undercooling. In the case of martensite formation, m and a are assumed to be
identical and are used as material parameters. Their values are between 0.01 and 0.07 K! and
depend slightly on the chemical composition [21,43]. A fundamental difference between the
nucleation of martensite and bainite is that the density of the pre-existing defects for martensite
nucleation is governed by the prior austenitic grain size, whereas the bainitic nucleation is also
controlled by the structural interfaces, namely the y/y and y/a interfaces. According to Van
Bohemann and Seitma’s report [22], m can be replaced by bgg and by with consideration of the
effects of the y/y and y/a interfaces, respectively. The density of the available y/y interfaces is
dependent on the volume fraction of the remaining available austenite and the austenite grain size.

The bgg parameter is thus given as follows.

VA
be = d—mﬂ( (18)
Y

The proportional relationship of Z6/d,, is defined as the austenite grain boundary area per unit
volume, in which § and d, denote the effective thickness of the prior austenitic grain boundary
and the austenitic grain size, respectively. f, represents the fraction of the UA. In addition, when
the effective thickness of the austenitic grain boundary is considered as the atomic layers of a grain
in the grain boundary region, a few of the outermost atomic layers in each grain can be presumed
to participate in the nucleation process. Hereby, it is suggested that an austenitic grain size is
composed of two atomic layers in each grain. With regard to the autocatalytic parameter
represented by bay, it is controlled by the remaining available austenitic phase fraction, at which
the a/y interfaces are formed while the bainitic transformation progresses. The parameter can

therefore be given by the following equation.

Z6
ban = d_mfyf(x (19)
Y
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where f, represents the volume fraction of BF. In summary, the size of the BF sub-units has an
inverse relationship with the density of the nucleation sites and the remaining available austenite

grains.
3.1.4. Austenitic Phase Fraction as a Function of Carbon Enrichment

As shown in Equations (17) and (18), the variations of f, and f, are the critical factors when
estimating the density of the nucleation sites. It is kinetically changed during the formation of BF
due to the carbon enrichment in the austenite. If the stored energy of bainite caused by shear
transformation is involved, the process should be completely terminated at the T, locus where the
free energies of austenite and bainite are identical, as presented in Section 3.1. By this concept,
the conservation of mass balance in the bainite and austenite can be applied, and the variation of
carbon concentration in the austenite associated with the locus can be given as follows.
(W —wy)

wy =Ww + fam (20)

w represents the bulk carbon concentration of steel, and w,, is the composition of carbon in a BF
sub-unit. Ravi et al. [27] used the same concept to determine the bainitic transformation

temperature and found that the temperature linearly reduces with the increased carbon content in

austenite, as provided in Equation (21).

(W - focWa)
(1—f)

where Tyx is the Ty, temperature at the beginning of the transformation and is determined using

Ty = Thg — Cy (21)

thermodynamic calculation software called MUCGS83 [47], and C; is a proportional constant

relating T}, and the carbon concentration.

Moreover, the total fraction of UA, f,, is estimated by considering the T; locus as being
determined for the carbon enrichment. In this regard, a certain amount of austenite may not
participate in the bainitic reaction and yields the incomplete phenomenon. It is assumed that the
unavailable austenite certainly contains no potential nucleation site due to its stability. This
fraction 1s thus subtracted while calculating the overall nucleation rate. Using the principles of the

incomplete reaction phenomenon, f, and Tj can be expressed as follows.
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f;/ _ (1 _fq) (T’(; - Tiso) (22)
(Tof( - TiSO)

T = Ty — Gy, & W) 23

0o =Tox — Zfam (23)

where Ty is the Ty temperature at the beginning of the transformation, and C, is a proportional
constant relating to Ty and the carbon concentration. Note that the influences of ausforming on the
free energy change of austenite are not incorporated here due to the complexity of the

implementation.

3.1.5. Bainitic Transformation Model

From Equations (7) to (23), the overall nucleation kinetics of the isothermal bainitic transformation

can be summarized by the following equation.

dN _ kBT Zém (T(; — Tiso) QEB
(E)t B (Td_yva 1 -/ (T(;)—( _ Tiso) (Th — Tiso) {exp <_ RT >} {1- Afa}> (24)

The variable A in this equation is represented by exp(AQ*/RT) as an autocatalytic factor. It plays
an important role in the kinetics of bainitic transformation and mainly relies on the activation
energy difference of the nucleation process. Thus, the autocatalytic function termed by {1 — Af,}
can be given as the 8 parameter, which is similar to that defined in the literature [20,49]. As
discussed earlier, the parameters w,, dg, AQ*, and K; are given as the fitting parameters in this

model, from which their physical significances can be defined.

In order to estimate the volume fraction of BF, it can be presumed that BF sheaves are formed by
stacking sub-unit layers on the iterative sites of the nucleation and are therefore dependent on the
number of nucleated sites. Nonetheless, the volume of a BF sub-unit examined by Matsuda and
Bhadeshia [19] is not a constant value, it changes depending on the transformation temperature,

which is given as follows.
3
TiSO — 528) (25)

— -17
V,=(2x10 )x( 150
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where V,, represents the average volume of a BF sub-unit in m*. Consequently, the kinetics of the
isothermal bainitic transformation can be calculated by means of a numerical integration of the

associated nucleation rates. The product of the integration is given by the following equation.

dN
fo= [ vt 26)

3.2.  Martensitic Transformation

As reported in a previous study [16], the UA after isothermally formed BF is not
thermodynamically stable. It can be transformed to FM during ambient cooling because of the low
carbon content. Therefore, only the overall kinetics equation for predicting all existing phases in
the steel may not be satisfactory. To incorporate the course of martensitic transformation, the
conventional KM equation [21,43,50] was modified based on Lee’s equation [51] and further
developed according to the fact that martensite does not directly transform from a fully austenite.

The certain area of the untransformed product of austenite can be expressed as follows.

fem = (fua) —e ~ate(Msua=Trm)” (27)

fua 1s the phase fraction of UA and is equivalent to 1 — f,. agy 1s a material parameter, which is
calculated from the data reported for low-carbon steels with a high concentration of silicon and
chromium [51], as given in Equation (28); Mgy, 1s a martensite start temperature after the
isothermal tempering, indicated as being equal to Mg; and Try is room temperature. Moreover, n
is also a material constant that depends on the chemical composition, as shown in Equation (29).
Finally, the empirical equation of martensitic transformation can be written by Equation (30),
where fra and fgy are the volume fraction of the retained austenite and martensite after cooling,

respectively.

apm(K™1) = 0.0231 — 0.0105xc + 0.0074x¢, — 0.0017xy; — 0.0193xp, (28)

n = 1.4304 — 1.1836xc + 0.7527x%, — 0.739xg; — 0.0258xy;
+0.3108xp,

fua = fra + fem (30)

(29)
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4. Results and Discussion
4.1. Experimentally Determined Phase Fractions

In our previous studies [16,52], no carbide precipitation was found in the examined steels with
minimized alloys of around 1 wt.%Si. Therefore, the final microstructures of steel should comprise
BF and RA (a + y), unless the enrichment of carbon in the UA after the bainitic transformation is
thermodynamically unstable. In this circumstance, the UA can be partially decomposed to FM
(), and the heterogeneous microstructure composed of @ + y + a’ consequently appears. Under
thermodynamic equilibrium, the average carbon concentration in the microstructure components

of steel could be expressed by wy fo + Wy rafyra + Wo' for = W, where the quantity of wy, wy gra,

and w represents the carbon distribution in BF, RA, and FM, respectively, and w is the bulk
carbon content of the steels. Fig. 2a illustrates the results of the XRD measurements of
MCI1.5MnlINiCr steel with and without ausforming. Only the phases belonging to the body-
centered and face-centered structures were quantified. The bainitic, ferritic, and martensitic phases
that possessed the BCC structure were displayed all together on the same crystallographic planes.
The RA whose peaks appeared at the (111), (200), (220) planes was apparently observed,
especially in the case of the PIT and AIT specimens, whereas the identical peaks of BF and FM
exposed at the (110), (200), and (211) planes were not distinguishable. Thus, the volumetric strain
response in the DQ and PIT specimens were exploited together with the volumetric fraction of the
BCC obtained by the XRD measurement so that the volumetric fractions of all the constituents
could be quantified rationally. Fig. 2b shows that the Mg temperature could be determined at the
point where the cooling curve started to deviate from its tangent. A vertically measured distance
between the tangent and the cooling curve at the final cooling temperature of the DQ results was
given as the reference and accounted for the maximum volumetric expansion of the martensitic
transformation. By comparing the reference value with the volumetric expansions for the AIT
specimen using the lever rule, the martensitic phase fraction of the AIT specimen could be

estimated by Equation (31).

_ fo(DQ XRD) X o (AIT, DIL)
fo (AIT) = o' (DQ, DIL)

31)
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where f/(DQ,XRD) represents the volume fraction of martensite acquired from the XRD
measurement, and o (AIT,DIL) and o' (DQ, DIL) are the volumetric strains obtained from the
dilatation curves of the AIT and DQ specimens during cooling, respectively. As aforementioned,
the total phase fraction of BF was further evaluated from the curve for the change in volume strain
at the time where the BF transformation was terminated (distance AB, shown in Figure 3). With
help of Equation (30), the amount of UA in the AIT specimen was calculated from the summation
of the RA fraction quantified by the XRD analysis and the FM fraction from Equation (31).
Subsequently, the distance BC, with regard to the UA volume fraction, was obtained by referring
the distance AC to the volume fraction of all the phases. Finally, the proportionality of the
dilatation locus was applied to determine the kinetics evolution of the bainitic phase

transformation.

From the calculations, as shown, the percentage of the developed phases, the amount of carbon
enrichment in the austenite in wt.% (W, ra), the martensite start temperature (Mg ox,) of the steels
subjected to the DQ, PIT, and the AIT heat treatments were gathered, as listed in Table 2. It is
noteworthy that the prior deformation and its degree have played the primary role in enhancing

the stability of austenite and have resulted in a decrease in the BF fraction.
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Fig. 2 (a) Phase quantifications of examined steels using XRD measurement and (b) volumetric

strain of DQ and AIT specimens after cooling from austenitizing and deformation stage.
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C
A
N Yua(AIT) = BC (1) At the final stage of bainitic transformation
= — B
= fy5a(AIT) = £, (AIT, XRD) + fou (AIT)
= fyua (AIT) X AB
= —_ua -
g o A (10-fy,a1m)
[i}]
g AC = AB + BC
2
A () Volume fraction of bainitic ferrite
1 10 100 1000 10000

AB
ﬁ!‘ BF (AIT) = A_

Time, s C

Fig. 3. Determination of the volume fraction of bainitic ferrite during tempering at 400 °C.

However, the stabilized austenite in MC1.5Mn1NiCr steel, which had a higher carbon content and
low alloyed Cr and Ni contents, was not always sustained along the AIT process, especially when
some UA decomposed into FM during cooling. The ausforming strains caused extreme
deterioration of the thermodynamic stability of austenite, leading to a greater formation of FM
with a slight reduction in the RA fraction. It seems that ausforming only influenced the FM

formation, whereas the variation of RA was negligible.

Meanwhile, it is somewhat surprising that increasing the ausforming strain in the
LC2.5Mn0.2NiCr specimens undergoing AIT treatment was quite effective for suppressing the
phase transformation. The enrichment of the dislocation density within the plastically deformed
austenite had not only accumulated while ausforming, but remained propagating during the BF
formation, resulting in the suppression of the formation of FM, with the leaving of more UA as a
residual product. It is also noted that the degree of carbon enrichment in austenite during bainitic
transformation was directly subjected to UA stability. It was resisted once the structural stability
of UA was improved. The carbon concentrations listed in the table represent the overall carbon
contents in RA, which take both the products of carbon enrichment and the partitioning processes

into account. Therefore, the wy g4 values should be evaluated further to quantify the exact value

at individual stages of the transformations.
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4.2.  Modelling Results
4.2.1. Mg temperature

The kinetics parameters and the theoretical start temperatures of martensite determined using the
modified KM equation for both MC1.5Mn1NiCr and LC2.5Mn0.2NiCr steels under PIT and AIT
conditions are presented in Table 3. Note that the parameters, agy and n, were dependent on the
alloying composition and were not affected by the heat treatment conditions. The calculated values
of agy and n for the MC1.5Mn1NiCr steel were 0.0205 and 0.96, respectively, whereas those for
the LC2.5Mn0.2NiCr steel were 0.0243 and 1.06, respectively.

Table 2. Volume phase fraction determined by means of quantitative analysis of XRD

measurement combined with the dilatometry results.

Volume Fraction, % wy ra(= x¢)

Material/Condition RA BF p— Equation (3)
MC1.5MnINiCr/DQ - - 100 -
MC1.5MnINiCr/PIT 156+£33 77.4+42 7.0+£2.38 0.78
MC1.5Mn1NiCt/AITO0.15 146+51 620+6.7 234+63 0.68
MC1.5Mn1NiCt/AIT0.35 13.5+58 479+45 386+34 0.56
LC2.5Mn0.2NiCr/DQ 1.2+0.8 - 98.5+2.8 0.04
LC2.5Mn0.2NiCr/PIT 85+2.5 83.6+4.6 79+39 0.45
LC2.5Mn0.2NiCt/AITO0.15 11.3+£3.7 77.6+34 11.1+45 0.51
LC2.5Mn0.2NiCt/AIT0.35 169+3.5 743+49 8.8+4.1 0.89

The discrepancies between the experimental and the calculated values were highly acceptable.
Clearly, the martensitic start temperature significantly depended on the heat treatment conditions
and the material. For both steels, the Mg temperatures were decreased markedly with the
application of ausforming. In the case of MC1.5Mn1NiCr steel, increasing the ausforming strain
caused a slightly higher My value. The increased strain deteriorated the stability of the austenite
and subsequently led to a higher fraction of FM. In contrast, the stability of the austenite in the
LC2.5Mn0.2NiCr steel seemed to be effectively promoted by the enhancing of the ausforming
strain in accordance with the lowered transformation temperature of the martensite. It implies that

the chemical composition was of importance for adjusting the austenite stability of steel,
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particularly when carbon as an austenite former element was only the most important factor in

controlling the bainitic transformation at low temperature.

Table 3. Determined kinetics parameters using the modified KM equation for the examined

MC1.5Mn1INiCr and LC2.5Mn0.2NiCr steels under PIT and AIT conditions.

Material/Condition apm, K1 n,— M ey, °C Mg 4, °C
MC1.5Mn1NiCr/DQ 0.0205 0.96 354 +5.1 344
MC1.5MnINiCr/PIT 0.0205 0.96 347 £4.7 332
MC1.5Mn1INiCr/AITO0.15 0.0205 0.96 260+ 7.1 255
MCI1.5Mn1NiCr/AIT0.35 0.0205 0.96 265+6.3 260
LC2.5Mn0.2NiCr/DQ 0.0243 1.06 388+2.4 380
LC2.5Mn0.2NiCr/PIT 0.0243 1.06 351 +£4.2 345
LC2.5Mn0.2NiCr/AITO0.15 0.0243 1.06 270+ 3.6 263
LC2.5Mn0.2NiCr/AIT0.35 0.0243 1.06 192 £5.8 184

4.2.2. Model Parameters

The input parameters and the critical temperatures calculated by Bhadeshia’s program (see Section
3.1.4) are represented in Table 4. It has been seen that the PAGs are decreased by the ausforming
treatments and by adding either carbon or other austenite stabilizer elements due to the reduction
in the driving energy for grain growth. It is suggested in [45] that the condition of the parent phase
controls the driving energy for lower-temperature phase transformation. In general, the energy
stored for the nucleation reaction increases with rising the number of nucleation sites and can be
considerably dependent on the chemical compositions, undercooling, and prior deformation. If
austenite is plastically deformed and more defects are generated as nucleation sites, the primary
driving energy of the phase transformation is most probably controlled by nucleation sites

increased rather than the other factors. Furthermore, the locus of T, ¢ is hereby broadened as T(;X

is suppressed. However, changes in the critical temperature were observed only as a result of the

chemical contributions and the undercooling, regardless of the ausforming effect.
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Table 4. Parameters used for the transformation models.

Parameter MC1.5Mn1NiCr LC2.5Mn0.2NiCr

PIT  AIT0.15  AIT0.35 | PIT AIT0.15  AITO0.35

dy, um 48+1.5 43433 35+£21 |56+09 49+14 44422
Tisor K 673 673
Tz K 753 983
C 2304 2205
T K 763 778
c, 8911 8537

4.2 .3. Kinetics of Bainitic Phase Transformation

Fig. 4 displays the kinetics of the bainitic transformation of MCI1.5MnINiCr and
LC2.5Mn0.2NiCr steels under PIT and AIT conditions at different ausforming strains. It shows
that the calculation results fitted very well with the experimental data. The transformation kinetics
presented in Figure 4a,b could be divided into three stages, namely onset, growth, and cessation.
The onset was indicated at a locus, at which the first BF sub-units were formed. After that, the
growth driven by the shear was kinetically captured by the progress of the BF sheaves. Finally, the
transformation stopped when the decomposition of austenite was supersaturated as it reached its
plateau. Ausforming had a strong influence on an acceleration of the transformation onset and a
reduction in the BF volume fraction. However, for MCI1.5MnlNiCr/AIT0.35 steel, the
transformation was somewhat sluggish compared to the other conditions for the same material.
This circumstance could be precisely explained by the nucleation rate activity and the driving
energy, as given in the next section. According to the fact that ausforming enhances the austenite
stability, even though the deformation simultaneously accelerated the transformation, the drastic
increase in defect density in UA during the initial progress of bainitic transformation resulted in a
reduction in the BF fraction. The results were consistent with those reported in [18,53,54],
particularly in the MC1.5Mn1NiCr steel. It can be seen that increasing the ausforming strain in
LC2.5Mn0.2NiCr steel gave a slight difference in the lowering of the fraction of BF. In light of
the chemical variations, LC2.5Mn0.2NiCr steel with a lower carbon content with adjusted Cr and

Ni alloying elements possessed higher BF fractions than MC1.5Mn1NiCr steel, regardless of the
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applied ausforming. It could be verified from their bulk carbon contents and the effective
enrichment of carbon in austenite. Hence, it was not surprising that the lower carbon steel exhibited

smaller fractions of BF, which is similar to [55].

The fitted values of w,, ds, Q, and K; obtained from the proposed model are shown in Table 5.
Only w, and Q, were well explicable with their physical meaning. The reduction of Qg values
signified a decreased energy barrier of the nucleation reaction and seemed remarkably diminished
by the ausforming. This parameter was associated with the kinetics acceleration of the BF
transformation due to the increased number of existing nucleation sites per unit volume in UA.
Considering the lower value of Q, presented in the MC1.5Mn1NiCt/AITO0.15 compared with that
in the MC1.5Mn1NiCr/AIT0.35, it could be described by the higher number of nucleation sites or
defect densities, which essentially contributed in the later stage of the bainitic transformation. In
this respect, it was not surprising that the average amount of carbon concentration in the BF
supersaturation (w,) became constricted with regard to the higher kinetics acceleration at the

beginning and was most likely associated with more carbon enrichment.
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Fig. 4 The kinetics of bainitic transformation of (a) MC1.5Mn1NiCr and (b) LC2.5Mn0.2NiCr
steels under PIT and AIT with the strain of 0.15 and 0.35.

However, the w, values gathered for the present model were invariably smaller than the mean
carbon concentration in the mole fraction of both of the examined MCI1.5MnINiCr and
LC2.5Mn0.2NiCr steels, namely 0.01185 and 0.00824, respectively, which is similar to Ravi’s

work [27]. The silicon and aluminum additions allowed the specific energy for carbon enrichment
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and enabled austenite to consume with a certain amount of carbon during the enrichment process,
as illustrated in Fig. 5. By this model, the evolution of carbon enrichment could be evaluated by
the rejection of carbon from the supersaturated BF sub-unit during the austenite decomposition.
The presence of RA evidenced the effectiveness of the incomplete reaction that occurred when the
austenite was stabilized by the carbon enrichment. Nonetheless, the net carbon value calculated
from this model could not be directly compared with the corresponding experimental values in
Table 2, because the remaining available carbon may be further partitioned during the subsequent

transformation of FM.

Table 5. Fitting parameters obtained for the used model.

MC1.5Mn1NiCr LC2.5Mn0.2NiCr
PIT AITO0.15S AITO0.35 PIT AITO.15 AITO0.35
W, mole fraction 0.0091 0.0056  0.00081 0.0060 0.0048 0.0031

Parameter

Q. kJ/mole 17298  166.48 170.9 167.53 164.83 145.74
ds 1.47 19.26 12.03 1.81 4.36 9.73
K 0.46 4.86 7.32 0.36 0.69 1.29

0.022

+0.020

r0.018

r0.016

+0.014

. Q_c '}(ﬂﬁy . +0.012
10 100 1000 10000

Fig. 5 Relationship between the austenite decomposition and the degree of carbon enrichment in

austenite of MC1.5Mn1NiCr steel with PIT condition.

As previously mentioned in Section 3.1.1, the kinetics of bainitic transformation was governed by
the nucleation rate mechanism, i.e., the grain boundary nucleation and the autocatalytic nucleation.

The initial nucleation rate was activated by the grain boundary nucleation, which depended only
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on the density of the nucleation sites. Subsequent nucleation rates were then controlled by the
autocatalytic nucleation with regard to the spontaneous dissociation of the specific dislocation
defects and the accumulated stored energy of the corresponding dislocations [56]. Moreover, a
generation of additional defects by ausforming presumably provided more available sites while
simultaneously deteriorating the activation energy of the nucleation. Enhancing the defect
densities thus increased the nucleation rate by triggering the transformation onset. The nucleation
kinetics of examined steels subjected to different conditions are presented in Fig. 6. It was hereby
agreed that at the earliest stage of BF formation the driving energy for nucleation was higher than
the stabilization effect, owing to the potential nucleation sites, which were generated during either
the ausforming or the cooling to the transformation temperature. The formation of BF continued
until the driving energy for nucleation and stored energy due to the mechanically stabilized
austenite, which became identical at the maximum nucleation rate. Hereafter, the deceleration
kinetics occurred, implying that the stability of the neighboring austenite was increased by the
successive formations of the BF sub-units, which resulted in a reduction in stored energy for the
transformation. This occurrence could be verified by the relationship between the driving energy
for the autocatalytic nucleation and the corresponding number of nucleation sites, as depicted in
Fig. 7. It is noteworthy that the nucleation rates and the driving energy values of LC2.5Mn0.2NiCr
steel were all lower than those of the MCI1.5MnlINiCr steels, regardless of the heat-treated
condition. This result was likely caused by the elemental distribution, which was similar to that

observed in an experimental validation proposed by Wang et al. [4].

The autocatalytic driving energy could be also considered as an important factor for controlling
the nucleation event. When the austenite stability became more dominant, the total driving energy
stored for the phase transformation decreased. It can be observed that the driving energy was
drastically increased at the initial stage of nucleus formation and then decreased gradually during
the developing of the nucleation sites. The effect of ausforming almost caused degenerations of
the nucleus development, accordingly, except that they occurred in MC1.5Mn1NiCr/AIT0.35

steel.

The number of nucleation sites developed in the MC1.5MnINiCr/AITO0.15 steel was more
extensive than in the MC1.5MnINiCr/AIT0.35 steel, which corresponded with lower driving
energy, as presented in Figure 7a. Even though the MC1.5Mn1NiCr steel consumed less driving
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energy than the LC2.5Mn0.2NiCr steel, it had a small number of nucleation sites due to the
existence of more dislocations. Interestingly, the driving energy of the LC2.5Mn0.2NiCr steels
shown in Fig. 7b was significantly sensitive to ausforming, and was well described, especially at
the high degree of ausforming. From the correlation between the activation energy and the driving
force defined in Equation (9), it was inevitable that the initial activation energy required to
overcome any obstacles played an essential role in all the nucleation events. Nevertheless, in order
to extract and consider only the activation energy influenced by the other mechanisms, regardless
of the energy contributed by ausforming, it was reasonable to take the activation energy difference
in Equation (15) into account so that a discussion of only the effect of chemical contribution on

the variation of the activation energy difference, AQ* was conceivable.

In Fig. 8, the variations of the total activation energy difference with the evolution of the BF
formation of MC1.5MnINiCr and LC2.5Mn0.2NiCr steels under PIT and AIT conditions are
illustrated. The carbon enrichment was presumed to be the main contributor for BF formation. It
was found that the AQ* energies required in all the conditions of the MC1.5Mn1NiCr steel were
somewhat higher than those of the LC2.5Mn0.2NiCr steel. Such a tendency corresponded well
with those shown in [27,56], in which it was reported that the activation energy was dependent, on
one hand, on the undercooling temperature. It was decreased with the increasing of the temperature
as a higher defect density was generated. On the other hand, AQ™ was partially governed by the
chemical element addition. In particular, those containing more carbon content acting as an
austenite stabilizing element could directly lead to suppression of the bainitic transformation,

accompanied by the raising of the energy required for the nucleation event.
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Fig. 6 Nucleation rate as a function of BF volume fraction for (a) MC1.5MnINiCr and (b)

LC2.5Mn0.2NiCr steels under various conditions.

The maximum AQ" energies obtained for both the MC1.5MnINiCr and the LC2.5Mn0.2NiCr
steels with PIT treatment were consistently higher than those with other heat-treating conditions.
It was because of the small number of potential nucleation sites in PIT steel. In this sense, the
reduction of the AQ™ energy with respect to the evolution of the BF formation should be associated
with the increased number of nucleation sites, while the termination of BF development could be
associated with an overconsumption of nucleation sites in UA. Hence, the result gave rise to more

stable austenite.
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Fig. 7 Driving force for autocatalytic nucleation as a function of density of nucleation sites of (a)

MC1.5Mn1NiCr and (b) LC2.5Mn0.2NiCr steels under various conditions.
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Fig. 8 Variation of total activation energy difference with bainite formation evolution of (a)

MC1.5Mn1NiCr and (b) LC2.5Mn0.2NiCr steels under various conditions.
4.2.4. Dislocation Density Estimation

Figure 9a,b shows the estimated dislocation density and the PAGs of the steels under PIT, AITO0.15,
and AIT0.35 conditions, respectively. As can be seen, the decreases in the PAGs were not the only
factors affecting the density development of the dislocations in this study. The contribution of hard
phases such as BF and FM should also be included as the formation of such structures was in fact
accompanied by the accumulation of stress [57], particularly when the average dislocation density
values estimated from the PIT specimens of individual steels were compared. However, the effect
of carbon content on such PAG reduction could be described by the carbon-controlled nucleation
mechanism during the solid solution treatment [58]. The influence of the PAGs was more
pronounced in the ausformed specimens than in the PIT specimen, and thus it would be reasonable

to describe it by the Hall-Petch relation [59].

Under the ausforming conditions, besides the PAGs reduction that came along with the pre-
existing dislocations, the enhancement of the dislocation density was also associated with the
fractions of the hard phase, as mentioned previously. The density of the pre-existing dislocation in
the austenite was directly dependent on the ausforming strain, while the formations of BF and FM
were governed by the thermodynamic stability of austenite and the degree of carbon enrichment,
respectively. In addition, the pre-existing dislocation density affected by ausforming could be

evaluated by subtracting the average density of the dislocations of any AIT specimen from the
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value estimated from the PIT specimen. For the LC2.5Mn0.2NiCr steel, the additional dislocations
introduced by the 0.15 and 0.35 strains were 2.4x10'* and 3.6x10'* m™, respectively. Likewise,
the estimated values of the MC1.5MnINiCr steel in accordance with the ausforming strains were
1.3x10% and 1.5x10" m™, accordingly. Such extra dislocations can be inherited further to the
tempering region and change the nucleation rate during the bainitic transformation. Therefore, it
could be concluded that the presence of higher dislocations in the MC1.5Mn1NiCr steel was likely
due to a strong hindrance of the nucleation reaction, in which the effect of the dislocation-induced
mechanical stabilization of austenite was more pronounced. However, the conclusion with respect
to ausforming the enhanced thermal stability of austenite may not be applicable for the
MC1.5Mn1NiCr steel as more FM was formed. In contrast, the deformation encouraged a higher
nucleation rate and was mostly available for a greater formation of nucleation sites during bainitic
transformation for the LC2.5Mn0.2NiCr steel. The results hereby enabled UA to be better
stabilized after the transformation, although the ausformed LC2.5Mn0.2NiCr steels had a much
lower dislocation density. As a consequence, it seems that the relationship between nucleation sites
and dislocation density evolutions could not be concluded as two different trends were seen in two
different materials. Nevertheless, the LC2.5Mn0.2NiCr steel, with a substantial BF fraction due to
the large degree of ausforming, effectively resisted the formation of FM by improving the thermal

stability of austenite.
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Fig. 9 (a) Dislocation density estimation and (b) prior austenite grain size of MC1.5Mn1NiCr and
LC2.5Mn0.2NiCr steels under PIT, AIT0.15, and AIT0.35 treatments.
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S. Conclusions/Summary

A model was formulated in this study to describe the effect of ausforming on the kinetics of
isothermal bainitic transformation. The behavior of two low-carbon steels can be described based
on nucleation control and the Koistinen—Marburger relationship. Different levels of ausforming
were systematically characterized in experiments and further used to develop, calibrate, and
validate the model. The model distinguishes grain boundary and autocatalytic nucleation. The
associated driving energies are controlled by the chemical energy, interfacial energy, and stress-
field energy caused by the formation of bainitic ferrite sub-units. The major conclusions are drawn

in the following:

. The formation of bainitic ferrite is mainly governed by two factors: carbon enrichment in

austenite and the activation energy as an energy barrier required for nucleation.

. Ausforming accelerates the onset of the bainitic phase transformation but results in
sluggish transformation due to the mechanical stabilization of austenite. A higher degree
of ausforming is more applicable in the steel with lower carbon content. With the
substantial development of nucleation sites, even though they provide a slightly lower
fraction of bainitic ferrite, the result effectively resists the formation of fresh martensite by

improving the thermal stability of austenite.

. A fitting parameter representing the initial energy barrier can be used to examine the
activation energy change caused by ausforming. A decrease in the energy barrier allows
the acceleration of the transformation. While the transformation progresses, the driving
energy for autocatalytic nucleation becomes smaller due to the enhancement of the

dislocation density.

. The impact of carbon content plays a slight role in the onset period, but it is more
pronounced during the progress of bainitic transformation. Minimizing carbon
concentration in steel gives rise to a decrease in the net activation energy difference with
the increasing of the nucleation rate. The result allocates a higher density of nucleation

sites with more bainitic ferrite fractions.
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Chapter IV characterizes the enhancements of thermodynamic stability of austenite on
microstructure heterogeneity and tensile properties of a low carbon bainitic steel processed by
ausforming and a single stage of isothermal bainitic transformation. Microstructure
characterizations done by EBSD, XRD, and dilatometric experiments bring about a better
understanding of how the thermodynamic stability of austenite enhances the tensile properties of
the steel. Tensile properties of the steel are improved due to the adjusted heterogeneous
microstructure and well balance of its phase constituents, especially the minimized fraction of
fresh martensite. The significantly increased strengths are mainly attributed to microstructure
refinement as well as the enrichment of geometrically necessary dislocations (GNDs) within the
bainitic ferrite and retained austenite. Moreover, a large fraction of retained austenite has a
significant impact on the enhancement of both uniform elongation and strength, benefitting from
the transformation-induced plasticity (TRIP) effect. Apart from that, grain boundary strengthening
and a large fraction of highly stable retained austenite lead to effective retardation of void

nucleation, consequently preventing the formation of macro/micro-cracks during post-necking.
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Chapter IV

Abstract:

Thermodynamic stability of austenite is a primary factor affecting mechanical properties of low-
carbon bainitic steels. In this work, ausforming was applied to a low-carbon steel, in which
additional dislocations and defects were induced in austenite prior to isothermal transformation of
bainite at a relatively low temperature. Hence, the stability of the retained austenite was improved,
and the formation of fresh martensite during the secondary stage of cooling was suppressed.
Results of microstructure characterizations by electron backscatter diffraction (EBSD), X-ray
diffraction (XRD), and dilatometry were examined. The correlations between the process
parameters and developed heterogeneous microstructures were established. It was found that the
volume fraction of retained austenite was greatly promoted along with the reductions of fresh
martensite and bainitic ferrite. Tensile properties of the bainitic steel were enhanced due to the
occurred heterogeneous microstructure and fair balance of its phase constituents. The significantly
increased strengths were mainly attributed to microstructure refinement as well as the enrichment
of geometrically necessary dislocations (GNDs) within the bainitic ferrite and retained austenite.
Furthermore, a large fraction of retained austenite showed a significant impact on the enhancement
of both uniform elongation and strength, benefitting from the transformation-induced plasticity
(TRIP) effect. The presence of microcracks and tiny dimples with thick tearing edges in the vicinity
of the inclusions in the fractographs were directly related to the refined microstructure, which
certainly provided a remarkable ability to reduce the formation of macro/micro-cracks and prolong

the post-necking.

Keywords: Thermodynamic stability of austenite; ausforming; heterogeneous microstructure;

mechanical properties; GND density; TRIP effect

1. Introduction

Over the past decades, bainitic steels have attracted much attention in the automotive industry and
become a new forefront of modern steels for forged components due to their lightweight and
remarkable mechanical properties, which can be achieved at a low cost. It is well-known that
lightweight components play a crucial role in improving vehicle performance by reducing average

fuel consumption, accompanying depreciation of the average CO2 emission [1]. As reported by
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Sugimoto [2,3], bainitic forged steels, composed of lath-like bainitic ferrite and film-like retained
austenite, possess an outstanding balance in tensile strength, ductility, and toughness. It was also
found that the bainitic ferrite with thicknesses of less than 100 nm has a great resistance in micro-
crack initiation and effectively improves toughness by inhibiting cleavage fracture. Nevertheless,
heat treatment is time-consuming because of the high stability of austenite. Generally, these
components are manufactured via hot forging followed by a simple process of heat treatment;
isothermal tempering, or controlled cooling. These two heat treatments must be within a
temperature range far below pearlitic formation but above the temperature where martensite can
form [2,3]. Additions of elements, such as Mn, Cr, Si, Cu, Ni, Mo, and S, can bring about a wide
range of mechanical properties through microstructural adjustment; however, a thorough
understanding of microstructural evolution during heat treatment is necessarily required [4—6]. An
optimum alloy design with a reduction of expensive alloy elements such as Ni and Cr to a range
of 0.1-0.2 wt.% allows steel production through a single-step isothermal heat treatment process
[7,8]. In addition, approximately 1.0 wt.% of Si is found to be adequate to arrest carbide

precipitation during bainitic transformation.

According to the displacive theory proposed by Bhadeshia [9], bainitic transformation starts by
paraequilibrium nucleation of bainitic ferrite and progresses by their shear growth without
diffusion. During the diffusionless growth, any exceeded carbon from supersaturated bainitic
ferrite plates is ejected into the adjacent austenite along with dislocation debris arising in the
vicinity of bainitic laths, leading to the so-called “incomplete reaction phenomenon”. The
transformation is ceased when the carbon content of austenite reaches the value predicted at T,
curve. The T, curve is the locus of values where austenite and ferrite of the same chemical
composition have identical driving energy. Bhadeshia and Edmond [10] explained that
diffusionless transformation only occurs at temperatures below the T, temperature when the
chemical driving energy of retained austenite becomes less than that of bainitic ferrite of the same
carbon concentration. For carbide-free steels, the concept of T 0 can be used to estimate the
volume fraction of retained austenite apart from that of bainitic ferrite, depending on the carbon
content of austenite and the transformation temperature. According to the lever rule [9,11], the
volume fraction of bainitic ferrite can be increased by decreasing the transformation temperature.
The temperature should be above the martensite start (M) temperature so that austenite is only

decomposed into bainitic ferrite during the transformation. Lowering the Mg temperature has been
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an essential technique to maximize the volume fraction of bainitic ferrite while maintaining the
retained austenite fraction by reducing the feasibility of martensitic transformation during cooling
operation [11]. Apart from the design of alloy composition [12—16], various heat treatment
techniques [17-21] have also been employed to alter an appropriate mixture of heterogeneous
microstructures. However, the primary fresh martensite is highly promoted by the thermodynamic
instability of austenite, especially in low-carbon steel (< 0.2 wt.%C) [22-24], in the form of
granular features of austenite and/or martensite-austenite constituent (M/A). These austenite
islands remain to exist and consequently lead to a drastic formation of secondary fresh and brittle
martensite in an early stage of deformation [25]. It is reported that the excessive formation of fresh
martensite leads to the deterioration of toughness, ductility, and fatigue properties, indicating a

dissatisfactory TRIP effect on the steel.

Ausforming is a thermomechanical treatment technique that combines a plastic deformation of
metastable austenite with bainitic transformation. Crystal defects such as grain boundaries and
dislocations substantially developed by the deformation are expected to facilitate bainitic ferrite
formation due to increased nucleation sites [9]. The defects incorporated surrounding the bainitic
ferrite lattices are prone to impart the driving force for bainitic growth, particularly at the initial
stage of the bainitic transformation. Eventually, substantial debris of dislocations from the
displacive transformation accompanying carbon enrichment successively introduced into austenite
hinders the progress of the bainitic reaction due to the mechanical stabilization phenomenon.
However, the hinderance of the bainitic progress at the early stage of the transformation is
undesirable as more nucleation sites available for martensitic transformation could be provided
[26]. As observed in various studies, ausforming has been mostly applied to medium (0.3 wt.% <
C < 0.5 wt.%) and high (C > 0.5 wt.%) carbon steels [18,27-29] rather than to low carbon steels.
Many studies paid more attention to shortening the kinetics incubation than considering the
transformation-induced dislocations since plenty of defects from grain refinement and
supercooling may likely lead to overstabilization of austenite. In this case, small deformation has
been widely applied so that planar dislocations remain on the active slip planes to assist bainitic
transformation accompanied by a strong variant selection [30]. On the contrary, for low carbon
steels, where grain refinement includes the defects obtained by undercooling at a very low Mg
temperature is virtually impossible, ausforming with a large deformation strain was proposed to

compensate for what can be achieved in high and medium carbon steels. For instance, He et al.
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[31] varied a wide range of the compressive strain to steels containing 0.2 wt.%C, then observed
that the maximum fraction of bainite with a drastic reduction of fresh martensite is reached at a
strain of 25% over a temperature range between 600 to 700°C. The decrease in the average volume
of fresh martensite is occupied by the formation of bainitic ferrite sheaf. The dislocations
intensively dispersed within individual sheaves consequently reduce the interfacial energy
available for martensite transformation [32]. Also, Zhao et al. [33] held a consistent opinion that
the dislocations dispersed across the fine thickness of bainitic ferrite laths (<100 nm) lead to an
enhancement of material strengthening. Nevertheless, their analysis only aimed at reducing
bainitic thickness, while the dislocations that interact with the parent structure were not mentioned.
In terms of the mechanical response, defects induced by ausforming could lead to changes in grain
size, morphology, and carbon enrichment in austenite upon phase transformation, thus resulting in
variations of uniform elongation due to the transformation-induced plasticity (TRIP) effect.
However, the effect of microstructure refinement on post-necking behavior and the link between
the ausforming process, isothermal phase transformation, microstructural evolution, and tensile

properties of low-carbon steels (< 0.2 wt.%C) have never been thoroughly presented.

Therefore, this research aims to systematically investigate the isothermal transformation kinetics,
phase constituents, and mechanical properties related to the microstructural evolution of low-
carbon bainitic steel that is processed either by the conventional process of isothermal heat
treatment or by applying ausforming prior to the isothermal heat treatment. This investigation also
aims to explore the possibility of establishing advanced high-strength steels to improve strength
and ductility via the ausforming process. Factors such as dislocation density and grain refinement
are thoroughly described to emphasize their contributions to the enhancement of mechanical
properties. The outcome is expected to provide an approach for designing and preparing bainitic

steels with low carbon content and facilitating the application of such steels.

2. Experimental procedures

2.1.  Material

An experimental low-carbon steel with a chemical composition presented in Table 1 was
employed in the present study. The alloy was prepared by melting in a laboratory-scale vacuum

arc furnace and subsequently cast to an 80 kg ingot with dimensions of 140 mm X 140 mm X525
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mm. The ingot was delivered further for homogenization at 1250°C for 2h and sequentially hot-
forged into 60 mm2 cross-sectional billets at a finishing temperature of 950°C. The billets were
manufactured into small-scale rectangular specimens (20 mm X20 mm X 65 mm) and cylindrical

specimens (@5 mm X 10 mm) for thermal-/thermomechanical processes.

Table 1 Chemical composition of the investigated steel in wt.%.

C Si Mn Cr Ni B Ti Fe

0.18 0.97 2.50 0.20 0.21 0.0018 0.033 Balance

2.2.  Ausforming process

All thermal-/thermomechanical treatments were performed at the Steel Institute, RWTH Aachen
University, using a Thermomechanical Treatment Simulator TTS820 (TA Instruments GmbH,
Hiillhorst, Germany). These apparatuses enabled the experimental simulations of compressive
operation from which the secondary tensile specimens can be produced after the treatment process.
The primary rectangular specimens were treated with different processes: PIT (pure isothermal
tempering) and AIT (ausforming prior to isothermal tempering). But only the heating and
tempering stages were identical, as illustrated in Fig. 1a. At the very beginning stage, all specimens
were heated to an austenitizing temperature of 950°C at 18°C/s and held for 5 min for
homogenization. Then, the specimens were isothermally treated at 400°C for 60 min to ensure that
the decomposition from austenite to bainite was completed. For the PIT process, a specimen was
defined as a reference. It was cooled from the austenitizing temperature directly to the isothermal
tempering stage at 50°C/s for bainitic transformation before cooling further to room temperature
at 20°C/s. For the AIT process, two austenitized specimens were cooled to a temperature of 650°C
(Tger) at 50°C/s. Individual specimens were soaked for 10 s before being compressed to different
strains () at a strain rate (¢») of 1 s”! in the direction transversal to the length of the specimen. The
specimen deformed to a small strain of 0.15 called “AIT0.15”, whereas the other to a higher strain
of 0.35 called “AIT0.35”. After the deformation, these specimens were tempered and cooled with

the same conditions as the PIT specimen.

To examine the kinetics behavior of bainitic transformation and measure the locus variation of

martensitic start (M) temperature, the cylindrical specimens were employed in a Bahr DIL805SA/D
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high-resolution dilatometer (TA Instruments GmbH, Hiillhorst, Germany). The machine was
equipped with a deformation module and an optical contactless module so that
contraction/expansion in both radial and longitudinal directions of the specimens could be fully
captured. The dilatometry specimens were deformed in the lateral direction, unlike the specimens
carried out in the TTS machine due to its operational direction. Relative volume strain (AV /V)
was calculated to represent the overall kinetic behavior of bainite during the operation using the

following formula:

(1+e)(1+e)?—-1 (15)
where & and &; represent the instantaneous strains in longitudinal and radial directions,
respectively. A reference dilatometry specimen for this investigation was made by the direct
quenching (DQ) process. It was directly quenched from the austenitizing temperature to room
temperature at 50 °C/s, according to the processing diagram described elsewhere [24]. Meanwhile,

as mentioned earlier, the other three specimens were conducted under the PIT and AIT processes.
2.3.  Mechanical tensile testing

After the thermal-/thermomechanical treatments, the primary specimens were manufactured into
cylindrical tensile specimens according to EN10002 (see Fig. 1b). The mechanical properties of
the secondary specimens were evaluated using quasi-static tensile testing. The tensile tests were
carried out at room temperature and at a constant crosshead speed of 0.5 mm/min using a screw-
driven ZWICK Z100 machine (Zwick GmbH & Co. KG, Ulm, Germany). A mechanical strain
gauge with a length of 15 mm was used to trace the elongation of the specimen during tensile

deformation.
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Fig. 1 (a) Temperature-time schedule indicating the pure isothermal tempering (PIT) and the
ausforming prior to isothermal tempering (AIT) processes, which were conducted in the
thermomechanical treatment simulator and high-resolution dilatometer (b) dimension of the tensile

specimen
2.4.  Characterization methods

The primary PIT and AIT specimens were identically prepared for metallographic
characterization. They were embedded in bakerite material using a Qpress 50 (OPAL X-PRESS,
X-P50). Later, the metallographic specimens were mechanically ground with water-abrasive
papers (No. 600, 1200, 2400, and 4000), followed by polishing with a fine diamond paste of 0.1
um through a SAPHIR 560 machine (ATM GmbH, Mammelzen, Germany). After polishing, the
specimens were additionally electro-polished by a LectroPol-5 electropolishing device (Struers
A/S, Ballerup, Denmark) at room temperature for 15 s at 32 V and in A2 struers solution. A
SEIFERT Analytical X-Ray Diffraction (XRD) machine (XRD Eigenmann GmbH, Schnaittach,
Germany) was set up using a Vanadium filtered CrKa radiator, which was operated at 40 kV and
40 mA under the collective range between 60° and 165° with a step size of 0.05° and a counting
time of 2 s. The fractions of face-centered cubic (fcc-RA) and body-centered cubic (bec) were
subsequently analyzed by Rietveld’s refinement method using MAUD software [34]. The carbon

concentration within the austenite, x; (wt.%), was estimated from its lattice parameter a, [35] as:

a,(A) = 3.556 + 0.0453x, + 0.00095x,, + 0.0056x, (16)

where x,;, and x,4; are in wt.%.

However, XRD analysis could not successfully distinguish between bainitic ferrite and fresh
martensite due to structure and lattice similarity. A simple method was thus carried out by
combining the results from the dilatometry and XRD analysis, as described in [24], to quantify the
volume fraction of the individual structures. Qualitative measurements of bainitic ferrite packets,
retained austenite, and fresh martensite microstructures in different features were carried out by a
field-emission scanning electron microscope (Zeiss Sigma FE-SEM, Carl Zeiss Microscopy
GmbH, Jena, Germany) using In-Lens detector. Afterward, the electron backscatter diffraction
(EBSD) technique was applied to approach the crystallographic information of the specimens

based on the Kikuchi pattern [36]. The analysis was conducted at 20 kV under a measuring step
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size of 60 nm in the Zeiss Sigma FE-SEM equipped with a NordlysNano-EBSD detector (Oxford
instrument, Abingdon, UK). The data obtained by EBSD measurement was post-processed and
analyzed using the MATLAB-based MTEX toolbox [37]. The half-quadratic filter developed by
Bergmann et al. [38] was applied to resolve any measurement error that may occur from a poor
calibration of the EBSD system and noise in the Kikuchi pattern so that the non-indexed points
can be assigned. It was also suggested that this filter could preserve better inner grain boundaries
than other commonly used spline filters, thus suitable for analyzing sub-granular features [39].
Fracture analyses were carried out on the top surface of failed specimens after tensile tests in the

SEM using a secondary electron (SE) detector.

3. Results and discussion
3.1. Transformation evaluation

The relative volume strain of PIT and AIT specimens observed along the cooling and the
isothermal tempering stages are shown in Fig. 2. A direct quenching (DQ) curve shown in Fig. 2a
was set as a reference to specify Mg temperature and used to compare with the PIT and AIT curves.
The bainitic volume strain at 400 °C and the martensitic volume strain at the final cooling stage is
indicated by ap and a', respectively. The effect of ausforming played a significant role in the
thermal stability improvement of austenite since the az and a' are decreased with increasing the
ausforming strains. This result was more pronounced in the secondary stage of austenite
decomposition upon cooling to room temperature in which Mg temperature and the formation of
a' were resisted by austenite strengthening. It can be referred to as the mechanical stabilization of
austenite caused by carbon enrichment and dislocation density developments [26]. Additionally,
the kinetic aspects of isothermal bainitic transformation (ag region) shown in Fig. 2b indicate that
the incubation time for the bainitic nucleation obtained in AIT0.35 specimen was shortened over
~50 s compared with PIT specimen. The transformation kinetics was initially accelerated, then
became sluggish in the later stage. Notably, this kinetic acceleration strongly depended on the
magnitude of ausforming and was inversely proportional to the subsequent progress of the
transformation. The results thus led to a reduction of bainitic ferrite fraction with a substantially
longer time required for the completion. In comparison, the PIT specimen required ~1121 s to
reach the transformation plateau, while the AITO0.15 and AITO0.35 specimens possessed

dramatically longer duration up to ~2130 s and ~3279 s, respectively. Also, the volume fraction of
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BF was reduced from ~0.84 to ~0.76. These incidents are congurent with experimental validation
and thermodynamic calculation conducted by van Bohemann [40], who clarified that the shortened
incubation time is attributed to an increase in available nucleation sites of plastically deformed
austenite. In this sense, more available nucleation sites then reduced the energy barrier required
for the transformation, enhancing the nucleation driving force. Although such a circumstance that
improves the formation of bainitic ferrite occurred only in the preliminary stage of the
transformation, the dislocations consecutively developed together with the carbon enrichment led
to the deceleration of the progress of the transformation. Similar results were described in a recent
study [41] that the sluggish reaction is directly associated with a reduction of the net driving
energy. The continuous decrease in the net driving energy is due to the mechanical stabilization of
the untransformed austenite, which increased while the transformation progressed. Nevertheless,
this mechanism leads to hinder the further progress of bainitic ferrite as the austenite becomes
essentially strengthened, resulting in a reduction of bainitic ferrite fraction. Likewise, the
subsequent transformation of fresh martensite can become thermodynamically difficult during

cooling to room temperature.

Hence, the results of the previous descriptions can be summarized by the volumetric reduction of
the bainitic ferrite (BF) and fresh martensite (FM) along with a considerable increment of retained
austenite (RA) in AITO0.15 and AIT0.35 specimens, respectively. As can be seen from Fig. 3a,
almost 16% of retained austenite has remained in AIT 0.35 specimen. In this way, it can be
concluded that ausforming also effectively allowed the enrichment of carbon into austenite, as
displayed in Fig. 3b, regardless of the carbon partitioning into austenite during the secondary

decomposition of the untransformed austenite to FM.
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Fig. 2 (a) Volumetric dilation change of the dilatometry specimens during cooling after an
austenitizing temperature of 950°C (DQ/PIT specimens) or the ausforming temperature of 650°C
(AIT specimens), (b) kinetic of bainitic transformation of PIT and AIT specimens during the
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Fig. 3 (a) Volume percentage of bainitic ferrite (BF), retained austenite (RA) and fresh martensite
(FM) in the heat-treated specimens carried out by XRD analysis combined with the dilatometric

method and (b) carbon content in weight percent of RA
3.2.  Analysis of heterogeneous microstructure

The SEM (In-Lens) micrographs of PIT specimen are displayed in Fig. 4. It revealed that a prior
austenite grain was divided into several packets of BF with different orientations, as defined by
the red highlighted boundaries shown in Fig. 4a. The largest packet within individual prior
austenite grain boundary (PAGB) consists of BF laths entrapped between RA films, which
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arranged in almost the same orientation [9,42,43]. On the other hand, the small packets consist of
RA grains or FM blocks located between lath-like and granular features of BF grains. From the
morphological aspect, the granular structures of BF as a component of a single BF packet could
be better indicated with the assistance of EBSD by defining a grain tolerance angle of 5 degrees
and a minimum grain size of 2 pixels. Regarding the RA feature, the presence of blocky or film-
like RA shown in Fig. 4b was dependent upon the BF feature. Film-like RA is unique and always
located between the BF laths, whereas blocky RA is surrounded by several grains of granular BF.
The morphological difference of RA can be characterized by their brightness levels, which are
related to their carbon concentration [41]. The brightness of blocky RA depends on its size and is
always lower than that of the film-like feature. In addition, it can be noticed that FM is mainly
formed within the large grains of blocky RA and has lower brightness but does not lower than the

BF matrix.

Fig. 4 SEM micrographs of PIT specimen obtained from an In-Lens detector, showing examples
of (a) components of bainitic ferrite packets within prior austenite grains (PAGs) and (b)
microstructures of bainitic ferrite (BF), retained austenite (RA), and fresh martensite (FM) in

different features.

Fig. 5 shows EBSD inverse pole figure maps in the z-direction (IPF-z), misorientation angle
distribution maps, corresponding misorientation angle data, statistics of average grain size based
on Euler angle, and the average grain size for bcc (BF/FM) and fcc (RA) of the PIT, AITO.15, and
AITO0.35 specimens. The IPF-z maps of bee structures demonstrated in Fig. 5Sa-S¢ were colored
relative to different orientations and perpendicular to the deformed direction. All structures formed

within a PAG consist of elongated and granular grains of FM and BF. As revealed in Fig. 5Sb and
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Fig. Sc, it is more evident that BF/FM regions were divided into several small BF packets and FM
blocks arranged almost perpendicular to the ausforming direction, especially in the AIT0.35
specimen with the highest magnitude of the deformation. Although the BF and FM regions in
AITO0.35 seem more refined than those in PIT and AITO.15 specimens (see in black marks), the
grain size distributions shown in Fig. 5g indicate that only the percentage of grains with sizes less
than 2 um was decreased with a slight increase in the percentage of larger grains. However, the
statistical evidence could not be fully concluded towards microstructural development. Therefore,
in Fig. Sh, statistical results of the average grain sizes obtained by the IPF-z maps of fcc-RA were
considered and compared to those of bce structures. On the one hand, it can be noted that the
average grain size of bce represented by the black line was slightly reduced from 1.75 to 1.3 pm
with increasing the magnitude of ausforming, and the minimum average grain size of bcc was
found in the AIT0.35 specimen. On the other hand, reducing the average grain size of bcc
significantly raised the average RA grain size despite having negligible differences, as shown in

the red line.

It is straightforward to notice that the average grain size of bce depends on the magnitude of the
deformation, contrary to that of fcc, which most likely resulted from the interaction between the
defects and carbon content in the austenite. The morphology of RA can only be presented in two
features: film-like and blocky types, depending on the amount of carbon enrichment and the
dislocations generated in the matrix around RA [21]. The concentration of carbon enriched in each
feature was quantitatively measured by atom probe tomography (APT), in which the different
carbon concentrations and the positions of the individual features were revealed [25,41,42]. The
RA films entrapped between the adjacent subunits of BF have higher carbon content than the RA
blocks, which are usually surrounded by BF grains or intervened between sheaves/packets of BF.
Besides the carbon enrichment in austenite during bainitic transformation, the decomposition of
austenite into BF and FM was accompanied by the generation of dislocations [32]. Although the
dislocation clusters around the individual features of RA have never been separately quantified, it
could still be assumed that the number of dislocations should be related to that of the carbon
enriched in austenite by the principal [9]. However, this could be difficult to justify
straightforwardly since the ausforming divided the prior austenite grain (PAG) into several
subgrains and introduced plenty of dislocations into the untransformed austenite. The dislocations

could assist the transformation, thereby leading to more carbon segregating into the large RA
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blocks. The misorientation angle distributions of the studied steels displayed in Fig. 5d-5f reveal
the alteration of the grain-to-grain angle. The low misorientation (2°<6<15°) of sub-grain
boundaries is denoted by red lines, whereas the high misorientation region of 15°<6<55° and
55°<6<65° of high-angle boundaries are represented by blue and black lines, respectively. The
PAG boundaries were classified by the region of misorientation angle between 15° and 55° in
which the bainitic-ferritic boundaries were also found within this range. For the quantitative
analysis, the relative frequency of different misorientations is shown in Fig. 5i. The fragmentation
of a higher quantity of PAG and subgrain boundaries was associated with the development of
dislocation density. It corresponded to a decrease in the high-angle boundaries due to BF and FM
reduction. The stress fields generated by dislocations at low-angle grain boundaries were

responsible for the atomic arrangement and contributed to the stability improvement of RA [44].
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Fig. 5 (a)-(c) Inverse pole figure (IPF) maps L the deformed direction of the PIT, AITO0.15, and
AITO0.35 specimens; (d)-(f) Misorientation angle distribution maps according to low and high angle
separation of PIT, AIT0.15 and AITO0.35 specimens; (g) Statistics of grain size distribution; (h)
Average grain size of bcc (BF/FM) and fcc (RA); (i) Relative frequency of misorientation angle
depending on the treatment conditions. BF, FM, and RA refer to bainitic ferrite, fresh martensite,

and retained austenite, respectively.

Owing to the microstructural complexity, image quality (IQ) maps obtained by EBSD, based on
the intensity of the Kikuchi bands, were used to conduct a quantitative analysis of the bcc phase.
As stated by Suzuki [45], if there is no damage caused by specimen preparation, contamination, or
formation of oxide on the surface of the specimen, the IQ map can be reflective of the degree of
structural distortion in the diffracted volume. The low crystal distortion degree is strongly
displayed on the greyscale 1Q map in brightened regions, which reflects its high IQ values. On the
contrary, grain boundaries and highly distorted structures, such as FM with low 1Q values, would
display dark regions. The IQ map, statistical data of the IQ value, and phase maps superimposed
with the corresponding IQ maps obtained on EBSD data of the PIT, AIT0.15, and AIT0.35
specimens are presented in Fig. 6. Moreover, Fig. 6a shows a selected IQ map of the PIT specimen.
As aforementioned, grain boundaries and FM are visualized in the dark to black colors, whereas
the bright regions represent lower distortion in the composite structures of BF. In this work, the
relative frequency of the IQ on the scanned regions was plotted with respect to the IQ values to
differentiate the microstructural constituents of FM and BF. For instance, two subareas with clearly
different image qualities were extracted to demonstrate the analyses. Subareal should comprise
grain boundaries, FM (showing in low IQ values), and BF in high IQ values, whereas a brightened
Subarea2 could be as BF microstructure. Slightly different shades in the BF regions were assumed
to be associated with the microstructural distinction, by which shear components and the formation

of dislocations within the individual structure according to the phase transformation were involved.

The histograms of 1Q values were analyzed by the deconvolution of the sum of multiple Gaussian
peaks [46]. For instance, the data of Subareal, as shown in Fig. 6b, was deconvoluted into three
Gaussian peaks. The Gaussian peak that laid in the range of low IQ values was referred to FM,
while those of higher 1Q values were associated with BF. In addition, the intersection between the

adjacent peaks was assumed to be a threshold between two components. However, the double
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outliers that appeared within the BF region were composed of a superposition of two Gaussian
peaks, which were assumed to be parts of bainite and ferrite, respectively. Subsequently, the
heterogenous components of BF were characterized further with the IQ plot of Subarea2 (Fig. 6¢).
It can be seen that bainite and ferrite microstructures were separated at a threshold of about 100
with bainite and ferrite corresponding to lower and higher ranges, respectively. Additionally, the
thresholds of the IQ histogram of the entire region were found to be consistent with that of the
Subareal for PIT specimen (Fig. 6d). Interestingly, the threshold value between FM and BF and
that between bainite and ferrite were shifted towards higher ranges when the magnitude of
ausforming was increased, as shown in Fig. 6e-6f. Particularly, in the range of bainite and ferrite,
the thresholds are proven to be higher than 100. The highest threshold of FM over the value of 80
was found in the AITO0.35 specimen with a significant reduction of the total area under the
deconvoluted peak of FM. The reduction of FM fraction with an increased threshold in the 1Q
histogram was somewhat related to the increases in low-angle grain boundaries and their
neighboring substructures with highly accumulated dislocation density in the untransformed
austenite. Although it was reported that increasing the defect density in PAGs would induce more
nucleation sites for bainitic transformation, the dislocations excessively generated by ausforming
and during the progress of BF formation could be turned to enhance the thermal stability of
austenite. Based on the displacive theory of bainitic transformation [9], the latter reduced the
nucleation sites available for martensitic transformation and left more austenite untransformed
during the subsequent cooling, as presented in Fig. 6g-6i. To quantify the total fraction of bainite
and ferrite, the area under each deconvolution peak of the 1Q histograms was calculated. The
fraction of bainite for PIT, AITO.15, and AIT0.35 specimens were about 32.6%, 30.8%, and
24.3%, while that of ferrite were about 47.7%, 48.1%, and 49.7%, respectively. These could be

evaluated that ausforming devaluated the bainite fraction but promoted the fraction of ferrite.
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Fig. 6 (a) EBSD-IQ map of PIT specimen indicating two representative areas for a determination
of bainite/ferrite threshold; (b) and (c) statistical intensity of Kikuchi pattern of structural
distribution fitted with Gaussian multiple peaks method applied in Subareal and 2, respectively;
(d)-(f) variation of the statistical intensity of fresh martensite and bainitic ferrite in PIT, AITO.15,
and AIT0.35 specimens; (g)-(1) IQ map superimposed by phase maps indicating the increase in

retained austenite fraction caused by ausforming.

3.3.  Local plastic strain and stress concentration

The local strain distribution was also evaluated by EBSD kernel average misorientation (KAM)
maps. In general, the calculation of KAM provides the average misorientation around a measured

point corresponding to all surrounding points of EBSD data. Therefore, the variation of KAM
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value can be interpreted in terms of the degree of local lattice distortion or local plastic strain [47].
For the KAM analyses, the first-order neighbors were employed as the local dislocation structures
of the deformed material could already be nicely revolved without costing too much computational
time. The variation of color in the KAM map visualizes local strain distribution, i.e., the blue color
represents no strain, while green and red represent fairly and highly strained regions, respectively.
Therefore, the local strain distributions stored in PIT and AIT specimens can be seen in Fig. 7a-
7c. A highly concentrated strain in KAM is observed in the AIT0.35 specimen, whereas lower
strain concentrations are observed in the AIT0.15 and PIT specimens. Although the graphical
illustrations cannot clearly distinguish those KAM specimens, the statistical data and the
calculation of the local average KAM values (Fig. 7d) can help to confirm what was discussed
previously in Section 3.2. The local maximum and minimum average KAM were found in
AIT0.35 and PIT with values of 0.82 and 0.70, respectively. KAM calculation was carried out
separately in phases with the different crystal structures (fcc and bee) to examine the local strain
distribution in individual structures, especially in RA. The average KAM values of specimens that
underwent the PIT and AIT treatments are shown in Fig. 7e. The average KAM values of bcec and
fcc are raised as the magnitude of ausforming increases, while the KAM value obtained in RA is

always lower than that in BF and FM in all cases.
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Fig. 7 (a)-(c) Kernel average misorientation (KAM) maps of PIT, AITO0.15, and AIT0.35
specimens, respectively. (d) Relative frequency of KAM angle, (e) average KAM value of bcc
(BF/FM) and fcc (RA) structures based on specimen conditions. BF, FM, and RA refer to bainitic

ferrite, fresh martensite, and retained austenite, respectively.

Furthermore, the local dislocation density was estimated based on lattice curvature, so-called
geometrically necessary dislocation (GND). Like the analyses of KAM values, the distributions of
GND density in RA and BF grains were analyzed separately, and the color gradient in the GND
density maps represents the intensity of dislocations at specific locations. Following this, the GND
density maps of PIT (Fig. 8a and 8c) and AIT0.35 (Fig. 8b and 8d) specimens were calculated.
The red spots and green spread areas correspond to the high intensity of dislocations, while the
blue-based matrix corresponds to the lowest intensity of dislocations. The GND density map of
BF was visualized by superimposing it with the highly distorted structure of FM. The distribution
of GND density in RA and BF grains was directly proportional to the magnitude of ausforming
since the fraction of high GND density areas increased with increasing the ausforming strain. In
the PIT specimen, the dislocations piled up along the grain boundaries and at BF/blocky FM
interface tips. However, these dislocations barely spread out to the BF grain boundaries or into RA
grains, as the overall intensity of dislocations was somewhat lower. In contrast, the high GND
density induced by ausforming for the AIT0.35 specimen was dispersed throughout both structures
(Fig. 8b for BF and Fig. 8d for RA), particularly near the slender interfaces between BF
substructures, RA and FM. Herein, the high intensity of dislocations accumulated in RA and BF

grains might lead to a higher tensile strength.

In general, the overall increasing trend of GND densities in both BF and RA may be directly related
to the highly distributed stress and generated dislocations during applying ausforming. Compared
to the PIT specimens, an increasing number of elongated BF substructures with a high intensity of
dislocations in AIT specimens can likely result in pronounced yield and tensile strengths.
Similarly, the inheritance of GND density into RA grains stabilized the untransformed austenite
and thus made RA grains became more stable. This would lead to the fact that less RA undergoes
martensitic transformation during tensile test and degrades the total elongation of the ausformed
materials [48]. However, considering the large volume fractions and small grain sizes of the RA

in these AIT materials, they would still contribute to the total elongation and partially help to rise
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the material strengths. These aspects will be discussed in detail in the following section together

with the mechanical properties of the materials.

Bainitic ferrite (BF) Retained austenite (RA)

Fig. 8 Distribution of geometrically necessary dislocation (GND) density in PIT and AIT0.35
specimens for (a) and (b) bainitic ferrite superimposed with black-colored region fresh martensite
and white-colored retained austenite, and for (c) and (d) retained austenite superimposed with

bainitic ferrite and fresh martensite indicated by white regions.

The average GND density graph shows that the average GND densities in BF were consistently
higher than that in RA for all cases. The values in BF obtained for PIT, AITO0.15, and AIT0.35
specimens are 1.103X10'%, 1.213X 10" and 1.571 X 10" m?, respectively, while the averaged

values of RA are 8X10'%,9.7X 10" and 1.2X 10> m™, respectively. (as shown in Fig. 9)
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Fig. 9 Increase in average GND density in bainitic ferrite (BF) and retained austenite (RA) in

PIT, AITO.15, and AIT0.35 specimens
3.4. Mechanical properties

The engineering stress-strain curves of the PIT, AITO0.15, and AIT0.35 specimens depicted in Fig.
10a were utilized to evaluate tensile properties of the heat-treated materials. The results show that
the yield strengths (YS) and ultimate tensile strengths (UTS) of both AIT specimens were
improved by increasing the magnitude of the ausforming. In addition, the total elongations (As)
were not diminished despite considerable increases in the strengths. These results contradicted the
typical mechanical properties of bainitic TRIP steels [49,50], where a substantial enhancement of
strength often leads to deterioration of the ductility. The tensile properties of all specimens are also
summarized in Table 2. An excellent yield-to-tensile strength (YS/UTS) ratio is observed in
AITO0.35 specimen. This implies that such a high magnitude of ausforming provided a substaintial
work hardening capability. The increase in values of Y'S, UTS, and YS/UTS could be associated
with the contribution of the following mechanisms: 1) grain refinement according to the well-
known Hall-Petch effect [51,52]; 2) increased GND densities in RA and the surrounding BF layers,
as already pointed out in the previous section; and 3) TRIP effect [53]. Note that the influence of
pre-existing FM on the material strengthening might be insignificant because the FM fraction was
too small. The enhanced total elongation, which included both uniform elongation and post-
necking regime, of AIT specimens can be attributed to a larger volume of RA which underwent
strain-induced TRIP effect and the prolonged elongation to fracture caused by geometric softening
[54]. This regime refers to as post-necking. As the post-necking regime is mainly determined by

the capability of the materials in arresting cracks and preventing catastrophic failure, the
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mechanisms in the post-necking regime will be further discussed in regard to the fractography in

the last section.

The deformation behaviors of PIT, AITO.15, and AIT0.35 specimens were further analyzed by the
work hardening rate curves (represented by dotted curves), as depicted in Fig. 10b. A sudden drop
in work hardening rate at low strains is ascribed to dislocation movements and dislocation
generation within lattice structures of the material [55,56]. When plastic strain increases, the
interaction of dislocations becomes prominent, as a consenquence of competition between the
formation of new dislocations, inhibition of their mobility, and processes that allow them to be
organized and to annihilate each other. As a result, work hardening of material occurs while cross-
section of specimen is continuously reduced so that work hardening rate is lowered. The reduction
of the work-hardening rate continues up to a necking point where the true stress-strain curve
intersects with the work hardening rate curve. However, there are significant differences between
these three materials. AIT specimens exhibit a greater initial work hardening rate at true strains
below ~0.01 when compared with PIT specimen. It seems that the refined microstructure and the
pre-existing higher GND density in RA and surrounding BF only affected the increase in YS. They
did not play any role in the initial work hardening rate since no effect of these two factors was
found conspicuously. Hence, the initial work hardening rate behavior was influenced by higher
fractions of the softened phases (i.e., BF and RA), at which substantial dislocations were allowed
to develop. In contrast, AIT specimens exponentially decreased at lower hardening rates compared
to PIT specimen when the strains progressed (> 0.01). The presence of such lower work hardening
rates is involved in highly accumulated dislocations during the initial plastic deformation [55,56].
Nevertheless, it is observed that the work hardening rate curve of PIT specimen decreases
significantly after achieving the strain of ~0.053, while that of AIT specimens gradually declines
at the higher rates before coming to their necking points. This behavior could be elucidated in
terms of the formation of FM through the strain-induced TRIP effect of RA. The contribution of
the TRIP effect of RA in the AITO0.15 and AIT0.35 specimens should be directly related to their
volume fractions. It is plausible that the substantial amount of RA in AIT0.35 specimen led to a
significantly higher uniform elongation than in AITO0.15 specimen. This will be discussed further
in the next section in connection with the volume fractions of the RA measured corresponding to

the equivalent plastic strains measured at different positions on the cross-section of the tensile
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specimens. Overall, ausforming enhanced the YS, UTS, and YS/UTS ratio accompanying with the

delayed necking and prolonged post-necking regime.
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Fig. 10 (a) Engineering stress-strain curves (b) true stress and instantaneous work hardening rate

(da/de) as a function of true strain of PIT, AIT0.15, and AIT0.35 specimens

Table 2 Tensile properties of PIT, AITO0.15, and AIT0.35 specimens. YS, UTS, Ag, and YS/UTS

stand for yield strength, tensile strength, total elongation, and yield-to-tensile ratio, respectively.

Specimen YS, MPa UTS, MPa As, % YS/UTS
PIT(ref) 930 1269 12.7 0.73
AITO.15 1057 1337 14.3 0.79
AIT0.35 1112 1390 16.1 0.80

3.5. TRIP effect

Since RA played a dominant role in the transformation into FM when plastic deformation occurred,
the amount of RA was evaluated at the specific locations on the cross-sectional areas of the PIT
and AIT specimens after fracture. Assuming that the location of 2 mm and 4 mm from the fracture
surface possessed different plastic strains and those areas of each specimen could respond to the
TRIP effect differently. In this study, the finite element analysis was conducted to predict the
plastic strains at the evaluated locations. The 1/8 smooth-rounded tensile specimens were modeled,
using ABAQUS software with the dynamic-explicit solver, by defining boundary conditions

similar to the experiments. The element type C3D8R was selected with a minimum mesh size of
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0.05 mm. As a result, the reaction force and displacement data obtained from the finite element
simulation were compared with the experimental data, as illustrated in Fig. 11a. The displacement
at the fracture point was taken into consideration so that the equivalent plastic strain (PEEQ)
distribution was evaluated (see Fig. 11b). The PEEQ values were determined at 2 mm and at 4
mm from the fracture surface, which were the locations where RA fractions were observed by
XRD measurement. It was found that the RA fractions at the specimen shoulder were nearly the
same as that of the initial specimen. Supposing the percentages of RA fraction were plotted as a
function of the PEEQ, the relationship between those values could be made using the linear
regression method [57], as depicted in Fig. 11c. The coefficient (m) of the linearly fitted line was
used to analyze the reduction rate of RA when it was subjected to the plastic strain. Comparing
the results obtained from PIT to AITO0.15 and 0.35 specimens, it was found that AIT0.35 specimen
has a much higher reduction rate of RA than the other specimens. This is because of its original
high-volume fraction of RA, which allowed more transformability of RA during plastic
deformation. However, the RA in this specimen possessed high mechanical stability, the
transformation of RA was likely not activated in the early stage of plastic deformation, but it was
effectively transformed into FM in the later stage before necking. As a consequence, work

hardening rate of this specimen was still high at the high true strain region, as in Fig. 10b.
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Fig. 11 (a) Force-displacement response of PIT, AIT0.15, and AIT0.35 specimens obtained from
the experiment and simulation, (b) positions for XRD measurement on AIT0.35 specimen after
tensile test superimposed with strain field measured from the finite element simulation at the
fracture point and (c) percentage of retained austenite (RA) as a function of equivalent plastic

strain values obtained from the different locations apart from the fracture surface.
3.6.  Fracture morphology

The SEM fractography characteristics were viewed directly on the fracture surfaces of PIT and
AIT0.35 specimens at different magnifications, as shown in Fig. 12. Hereby, the role and
contribution of microstructure effects on the strength and ductility of the steels were studied. First,

macroscopic features of the fracture surface of PIT and AIT0.35 specimens are depicted in Fig.
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12a, and Fig. 12d, respectively. They generally exhibited ductile fracture morphology with the
presence of macro-/microcracks near the center of the reduced cross-section, at which fracture was
presumably initiated under tensile loading. The fracture surface of the PIT specimen had an
excessive number of large macrocracks which developed towards the center of the specimen,
whereas a few microcracks (< 90 um) were observed in the AIT0.35 specimen away from the
center. The microstructural feature strongly governed the formation of microcracks and their
growth paths. This also led to a subsequent occurrence of voids and resulted in overall strength
and plastic deformation capacities. A refined microstructure with a higher density of pre-existing
dislocations was essential to impending dislocations piled up at the grain/subgrain boundaries
[58,59]. Apart from promoting increased yield strength, such grain boundary strengthening
induced effective retardation of void nucleation during the post-necking stage. According to the
microscopic feature of dimples near microcracks, illustrated in Fig. 12b, and Fig. 12e, the AIT0.35
specimen showed a high density of very-fine elongated dimples and small deep holes associated
with extensive plastic deformation within the post-necking regime. Next to the dimples, the typical
appearance of tear ridges was found in the PIT specimen (Fig. 12¢). The tear ridges were relatively
broad and filled with secondary voids around holes and dimples, unlike those observed in the
AITO0.35 specimen (Fig. 12f). The formation of thickened and elongated valleys of the tear ridges
in the AITO0.35 specimen suggested higher resistance to fracture and was consistent with its larger
post-necking elongation, compared with those in the PIT specimen. Nevertheless, such greater
resistance against fracture was supposed to be also relevant to the contribution of more fraction of
retained austenite with high stability, besides the effect of grain boundary strengthening. As a
consequence, the great ability of AIT(0.35 specimen against macro-/microcrack formation during

the cross-sectional reduction in the post-necking regime was provided.
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macro cracks

Fig. 12 SEM fractography of cup fracture surfaces of PIT and AIT0.35 specimens, showing;
(a), (d) Overall fractography of failure normal to the stress axis;
(b), (e) Magnified observation in the area of near macro-and-microscopic cracks; (c), (f) Highly

magnified observation showing characteristics of tear ridges and their valley
4. Conclusions

The relationship between the ausforming process and the development of heterogeneous
microstructure along with the improved mechanical properties of a low carbon Fe-0.18C-2.5Mn-

1Si-0.2Cr-0.2Ni (wt.%) steel was investigated in this work. The major findings are as follows:

J Compared to the conventional pure isothermal tempering process, applying ausforming
accelerates the onset of bainitic transformation. However, increasing in thermodynamic
stability of austenite retards the completion of the bainitic transformation, which in turn

leads to a reduction of the fresh martensite.

. The ausforming provides an increase in low-angle substructures with high dislocation
density, which results in a reduction of the nucleation sites available for the martensitic
transformation and therefore leaves more untransformed austenite after the subsequent

cooling.
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J The increases in yield strength, tensile strength, and total elongation of the studied low-
carbon bainitic steel are due to the development of the heterogeneous microstructure, which
contains about 16% retained austenite, 76% bainitic ferrite, and 8% fresh martensite. The
elongation is mainly controlled by the dislocation slip and strain-induced plasticity effect
of the retained austenite. At the same time, the high yield strength and ultimate tensile

strength are governed by the refined microstructure and the stored high dislocation density.

. Apart from the enhanced strengths, grain boundary strengthening and a large amount of
highly stable retained austenite induce effective retardation of void nucleation and help to

prevent the formation of macro/micro-cracks during post-necking.
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Chapter V Conclusions and future studies

The effect of ausforming on the thermodynamic stability of austenite in low carbon steels,
composed of carbon <0.2%wt., has been investigated and characterized through the kinetics of
isothermal bainitic transformation, resistance to fresh martensite formation, microstructure
analysis, and mechanical properties. Furthermore, the nucleation rate influenced by changes in the
activation energy and enriched carbon in the austenite caused by ausforming has been analyzed by
a unified physics-based model developed in this dissertation. The main conclusions are

summarized below.

e Ausforming as a thermomechanical heat treatment process combining a plastic deformation
of austenite at a high temperature with a single process of isothermal heat treatment at 400°C
is employed to deal with the thermodynamic stability of austenite in low carbon steels. This
process refines the austenite grain structure, then minimizes available nucleation sites for a
subsequent decomposition of austenite to fresh martensite during cooling operation. The result
achieves a desirable microstructure by increasing the volume fraction of retained austenite

with a slightly decreased bainitic ferrite fraction.

e As compared with the conventional process of isothermal bainitic heat treatment, applying a
prior plastic deformation of austenite remains applicable in this study. However, process
parameters of ausforming, such as deformation temperature, strain, and strain rate, need to be
controlled to define an appropriate condition so that the desired microstructure can be

achieved.

e The effect of ausforming on the kinetics behavior of isothermal bainitic transformation and
resistance to fresh martensite formation can be analyzed via a unified physics-based model
derived from the classical nucleation rate theory and combined with the Koistinen-Marburger
equation. Through detailed analysis of the kinetics behavior, it is revealed that the activation
energy, driving pressure, and carbon enrichment in the austenite play a significant role in
changing the nucleation rate. The nucleation rate is accelerated due to increased nucleation
sites, then sluggished by the mechanical stabilization of austenite. The latter is affected by the

increased carbon enrichment and dislocation density in the austenite.
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e Mechanical properties evaluated in this study are strongly related to microstructure
heterogeneity and phase constituents of the steel. Grain refinement and existing high
dislocation structures enhanced strengthening behavior, while the amount of retained austenite
fraction is essential to improve the strain-induced plasticity effect of the retained austenite.
The effective prevention of macro/micro-crack formation during post-necking is due to grain

boundary strengthening and a large amount of highly stable retained austenite.

Although the mechanical property improvement in this study provides a possibility to design low
carbon carbide-free bainitic steels by ausforming process, other experimental validations should
be carried out to fulfill the specific requirements for forged steel components. Furthermore, an
improvement of the thermodynamic stability of austenite proposed in this dissertation is mainly
focused on the variation of the kinetics behavior of isothermal bainitic transformation to the carbon
enrichment in austenite. Meanwhile, the influence of other alloy elements on the same aspect has

not been considered. Thus, the following investigations need to be considered in future studies.

e Effect of ausforming on toughness and fatigue properties. Apart from tensile and hardness
properties employed in this dissertation, toughness and dynamic fatigue properties are also
required for forged steel components under general service operations. Therefore, further

experiments need to be validated for the completeness of mechanical property evaluation.

e Application of ausforming combined with other processing routes of heat treatment. Since the
processing route applied after ausforming is vital to enhance the thermodynamic stability of
austenite, other processes such as quenching-partitioning or tempering below M temperature

should also be carried out.

e Effect of ausforming on the kinetics behavior of bainitic transformations, heterogeneous
microstructure, and mechanical properties should be considered in the entire range of low-

carbon steels.

e Effect of austenite former elements on their thermodynamic stability. The research
summarized in this dissertation mainly focuses on improving the thermodynamic stability of
austenite affected by the capability of carbon enriched in austenite. However, other
substitutional elements, such as Mn and Ni interact with the stability improvement of

austenite, were not considered. Therefore, the influence of these elemental contributions on
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the kinetics behaviors and microstructure development should also be examined and

characterized further in subsequent studies.

Even though the experimental kinetics transformation is fitted well with the model, changes
in the kinetics parameters during bainitic transformation are not experimentally validated.
Consequently, experimental validations of the activation energy, carbon enrichment in
austenite, and dislocation density evolutions during isothermal bainitic transformation are also

required.
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