Tempering of a Mixture of Bainite and
Retained Austenite

By
Arijit Saha Podder
St. John's College, Cambridge

University of Cambridge
Department of Materials Science and Metallurgy
Pembroke Street, Cambridge CB2 3QZ

A dissertation submitted for the
degree of Doctor of Philosophy at the
University of Cambridge

January 2011



Preface

This dissertation is submitted for the degree of Doctor of Phlosophy at the University
of Cambridge. The research reported herein was conducted waer the supervision of
Professor H. K. D. H. Bhadeshia in the Department of Materials Science and Metallurgy,
University of Cambridge, between October 2007 and January @11.

This work is to the best of my knowledge original, except whee acknowledgment and
references are made to previous work. This dissertation ishe result of my own work
and includes nothing which is the outcome of work done in colboration except where
speci cally indicated in the text. Neither this, nor any sub stantially similar dissertation
has been, or is being, submitted for any other degree, diploa or other quali cation at
any other university. This dissertation does not exceed 6@00 words in length.

Some of the work described herein has been published:

A Saha Podder and H K D H Bhadeshia, Thermal Stability of Austenite Retained
in Bainitic Steels, Materials Science and Engineering A 527:2121-2128, 2010.

Arijit Saha Podder

January 2011



Acknowledgments

| would like to express my sincere gratitude to my supervisorProfessor Harshad
Kumar Dharamshi Hansraj Bhadeshia for all his support, guidance, inspiration and
encouragement during the work and my stay here.

| would like to thank Professor A. L. Greer for the provision of Laboratory facilities
in the Department of Materials Science and Metallurgy at the University of Cambridge.

| earnestly acknowledge nancial support from Cambridge Canmonwealth Trust
as Nehru-Cambridge Commonwealth Scholarship for providig me the opportunity to
pursue research at the University of Cambridge. | also exprges my gratitude to the
Hinduja Foundation and British Petroleum (BP plc) for nanc ial support. | am indebted
to Tata Steel Ltd., India for providing me study leave to pursue research at Cambridge.

| would like to thank every member of the Department for being very kind to me. |
am grateful to Dr Mary Vickers for numerous fruitful discussions. | wonder if this work
would have been at all possible without Mr Kevin Roberts, Mr Andrew Moss, Mr Dave
Nicol and Mr Frank Clarke. | would like to thank Dr Ivan Lonard elli for his assistance
in carrying out collaborative work using synchrotron radiation.

| shall cherish for long the memory of being with the PT-group and | thank every
member of the group for help and friendship. | would like to thank especially Mathew J.
Peet. and Ashwin Pandit for being with me in every di cult sit uation. All the help from
Hala Salman Hassan, Andrew Barrow, Aseel Hamideny, Amir Shiazdi, David Bombec,
Pei Yan, Steve Ooi, Sephane Forshik, Radu Dimitriu and other group members is also
gratefully acknowledged.

The support from St John's College, including the fantastic accommodation and
the fabulous food at the buttery and Hall, made my life a really enjoyable one. The
association with many friends in the College and the Departnent has been bene cial.

| am greatly indebted to my parents and my wife, Nilanjana, for their support,
devotion and understanding.



Abstract

Concern about the fuel economy of automobiles has stimulatk the development of
bainitic steels. A high strength to weight ratio together with good ductility may be
achieved by this endeavour if a number of metallurgical issas can be resolved. Strong
bainitic steels are alloyed with silicon in order to avoid the deleterious e ect of cementite
which otherwise forms in association with bainite. This strengthens the steels and also
enhances the toughness because the carbon that is usuallygmipitated as brittle cemen-
tite instead partitions into the residual austenite, allowing the latter to be retained. The
amount of retained austenite in the steel can, in principle,be optimised by heat treat-
ment. Substantial work has, in the past, been carried out on he nature of the bainite
transformation. However, this is not the case when it comesd the decomposition of
the retained austenite during tempering. This is important because applications such as
the galvannealing of automotive steel involves subjectingt to temperatures as high at
475 C.

The goal of the work initiated in this thesis was to gain a detdled understanding of the
thermal decomposition of retained austenite. Systematic lsaracterisation experiments
have been undertaken to demonstrate the progress of the tengring process as a function
of time and temperature. High resolution dilatometry was caried out to distinguish
guantitatively between the two competing processes of ausnite decomposition and
tempering of martensite. Based on these studies a new theottyas been proposed for the
decomposition of retained austenite during and after the tenpering process. In essence,
the austenite is rendered unstable to martensitic transfomation during cooling from the
tempering temperature even though the fraction of precipitation is minute.

The evolution of microstructure during the progress of temgering has been captured
using in situ transmission electron microscopy. This study provides stong evidence of
the austenite decomposition model. The fact that the proces does not involve nucleation
of new ferrite, but rather the growth of existing ferrite at t he expense of austenite,
has been conrmed by direct observation. High-energy synciotron X-ray radiation
has been used forin situ experiments which revealed the structural changes during
the tempering process with a particular focus on the changeni lattice parameters and
carbon content of the Im and blocky types of austenite. More importantly, it veri ed
the instability of the austenite to the cooling process. Thetempering behavior of Mn



and Ni-containing bainitic steels has been compared and it &s observed that the process
is faster in the latter case. These experiments provided ctical data in the validation of
kinetic theory. The non-uniform strains and dislocation densities were estimated from
X-ray measurements during the progress of tempering proces

An attempt has been made to predict the overall transformation kinetics of the
decomposition of retained austenite subjected to the tempeng treatment, based on the
simultaneous transformations of ferrite and cementite. Ths helped con rm that it is not
tenable to argue that new ferrite forms by reconstructive nwcleation and growth during
tempering.
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Chapter 1

General Introduction

Steels could be argued to be the most important and useful oflamaterials because of
their relatively low price and the wide range of desirable poperties which can be con-
trolled by changing the chemical composition and processimp parameters. Steel remains
the most successful of all materials, with 1.3 billion tonne being consumed annually in
improving the quality of life. The mechanical properties dgpend to a reasonable extent
on the microstructure, which is in uenced in part by precipitation reactions. Phase
transformations are therefore important in designing the microstructures for specic

applications. Several techniques are used by steel manufacers to make high perfor-

mance steels. These include grain re nement, work hardenig, precipitation hardening

and heat treatment. Using these techniques, sheet steels ©dbe developed with an ideal
combination of formability and strength for speci ¢ automotive applications.

Bainite, considered to be the epicentre for automotive steks research, is an aggregate
of phases which was identi ed rst by Davenport and Bain [1] as a result of systematic
isothermal transformation experiments. They reported the discovery of the new mi-
crostructure consisting of an “acicular, dark etching aggegate' which formed in the
temperature range between pearlite and martensite and was nlike either of those mi-
crostructures. The new microstructure was found subsequdly to exist in two main
variants: lower and upper bainite. It was not until low-alloy, low-carbon steels, con-
taining small amounts of boron and molybdenum to suppress peutectoid ferrite were
developed that the potential for commercial exploitation became realistic [2]. Bainite
has been associated with the latest breakthrough technoldgs because of tremendous
developments in phase transformation theory and the fact tlat combinations of prop-
erties, including toughness and strength, achievable usip this phase mixture can be
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comparable to those of quenched and tempered martensitic sels. The introduction of
dual phase steel with ferrite and bainite being the major conponents led to very high
strength steel with adequate ductility [3]. With these impr oved mechanical properties
and low manufacturing cost, bainitic steel is being used ineasingly in a number of
industrial applications, such as rail steel [4] and armour el [5].

The carbon that is partitioned from bainitic ferrite follow ing isothermal transforma-
tion, stabilises the residual austenite, enabling it to be etained at ambient temperature.
Cementite precipitation becomes possible when its carbonancentration exceeds the sol-
ubility limit given by the extrapolated =( + ) phase boundary [6]. This is depicted in
Figure 1.1, where the shaded area illustrates austenite thais unstable to the precipita-
tion of cementite. If the transformation temperature falls below T, carbide precipitation
is inevitable.

Interesting microstructures can be obtained when silicon $ added to steel in con-
centrations of about 2wt%. Silicon is generally present in &els as an aftermath of
the deoxidation reactions involved in the steelmaking proess. However, it also retards
the formation of cementite from austenite, making it posside to obtain a carbide-free
microstructure of just bainitic ferrite and carbon enriched austenite [7]. In silicon-rich
steels cementite does not form in association with bainitiderrite even after holding at the
isothermal transformation temperature for many hours [8, 9. For the same reason, the
precipitation of cementite during the tempering of martensite is retarded signi cantly by
the presence of silicon [10, 11]. The morphology of the retaed austenite is important
in this context. The phase can be present in the microstructue in two forms: blocky
and Im type. The best elongation behaviour has been observ when the austenite is in
the form of Ims between the subunits of bainite rather than as blocks between sheaves
of bainitic ferrite [12, 13]. The blocks of austenite tend totransform into martensite in
the early stages of deformation and consequently lead to ebr fracture [12]. The Im
austenite is ne in scale and stabilised by carbon enrichmen A typical transmission
electron micrograph of the isothermally transformed materal is shown in Figure 1.2. A
microstructure of this kind has many advantages. The absene of cementite reduces the
chances of cleavage or void nucleation.

Unlike martensite, the bainite does not derive its strength from dissolved carbon,
which means that it is more resistant to tempering. The Ims of austenite, intimately
dispersed between the ferrite, are bu ers to the propagatiorof cracks. Very high strength
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can be achieved by re ning the structure; strength up to 2.5GPa has been achieved
using a bainitic microstructure with the individual plates reduced down to 50 nm in
thickness [14].

a+y

Temperature

/ To

Carbon

Figure 1.1: Thermodynamic condition which must be satis ed before cementite can
precipitate from austenite [6]. , and denote ferrite, austenite and cementite respec-
tively.

1.1 Scope of the Research

Tempering is historically associated with the heat treatment of martensite in steels. It
improves the toughness of virgin martensite but lowers the gength. The most important
structural change is the formation of various distributions of iron and alloy carbides as
the supersaturation of the as-quenched martensite is relieed and the equilibrium state
is approached. The tempering process has been researchedcs the 1960s and there is
an impressive collection of literature in the context of matensite, for example, [15{22].
Although bainitic steels have been the subject of particula interest over the last two
decades, only limited work has been reported on tempering etions. There is literature
describing the precipitation of carbides during the bainite transformation in steels [6, 23{
30], but hardly any information on the stability of retained austenite during the temper-
ing of mixtures of bainitic ferrite and retained austenite [31, 32]. Transformation induced
plasticity (TRIP) steels, known for their high strength, im proved formability and crash

3
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Figure 1.2: Transmission electron micrograph showing baiite ferrite () with retained
austenite Ims ( ;) entrapped between the ferrite plates (From present work).
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worthiness, have received considerable interest from thewomotive industries for the
application in body-in-white. The stability of retained au stenite controls the transfor-
mation rate during deformation and strongly in uences the formability and mechanical
behaviour [33]. As a consequence, the mechanical stabilitgf retained austenite during
processing of these steels has become topic of research icaet years [34{41]. The
corresponding thermal stability of retained austenite hasnot been similarly scrutinised.
That is the subject of this thesis.

The tempering of bainite and retained austenite has numeroa industrial implications
because modern steels are coated with zinc, by the processg#lvanizing/ galvannealing,
after cold rolling, to make them suitable for automotive applications. Coated steels are
becoming ever more popular for the outer panels of passengears. There is demand for
this Zn-coated steel for the white-goods industries, such&in the manufacture of refriger-
ators, washing machines etc. During coating, the steels arkeated in the range of 400C
to 500 C to facilitate the coating process, so that some temperings then inevitable.
The stability of the retained austenite therefore becomesmportant. Another important
area is the development of shafts for aircraft engines, whertransient temperatures of
about 400 C are reached. It is in this context that the evolution of the microstructure
during the heat treatment of structures containing retained austenite has been studied
in order to provide mechanistic details which can help desig more stable phase mixtures
involving carbon enriched austenite.



Chapter 2

Literature Survey. Tempering of
Bainite

2.1 Bainitic Transformation

‘Bainite’, named after E. C. Bain [1], is the generic term for ne aggregates of fer-
rite platelets (or laths) and associated cementite partices. The transformation occurs
from austenite at temperatures between those at which peaite and martensite form.
The structure can be generated either through isothermal tansformation or continuous
cooling heat treatment below the bainite-start (Bs) temperature.

2.1.1 Transformation Mechanism

Considerable research has been carried out on the mechanisafi the bainite transfor-
mation. One school of thought holds the view that the transfamation is displacive [8,
9, 42, 43] whereas another argues that the di usion plays a majr role [28, 44]. The
former mechanism implies the existence of an atomic corregmdence across the trans-
formation interface whereas the later is associated with aruncoordinated movement of
atoms which destroys any such correspondence. Given the Ige collection of observation
available in the literature and reviewed extensively [45{47], the rst theory is a more
plausible explanation for the growth of the bainite. According to this theory bainite
grows by the propagation of discrete martensitic sub-unitsat all stages of transforma-
tion and this explanation is consistent with the existence ¢ the so-called incomplete
reaction phenomenon [48]. The bainitic ferrite in this scemrio partitions carbon into
the residual austenite soon after formation [43].
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The thermodynamic description of the bainite reaction is linked to its mechanism of
growth and depends on the behaviour of solute atoms during @nsformation. By far the
largest contribution to the stored energy of bainite is due b the experimentally observed
invariant-plane strain shape deformation. The contributions from interfacial area are by
comparison negligible during the growth stage [42].

The dislocation density in bainite is found to be higher than that in allotriomorphic
ferrite even when these two phases form at similar temperattes, and the dislocation
density increases as the transformation temperature is reaced [49, 50]. This is often
attributed to the fact that bainite forms by a shear mechanism. If the shape deforma-
tion accompanying the displacive transformation is accommodated, at least partially, by
plastic relaxation of the adjacent austenite, then the resiting dislocations introduced
into the austenite can be inherited by any bainite that forms subsequently [51, 52]. Di-
rect observations [52] reveal the plastic relaxation in theaustenite adjacent to a plate of
bainite, as illustrated schematically in Figure 2.1.

o A &~ slipped Y

(a) (b)

Figure 2.1: Schematic illustration of (a) a perfect invariant-plane strain surface relief and
(b) one where plastic relaxation of the shape change occurs ithe adjacent matrix [6].

Substitutional solutes do not partition at all during the ba inite reaction. Their
primary e ect is through their in uence on the relative therm odynamic stabilities of the
austenite and ferrite phases. The ratio of the iron to substiutional solute atoms remains
constant everywhere during the formation of bainite. This is expected due to displacive
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character of the transformation and the low di usivity of sub stitutional atoms at the
temperatures where bainite forms. The trapping of solutesn the bainite raises its free
energy [6].

After the displacive transformation, the bainitic ferrite is supersaturated with car-
bon, with its carbon content equal to that of the parent austenite. However, given the
temperatures involved, much of the excess carbon is able togptition into the austen-
ite [42]. Some carbon remains within the ferrite, either trgpped at dislocations or other
defects. Atomic scale observations show that the amount of arbon retained in the
bainitic ferrite is increased with the decrease in transfomation temperature because of
lower di usivity of carbon at low temperatures [53].

2.1.2 Incomplete Reaction Phenomenon

During isothermal transformation below the Bs temperature, the austenite decomposes
to bainite and the maximum degree of reaction increases fromero at the B s temperature
to some other nite value at lower temperatures, which is always less than would be
expected from an application of the lever rule to the equilibium or paraequilibrium ¥
phase diagram. This e ect is termed the “incomplete reactionphenomenon' [6, 42, 48].

Bhadeshia and Edmonds [8, 42] explained this observation bincorporating the Ty
concept, the temperature at which both bainitic ferrite and austenite of similar compo-
sition have identical free energy, as shown in Figure 2.2. Té@ Ty curve represents the
locus of all points on a plot of temperature versus carbon cocentration, where austenite
and ferrite of the same chemical composition also have ideial free energies. On the
other hand, the paraequilibrium ( + = ) phase boundary is represented by theAe$
curve i.e:, the composition of austenite which is in equilibrium with ferrite subject to
the constraint that the substitutional lattice is con gura tionally frozen. Any austenite
with a carbon concentration in excess of that de ned by theTy curve, cannot transform
without a change in composition between the parent and prodat phases. Thus, any dis-
placive transformation involving a full supersaturation of carbon, can occur only below
the appropriate To temperature [42].

To summarise, the di usionless growth of bainite has to occurat a temperature just

YParaequilibrium is a state of equilibrium in which the subst itutional alloying elements are unable to
partition, although carbon, which is a fast di using inters titial element, redistributes between the phases
until its chemical potential is uniform throughout.
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oL+ strain
b

Free Energy

Temperature

i

Ael T Ae3

Carbon concentration

Figure 2.2: Schematic illustration of the To and Tg curves. TheTg curve incorporates a
strain energy term for the ferrite due to the displacive mectanism of transformation.
corresponds to bainitic ferrite. Ty is the temperature corresponding to the free energy
curves. Aez denotes the temperature separating the + and . Ae; is the minimum
temperature at which austenite exists [6].

below Ty, when the free energy of bainitic ferrite falls below that of austenite of the
same composition, as shown in Figure 2.2. With decreasing teperature the austenite
can tolerate successively greater amounts of carbon befothe formation of supersatu-
rated ferrite stops. Experimental evidence of the incomplé reaction phenomenon has
been reported by many but most recently by Caballero [54], wio measured the carbon
distribution in austenite through X-ray di raction and atom -probe tomography. These
results are consistent with a mechanism in which the bainitegrows without di usion and
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with the excess carbon partitioned into austenite immediatly after isothermal transfor-
mation.

The growth of bainite is accompanied by a change in shape whicis characterised
as an invariant plane-strain with a large shear component. he elastic strain caused in
the austenite as it accommodates this shape deformation issgociated with an estimated
400 J mol ! of strain energy [6]. This is less than the corresponding ten for martensite,
which is 600 J mol ! because bainite plates usually have a smaller aspect ratioThe
shear and dilatational components of the shape change arersilar for martensite and
bainite. The Ty curve modi ed to account for this strain energy is called the Tg curve.
Thus the transformation to bainite stops when the carbon corcentration of the residual
austenite reaches theTg boundary [6, 8].

The incomplete transformation allows Ims of austenite to be retained between bai-
nite plates. It has been observed that the thickness of thesaustenite Ims can be
estimated by assuming that the carbon di usion eld around an existing plate of ferrite
prevents the close approach of another parallel plate [55]This is because the regions of
austenite with the highest carbon concentration are unableo transform to bainite. This
theory predicts a dependence of Im thickness on the bainiteplate thickness since the
net quantity of carbon partitioned into the austenite must i ncrease with the thickness
of the bainite plate.

Application of the lever rule allows the estimation of the pe'mitted fraction of bainite
(V) at any temperature [4]:

Cr, C

max —
Vi S cr, C
To

2.1)

b

where cr, is the austenite carbon content given by theTp boundary, c is the average
carbon concentration of alloy andc , is the carbon concentration of the bainitic ferrite
after the excess has been patrtitioned into the residual aushite.

2.2 Morphology of Bainite

Bainite consists of aggregates of ne plates of ferrite, seqrated by regions of residual
phases. These consist of untransformed austenite or cemdtat which forms subsequent to
the growth of bainitic ferrite. The aggregates of plates aredesignated “sheaves' whereas

10
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individual plates are sometimes called “sub-units' which ee connected in three dimen-
sions [56]. There is reduction in the width of the platelets wth decreasing temperature;
as a consequence the number density of platelets increasedthin a sheaf as the trans-
formation temperature is reduced [32]. It is also establishd that there is small misorien-
tation between the plates within any given sheaf. Where theytouch, adjacent plates are
separated by low-misorientation grain boundaries. The micoscopic shape of a sheaf is
that of a wedge-shaped plate [57]. The sheaves appear to neelte on the austenite grain
boundaries and the thicker end of the wedge begins at the inial nucleation site [6].
Two kinds of bainite are formed from austenite depending on tansformation tem-
perature and can be di erentiated depending on the precipitdion: (i) upper bainite and
(i) lower bainite. Upper bainite forms as an aggregate of l¢h like ferrite plates with car-
bides precipitated parallel to the long axis, while in lowerbainite the ferrite plates form
with carbides also precipitated internally at some angle tothe major axis of the plate.
Figure 2.3 shows the mechanism of growth and development oft two classical forms of
bainite. It has been established that both upper and lower banite need not form in the
same steel [58]. The precipitation of carbides in upper baiite is a secondary process,
not essential to the mechanism of formation of bainitic ferite except that it depletes the
carbon content in the austenite, thereby promoting further transformation. Silicon can
prevent the precipitation of cementite from the austenite between the plates of bainitic
ferrite, but has only a limited e ect on precipitation from su persaturated ferrite where
the driving force for cementite formation is much larger [59. It is possible in high car-
bon steels to avoid the formation of upper bainite completey so that after pearlite the
austenite decomposes directly into lower bainite as the trasformation temperature is
reduced [58]. Similarly, in low carbon steels, it is possild that upper bainite formation
is followed by martensite transformation, without any inte rvening lower bainite.
Another type of bainite designated “granular' has been alsaeported in some alloy
steels cooled continuously in the bainitic temperature ramge [60]. Granular bainite forms
by continuous cooling transformation rather than isothermal treatment and appears
to consist of relatively coarse ferritic regions in a mixture of retained austenite and
martensite and contains no carbides. This structure is forned only in certain alloy
steels. It has been established that granular bainite is notdi erent from conventional
bainite in its mechanism of transformation. The unusual momphology is a consequence
of two factors: continuous cooling transformation and a lowcarbon concentration [61].
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Figure 2.3: lllustration of upper and lower bainite showingthe main di erences in carbon
partitioning and precipitation [58]
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The low carbon concentration ensures that any Ims of austelite or regions of carbide
that might exist between sub-units of bainite are minimal, making the identi cation of
individual platelets within the sheaves rather di cult usi ng light microscopy [6].

2.3 E ect of Transformation Temperature

The degree of transformation to bainite increases with supeooling, from zero at the
upper limit, which is generally known as the Bg temperature. The carbon that par-
titions into the austenite after the formation of bainite ch anges its composition, until
it eventually becomes thermodynamically impossible for the austenite to transform and
the reaction stops [6]. For a given alloy, a larger undercoahg below To would allow more
bainite to form before di usionless growth becomes impossile. A decrease in transfor-
mation temperature increases the volume fraction of bainie as can be seen in Figure 2.4.
The ferrite regions are, in general, coarser at higher trarfermation temperatures. Very
ne plates of ferrite can be achieved by reducing the transfomation temperature. It is
reported that bainite plates can be as low as 35 nm when the trasformation tempera-
ture was reduced to 200C [62]. The bainite plate thickness will be discussed in detiés
in the subsequent section.

2.4 E ect of Alloying Elements
2.4.1 Signi cance of Silicon

It is known that silicon increases the resistance to softemig on tempering by suppress-
ing cementite formation [64]. Gordine and Codd [65] have shen that the presence of

1.5wt%Si appreciably increases the resistance to softergnon tempering in a 0.6 wt%C
steel by entering into the -carbide. This stabilizes -carbide so that it persists to higher
tempering temperatures. Owen [10] suggested that silicon gstpones the nal stage of
tempering because, in the presence of su cient silicon ¥ 1 wt%), the tempering reaction
is controlled by the di usion of silicon instead of carbon.

Silicon is also added in bainitic steels to suppress cemei®i precipitation [66]. When
cementite forms under paraequilibrium conditions, the silcon is trapped inside the ce-
mentite lattice. The resulting reduction in the free energy slows down the kinetics of
precipitation [59]. So the carbon, that is partitioned into the residual austenite after
bainitic transformation, does not precipitate as cementite but remains there to make the
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Figure 2.4: E ect of isothermal temperature on volume fraction of bainite in C-Mn-Si
steel [63].

austenite stable at ambient temperature [7, 67, 68]. In contast, under equilibrium con-
ditions the solubility of silicon in cementite is negligible due to the partitioning into the
austenite, so its concentration hardly a ects the phase fration. As a consequence, ele-
vated temperature transformation involving cementite, such as the di usional formation
of pearlite, are not a ected by addition of small concentrations of silicon [59]. Moreover,
silicon is also ine ective in retarding the precipitation of cementite if the parent phase
is signi cantly supersaturated with carbon because the drving force for the reaction is
large even for paraequilibrium precipitation.

The microstructure, obtained in silicon rich steel, consiss of ne plates of bainitic
ferrite separated by carbon enriched regions of austenite.There are some potential
advantages of this microstructure such as:

(a) Cementite is responsible for initiating fracture in high strength steels. Its absence
is expected to make the microstructure more resistant to clavage failure and void

formation.

(b) The microstructure derives its strength from the ne grain size of the ferrite plates,
which are less than 1 m in thickness.

14



CHAPTER 2. TEMPERING OF BAINITE

(c) The ductile Ims of austenite, which are intimately disp ersed between the plates of
ferrite, have a crack blunting e ect. They further add to toug hness by increasing
the work of fracture as the austenite is induced to transformto martensite un-
der the in uence of the stress eld of a propagating crack. This is the TRIP or
transformation-induced plasticity e ect [69{71]. In TRIP- aided steel, silicon also
contributes to the solid solution strengthening of ferrite.

Silicon increases the temperature of all transformations tbcarbon steel but has relatively
little e ect on the rate of transformation; consequently bot h the Ac and Ar transforma-
tions of nickel steels may be raised by increasing silicon ashown in Figure 2.5.

Figure 2.5: E ect of silicon on the transformation temperature of steels containing
0.4 wt% carbon, 4wt% nickel and 0.4 or 0.75wt% manganeseAs is the temperature
at which sample becomes fully austenite and\; is the eutectoid temperature. c and r
denote for heating and cooling respectively [72].

2.4.2 E ect of Manganese and Nickel

Manganese plays an important role during steelmaking, by hiping in deoxidation of
the melt by forming MnO and through modi cation of sulphides present by forming
MnS [73]. Manganese is a major alloying element in steels, Bacomplex interactions
with carbon and in uences hardenability. Manganese re nesthe grain size and thereby
improves the tensile strength. Manganese and nickel both icrease tensile and yield
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strengths with nickel being slightly more e ective than manganese [74]. Nickel lowers the
critical temperatures of steel, widens the temperature rage for e ective quenching and
tempering, and retards the decomposition of austenite [75] Increasing the manganese
content decreases ductility and weldability, but less than carbon. Manganese lowers
the ductile-to-brittle impact transition temperature due to the grain-re nement ability.
Manganese has a signi cant e ect on the hardenability of ste¢ as can be observed from
Figure 2.6a [76] and is much more e ective in increasing hardeability, per weight percent
added, than nickel. Manganese is the most e ective alloying ddition for lowering the
M s temperature after carbon [77]. It therefore promotes the réention of austenite [40].
In the context of the bainitic transformation, the decrease in carbon concentration of
any austenite remaining untransformed is caused by the redction of Ty temperature
with the addition of manganese [12]. Manganese also decedtes the pearlite reaction
because of its slow di usivity even through the moving interface [66].

2.5 Bainite Plate Thickness

The thickness of the bainite plate depends on the temperatug, yield strength of austen-
ite, the free energy change accompanying transformation,ate of nucleation etc. Quan-
titative analysis proves that temperature has only a small hdependent e ect on the
thickness of bainite plates whereas strong austenite and gh driving forces lead to ner
plates [78]. A systematic study by Chang [63] showed that terperature appears to have
a strong in uence essentially because it a ects the chemicafree energy and the strength
of the austenite. The former leads to a higher nucleation ra¢ which encourages grain
boundary and subsequent autocatalytic nucleation. The plaées are expected to become
thicker at high temperatures because the yield strength of he austenite is expected to
be lower [78]. Dynamic recovery at high temperatures may futher weaken the austenite
and lead to coarser plates.

Transmission electron microscopy is used to determine thertie plate thicknesst
by measuring the mean linear interceptLt = t=2 in a direction normal to the plate
length. The plate thicknesst is also related to the mean linear intercept measured using
randomly oriented test lines, L = 2t [79]. However, Lt is easier to measure since it is
rare in transmission electron microscope observations thaentire plates of bainite can
be imaged [78]. For a given thicknesd, the strength contribution due to the size of
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(b)

Figure 2.6: Jominy curves for ductile irons containing varbus quantities of (a) manganese
and (b) nickel [76].

the plates is given by 115(Q) ' MPa where L is in micrometers [80]. It follows
that ' 311 MPa for plates of thickness 185 nm, whereas ' 1643 MPa for plates
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of thickness 35nm. The transmission electron micrograph irFigure 2.7 illustrates the
carbide-free bainitic structure formed at 200 C. The bainitic plates in this steel are long
and thin, giving an elegant ne-scale mixture of austenite and bainitic ferrite. The plates
have an apparent width less than 50 nm, with each plate sepatad by Ims of retained
austenite. Very high hardness (in excess of 600 HV) and an uthate strength of about
2.3 GPa are achieved because of the ne scale of the bainite gikes.

Figure 2.7: Transmission electron micrograph of structure obtained at 200 C for
240 h [53].

2.6 Precipitation During Bainitic Transformation

Carbides can precipitate (during the bainitic transformation) either from austenite or
bainitic ferrite. There is a variety of factors which can in uence any subsequent changes
in carbide chemical composition and morphology during temgring or during service at
elevated temperatures.

One di erence between the transformation of austenite to pedite from that of bainite
is that the latter does not involve cooperative growth of bainitic ferrite and carbides. The
ferritic component of bainite forms rst, the excess carbonfrom the thermodynamically
unstable, supersaturated bainitic ferrite is then removedby either of two competing
process [81]. These are the partitioning of carbon into the eésidual austenite or its
precipitation (in the form of carbides) within the bainitic ferrite. At relatively high
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temperatures, the rejection of carbon into the residual autenite is rapid, so that any
carbide precipitation occurs from the carbon-enriched reglual austenite and the nal
microstructure obtained is upper bainite. The sequence of@actions can be summarised
as follows, with representing cementite:

! + b;supersaturated

! b;supersaturated *  enriched

! b;supersaturated + +

This contrasts with the cooperative growth of cementite andferrite during formation
of pearlite in plain carbon steels: ! +

There is practically no di erence between upper and lower banite when the precip-
itation of carbides from the carbon-enriched austenite is onsidered. However, in lower
bainite some of the excess carbon precipitates in the fersd, thus reducing the quan-
tity partitioned into the austenite [44]. At lower temperat ures, carbide precipitation
within bainitic ferrite is predominant. The precipitation reactions for lower bainite can
be summarised as follows:

Case I: High dislocation density

! + b;supersaturated

! +

inferrite b;supersaturated *+  enriched

! +

b;supersaturated + + betweenferriteplates inferrite

Case IlI: Low dislocation density

! + b;supersaturated

! +

inferrite b;supersaturated *+  enriched

! +

b;supersaturated * inferrite + betweenferriteplates

! b;supersaturated T inferrite T betweenferriteplates +

It is generally accepted that the precipitation of upper bainitic carbide takes place
in the austenite as a consequence of the partitioning of cardn from the bainitic ferrite
to the austenite. In general there is little known about the formation of cementite in

austenite during this process [31, 32].

2.7 Stability of Retained Austenite

The untransformed austenite that is present in the microstructure at room temperature
is designated to be retained. It is necessary to consider bbtits mechanical and thermal
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stability. When the austenite decomposes under the in uene of stress the resulting high
carbon, untempered martensite will be brittle and may crack depending on the size of
the plate of martensite [82]. There is plenty of evidence thathe austenite retained to
ambient temperature after isothermal formation of bainiti c ferrite, particularly the larger
blocky austenite, can be stimulated to decompose to marterige even at relatively small
stresses [83{85]. The mechanical stability of retained auenite is therefore important in
obtaining good toughness in bainitic steels. Miihkinen andEdmonds [86] have reported
that mechanical stability of retained austenite decreaseswith an increase in isothermal
transformation temperature.

The thermal decomposition of retained austenite is a tempeéng process in the tem-
perature range of 200C to 300 C [87], the details of which will be discussed in a sub-
sequent section. In general retained austenite transformito mixtures of ferrite and
cementite in this stage of tempering. The activation energyfor this process is about
115kJmol ! [88], which is consistent with the activation energy for the di usion of
carbon in austenite [89]. In TRIP steels the characteristic of austenite in the nal mi-
crostructure are determined during intercritical annealing when ne regions of austenite
appear along the boundaries of ferrite grains. During subsguent quenching and hold-
ing at the bainite transformation temperature, the reaction proceeds by the growth of
bainitic ferrite plates resulting in further carbon enrich ment and modi cation of the
morphology of residual austenite.

In silicon-rich bainitic steels the retained austenite is pesent: as thin Ims between
the subunits of a given sheaf of bainite, and as coarser bloskbetween di erent sheaves.
Both are enriched in carbon but the Ims more so because of thie geometrical isolation
between plates of ferrite [42].

The blocky morphology of austenite has already been stateda be detrimental to
the toughness of the steel. On the other hand, austenite Imswhich have a higher
carbon content are much more stable and remain untransforme until the later stages of
deformation and hence enhance toughness via the TRIP e ects3§, 36, 90, 91]. A large
Im/blocky austenite ratio should therefore result in bett er toughness. Bhadeshia and
Edmonds [7] have established that the ratio of Ims to blocky austenite should exceed
about 0.9 for optimum properties:

(V 1=V g)=V =6 7:7V,) > 09 (2.2)
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whereV ; andV g are the volume fractions of Im and blocky morphologies resgc-
tively and V  is that of bainite.

The carbon content of retained austenitec can be estimated, after rearranging
Equation 2.1, using [42]:

c =c+V (c c)(1 V,) (2.3)

wherec is bulk carbon content andc , is the nal carbon content in the bainitic ferrite.

Bhadeshia has expressed the stability factor of austeniteni terms of the ratio of
martensite (formed during quenching from the isothermal transformation temperature
to room temperature) and residual austenite [7]. Figure 2.8shows the variation of
austenite stability parameter as a function of austenite cabon content for 0.43C-3Mn-
2Si (wt%) steel transformed at 270C and 363 C. While the microstructure of the steel
transformed at 363 C comprised bainitic ferrite, retained austenite and some rartensite,
the steel transformed at 270C additionally contained some carbides with the bainitic
ferrite. Figure 2.8 demonstrates an enhanced austenite shility as a result of the nely
divided austenite remaining after partial transformation to bainite as compared to the
plain carbon steels.

The blocky austenite in the structure arises because the baite reaction stops before
equilibrium is reached [4]. Diusionless growth cannot be sgtained once the carbon
concentration of the austenite reaches thely curve of the phase diagram, i.e.cr, (Fig-
ure 2.2). The thermodynamic limit (Tp) can be manipulated to minimise the amount of
blocky retained austenite: the substitutional solute content can be altered to shift the
To to higher cy,; the transformation temperature (T) can be reduced to increaser,; the
average carbon concentrationc of the steel can be reduced to increase the fraction of
bainite and hence consume the blocks of retained austenitelhe alloy design philosophy
is therefore simple: V | must be increased (refer Equation 2.1) such that the blocks fo
austenite cease to control the toughness.
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Figure 2.8: The austenite stability parameter as a functionof carbon content, in wt% [7].

2.8 Tempering of Steel

The tempering of steel essentially involves heating of the raterial to elevated tempera-
tures in order to enhance properties such as ductility. The empering of martensite has
been the subject of many research and review articles [17, 287, 88, 92{95]. Even now
in the midst of 21st century, martensite is referred to in the context of the tempering
process.

The major purpose of tempering is to reduce the brittlenessmparted by excessive
hardening and to introduce the degree of ductility and toughess necessary for a given
application while preserving as much as possible the strettily and hardness of the as-
guenched martensitic microstructure. Severe internal stesses may reside in the material
due to rapid cooling from the austenite state. These stressecan, in principle, be relieved
by tempering. The steel of course softens as a result. That ifue for all steels except
under appropriate circumstances, high-speed steel. Tempieg increases the hardness
of high-speed steel provided it is tempered at a high tempetare (about 450 C) where
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carbides rich in substitutional solutes can precipitate [9%5].

Tempering may be performed at any temperature up to the lowercritical temperature
(Ae;) to produce a wide variety of structure and properties in any given steel. The rate
of cooling from the tempering temperature normally has no gjni cant e ect on the steel.
Steel parts are usually cooled in still air after being remoed from the tempering furnace.
However, there are a few types of steel that must be gquencheddm the tempering
temperature to prevent brittleness. This phenomenon is caged due to the segregation
of certain impurity elements such as P, As, Sb, Sn, Netc, which reduce the inter-granular
cohesion of iron [97]. The presence of Mn and Ni enhances thenbrittlement because
of interaction with the impurities. These interactions lead to co-segregation of alloying
elements and impurity elements at the grain boundaries [98]

The mechanisms associated with the structural changes pragcted by tempering are
best grouped into stages, many of which overlap and developooicurrently. Early work
has established, at least loosely de ned, four tempering stges associated with carbide
formation in martensite [20, 87, 99], as follows:

Stage I: The formation of a transition carbide and the lowerng of the carbon
content of the martensite.

Stage II: The transformation of retained austenite to ferrite and cementite.

Stage Ill: The replacement of transition carbide and low cabon martensite by
cementite and ferrite and

Stage IV: The development of alloy carbides or secondary haening in alloy steels.

These de nitions, to some extent, emphasise development ofarious carbides in the
tempering ranges used in commercial practice. Other work, bwever, has shown that
considerable structural rearrangement of carbon atoms oagas prior to the development
of the rstidenti able carbide. According to Olson and Cohe n [94], regimes of structural
change prior to conventional stages of tempering are geneltg termed as aging, which
has two di erent stages. The rst corresponds to the clustering of carbon atoms. In as-
guenched martensite, carbon atoms are trapped in randomly dtributed and separated
c-axis octahedral sites. Messbauer spectroscopy has primed evidence for such clustering
in as-quenched martensite [100]. The rst stage of aging tha develops as carbon atoms
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cluster to adjacent octahedral sites in the martensite. Thesecond stage consists of a ne
modulated tweed microstructure containing elastically distorted carbon-de cient regions,
which are su ciently coarse to yield a separable X-ray di rac tion peak [101, 102].

Table 2.1 summaries the reactions and stages of structuralh@anges which occur dur-
ing the tempering of martensitic steels, iron carbon alloysand iron nickel carbon alloys.
The temperature ranges are only approximate and usually baesd on 1-hour treatments.
However alloy carbide formation, ferrite boundary rearrangements and segregation phe-
nomenon may take much longer.

Temperature | Reaction Comments

Range ( C)

25 to 100 Carbon segregation to disloca-| Clustering predominant in high-
tions and boundaries; precipita- | carbon steels
tion clustering and ordering

100 to 200 Precipitation of transition car- | Carbides may be (Fe,.4C) or
bides as aligned 2nm diameter; (Fe,C)
particles

200 to 350 Transformation  of retained | Associated  with  tempered
austenite to ferrite and cemen-| martensite embrittlement
tite

350 to 550 Segregation and co segregation of Responsible for temper embrit-
impurity and substitutional al- | tlement
loying elements

250 to 700 Formation of ferrite and cemen- | Lath structure maintained
tite; eventual development of
well spherodised carbides in @
matrix of equiaxed ferrite grains

500 to 700 Formation of alloy carbides in Cr, | The alloy carbides produce
Mo, V and W containing steels. | secondary hardening and pro-
The mix and composition of the | nounced retardation of softening
carbides may change signi cantly | during tempering or long time
with time service exposure around 500

Table 2.1: Tempering reactions in steels

There are notable di erences in the tempering behaviours of hinite and martensite,
because the former autotempers during transformation. Baiite forms at comparatively
higher temperatures Bs > M s, whereM g is martensite-start temperature) so autotem-
pering becomes an unavoidable part of the transformation. Te redistribution of carbon
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from the supersaturated ferrite into the residual austenite, and the precipitation of car-
bides during the bainitic reaction, occur rapidly and are gewine autotempering e ects.

Unlike martensitic steels, the tempering of bainite is not highly sensitive to small
variations in the carbon content. The strength of martensite drops rapidly as carbon
leaves solid solution. However, with bainite the carbon is pesent mostly as coarse
carbides which contribute little to strength. Bainitic ste els containing strong carbide
forming elements undergo secondary hardening during annéag at high temperatures,
as ner and more stable alloy carbides form at the expense ofamentite.

As compared with martensite, bainite grows at relatively high temperatures where
the microstructure undergoes recovery during transformaton. In low carbon bainite
annealed at high temperatures (700C for 1h), there is only slight increase in recovery
and little change in the density of carbide particles [2].

The hardness and tensile strength of fully bainitic microstuctures decrease during
tempering, with the rate of change being largest for lower baite, which has the highest
starting value. The high strength steels demonstrate largechanges in strength during
tempering.

2.9 Precipitation of Carbides During Tempering

When high carbon martensite is tempered, the rst carbide toform is usually a transition
phase such as -carbide, which is replaced eventually by the thermodynaméally more
stable cementite [25, 87, 103]. The temperature for this trasformation is usually in the
range of 100C to 200 C. Si additions can retard the replacement of the -carbide even
upto 400 C [65]. Similarly, when lower bainite forms in high carbon skels, -carbide
forms rst and transforms subsequently into cementite during prolonged holding at the
isothermal transformation temperature [23, 104]. However -carbide cannot form during
the tempering of martensite in steels containing 0.2 wt% cabon or less [88, 103]. Most of
the carbon in these steels is at dislocation sites. Most of thse sites have a lower energy
than those available in carbide, so there is little driving force for precipitation [16].
Before precipitation can occur some dislocations must be rmoved by recovery, but the
presence of carbon strongly inhibits recovery.

-carbide is a transition iron carbide with an approximate chemical formula of F&;C.
It has a hexagonal close-packed arrangement of iron atoms thi carbon atoms located in
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the octahedral interstices (Figure 2.9). According to Jack[105] the lattice parameters are
a=2:735 andc = 4:339A. This carbide precipitates as plates which are approximaely
6-20 nm thick and 70-400 nm long [6] and possesses a riggedéarface with the matrix.

The precipitation of this carbide depends on the transformdion temperature [29].

Figure 2.9: The crystal structure of epsilon carbide contaning 6 iron atoms (yellow) and
2 carbon atoms (black). The carbon atoms occupys; 2; 2 and £; 1;  positions [105].

The most common carbide to form in bainitic steels is cemente [23], the crystal
structure of which is shown in Figure 2.10. In silicon rich seels, orthorhombic carbides
and c-carbide, also transition carbides, such as-carbide and various orthorhombic forms
are stimulated because they are easier to nucleate [6]. Evirally these carbides trans-
form into cementite as tempering continues. Studies on lowebainite have established
that the precipitation of cementite is not related to the lat tice invariant shear itself, but
to the relief of the overall strain energy associated with the shape deformation of lower
bainite [24].

Previous studies have revealed that su cient carbon for -carbide formation during
the bainite reaction is only available when the average carbn content of the steel is
above approximately 0.55 wt% [26{28]. -carbide has also been reported to precipitate
in retained austenite in untempered steels [29, 104, 107]. &t of the literature indicates
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Figure 2.10: The crystal structure of cementite containing12 iron atoms (yellow) and 4
carbon atoms (black). The carbon atoms occupy the 0.43 -0.18.25 positions [106].

that -carbide precipitates in lower bainite during isothermal transformation [29, 107]
but their presence in upper bainite has not been con rmed. A torough study is required
to corroborate the nucleation and growth aspects of this cabide in retained austenite.

Jha and Mishra [104] have reported another type of carbide upn tempering of re-
tained austenite and is designated as-carbide. This has an orthorhombic crystal struc-
ture with lattice parameters a=2:74,b=4:60 andc = 4:37 A and can be characterized
by an Fe,C stoichiometry (Figure 2.11). Sandvik has reported a new tpe of carbide
from austenite, which is di erent from cementite [32]. This study revealed a new orien-
tation relationship between bainitic ferrite and the carbide. It has also suggested that
the lattice stress associated with the bainitic ferrite a ects the nucleation of the Fe,C.

Carbides other than , and require long range diusion and can form during
tempering or during prolonged holding at the isothermal transformation temperature.
The crystal structures of carbides in bainite or tempered banite are listed in Table 2.2.

The volume fraction of cementite precipitation as a function of time and temperature
can be represented by an Avrami type equation with rate consants k and n [58]:

ftg=1 expf kt"g (2.4)

where ftg is the volume fraction of cementite normalised by its equilbrium volume

27



CHAPTER 2. TEMPERING OF BAINITE

Figure 2.11: The crystal structure of carbide containing 4 iron atoms (yellow) and 2
carbon atoms (black). The carbon atoms occupy at 0,0,0 and;; 3; 5 [105].

fraction at the reaction temperature and k and n are rate constants determined from
experimental data. It has been assumed that ftg, the normalised fraction, is related
empirically at any time t to the hardness of the martensite,H ftg, by:

Ho Hiyg
ftg= —————= 2.5
9% Mo H: (2.5)

whereHy is the hardness of the as-quenched virgin martensiteil g is the hardness when
all the carbon has precipitated but before any signi cant recovery, recrystallisation or
coarsening has occurred. This implicitly assumes that the mount of carbon precipitated
is related linearly to the change in hardness during the inital stages of tempering.

The rate constant k can be related to the temperatureT and an activation energy

Q by:

k = koexp % (2.6)

where R is the gas constant andkg is the pre exponential factor.
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Carbide Crystal System Fe, M/C
Hexagonal 1.37
a=69c=48A
Hexagonal 2.4-3
a=2:735c=4:339A
Monoclinic 22o0r25
a=11:563b=3:573A
c=5:.058 =97:44
Orthorhombic 2
a=4:704b=4:318c=2:830A
FesC Orthorhombic 3.0
a=4:525b=5:087c=6:743 A
M+Cs Orthorhombic 7/3
a=4:526b=7:010c=12:142A
(Fe,Si)Cy Orthorhombic
a=88b=9:0c=144A
(Fe,Si)Cy Orthorhombic
a=65b=7:7¢c=104 A
(Fe,Si,Mn)Cy Orthorhombic
a=148b=711:4c=85A
M23Cg Cubic F 23/6
a=10:621A
MgC Cubic F 6
a=11:082A
C Triclinic
a=6:38b=5:05c=4:59A
=90 =70:1 =847

Table 2.2: Carbides in bainite or tempered bainite. Fe, M/C is the ratio of metal to
carbon atoms [6, 108]

2.10 Summary

A nal microstructure of bainitic ferrite and retained aust enite can be achieved by se-
lecting proper isothermal temperature and addition of su c ient silicon. The mechanical
stability of retained austenite depends on the morphology. Among the Im and blocky
type of retained austenites, the former is more stable undedeformation but similar
information is yet to be available under thermal load. The decomposition of retained
austenite has been discussed previously in conjunction wit martensite tempering in
the context of martensitic steels. However, less attentionhas been paid to the study
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of retained austenite as a separate phase although the nal perties of the bainitic
steel depends largely on the decompaosition product of retaed austenite. In the present
work, an attempt has been made to study the progressive decoposition of retained
austenite during the tempering process using di erent charaterisation techniques and
to understand the structural changes that occur due to this transformation.
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Chapter 3

Literature Survey. Overall
Transformation Kinetics

3.1 Introduction

The theory used to estimate the overall transformation kindics of the decomposition of
retained austenite is described in this chapter. This inclues a consideration of nucle-
ation and growth and the interactions between particles graving from di erent locations.
A discussion about simultaneous transformation kinetics mvolving both cementite and
ferrite is also included in this chapter.

3.2 Classical Theory of Nucleation
3.2.1 Homogeneous Nucleation

Consider the homogeneous nucleation of spherical precigites of in an matrix as-
suming negligible volume strain energy. When a spherical ebryo with a radius, r, is
created by a thermal uctuation, the change of free energy, G, is given by
4

G:§r3GV+4r2 (3.1)
where, Gy = G,, G, isthe Gibbs free energy per unit volume G,, and G,, are Gibbs
free energies for the and phases respectively) and is the interfacial energy per
unit area, assumed to be isotropic. While the driving force, Gy, for the phase change
is negative (:e: a reduction in free energy), the term with is positive. The resulting
variation in G with radius r is illustrated in Figure 3.1. Initially when the particle
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is very small, G increases withr. As r increases further, G reaches a maximum
and then decreases. In this situation the particle can, in pinciple, continue to grow.
The value of G corresponding to the maximum is sometimes referred to as theritical

nucleation barrier G .

Figure 3.1: The free energy change associated with the forntian of a particle as a
function of radius r.

The maximum free energy occurs at a critical radius,r . If r <r the system can
lower its free energy by the dissolution of , whereas wherr >r the free energy of the
system decreases if the particle grows. The maximum of Equain 3.1 can be obtained
by di erentiating with respect to r and then equating to zero, which gives

G = 716 i 3.2
The corresponding radius of the critical particler is given by
2
= 3.3
r N (33)

Gy is zero at the equilibrium temperature, soG = 1 . When Gy < 0, the nucleation
barrier becomes nite. With increasing driving force both the barrier and the critical
radius decrease. The probability of the barrier to nucleaton being overcome with the
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aid of thermal uctuation is given by a universal gas constart and so the concentration
of critical sized nuclei, N , will be given by

N = Ny exp (3.4)

RT
whereNy is the number of nucleation sites per unit volume. The nucletion rate depends
on the attempt frequency, which can be written askT =h, whereh is the Planck constant,
k is the Boltzmann constant, T is the absolute temperature andQ is the activation energy
for the transfer of atoms across the embryo/matrix boundary Thus the nucleation rate,

I, per unit volume is given by

!
G +Q
RT

| = NVk—T exp

: (3.5)

Driving Force for Nucleation

In Equation 3.5, Q is the activation energy for solute di usion and independent of tem-
perature whereasG is strongly dependent on temperature. Figure 3.2 shows scheat-
ically the free energy curves of the matrix . The free energy-composition diagram of
the solute rich precipitate phase, , is constant with a narrow range of solubility of this
phase. The equilibrium compositions,c andc , of the matrix and precipitate respec-
tively can be determined by constructing a tangent which is @mmon to both the free
energy curves. The intercept of the tangent with the verticd axes gives the chemical
potentials, which are identical for each species whateverhe phase, by virtue of the fact
that the tangent is common. Equilibrium precipitation caus es the free energy of the sys-
tem to decrease by Gg, as shown in Figure 3.2. The corresponding free energy chaag
per unit mole of equilibrium precipitate, Gy, is, to a good approximation, given by [6]:
c c

Gh = Gp—— 3.6
n 0CC ()

3.2.2 Heterogeneous Nucleation

In the preceding section it has been assumed that the formatin of nuclei can occur with
equal probability throughout the parent phase. This is lesslikely in practical applications
except where metals and alloys are extremely pure and contaivery few inclusions, line
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Figure 3.2: Free energy diagrams illustrating chemical fre energy changes during nucle-
ation and growth of precipitates from a phase, , of compositionT.

or surface defects. In general, metals and alloys for commegl applications contain
many defects, which enable nuclei to form with a much lower ativation energy. This
heterogeneous nucleation occurs at sites such as grain balaries, impurity particles and
dislocations. Additionally the critical size or the number of atoms in the system to form
a critical nucleus is also less than required for homogenesuwunucleation. This is due to
the fact that the formation of a nucleus will either relax lat tice strain or destroy a defect,
both of which release free energy, thus reducing the net freenergy required to form a
nucleus.

Nucleation on Grain Boundaries

Consider the grain boundary between two grains to be planar. Assuming that the
interfacial energy of the = interface is isotropic, the new particle will be bounded
by spherical surfaces on both sides of the grain boundary, ashown in Figure 3.3. The
contact angle, , between the particle and the grain boundary can be expresseby [109]:

= 7
cos 5 (3.7)
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Figure 3.3: The shape of a nucleus on a planar grain boundarylp9].

where and are the interfacial energies of the= and = interfaces respectively.
The free energy of formation of the phase from the supersaturated phase is

G=V Gy+A A (3.8)
whereV is the volume of the embryo,A is the spherical area of the= interface of
energy, , created andA is the circular area of the = grain boundary of energy,

, destroyed during the process.
It can be shown that the critical radius of the spherical cap will be independent of
the grain boundary and is given by
2
r = Gy (3.9
and the activation barrier for heterogeneous nucleation wi be given by

16 3
Ghet = T:f( ):T\Z,
h i
where the functionf ( )= 3 2 3cos +cos®

(3.10)

The activation energy for grain boundary nucleation and honogeneous nucleation
can be correlated using the following equation consideringimilar interfacial free energy
and Gy

Ghet
——het — f() (3.11)
Ghom
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where G, and G, are the free energies for heterogeneous and homogeneous nu-
cleation respectively.

Figure 3.4 shows the dependency of G, .= G,,,,, on cos for various heterogeneous
nucleation sites. The Figure shows nucleation at grain corars reduce the activation
energy for nucleation and hence acts as preferred nucleatiosites.

Figure 3.4: The e ect of on the ratio of activation energy required to form a nucleus
on various types of nucleation sites [110].

3.3 Growth Theory

In general two types of growth models are considered: one fali usion-controlled growth
and the other for interface controlled growth. The former can occur for phase transforma-
tions where long range compositional changes take place. kontrast interface-controlled
growth can occur if the growth is determined by atomic proceses in the immediate vicin-
ity of the interface, as for example, massive austenite to feite transformation during
cooling in substitutional binary Fe-Mn alloys [111] and al® in some cases of crystallisa-
tion reactions of amorphous alloys [112].
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3.3.1 Zener Model for Di usional Growth

The rst elucidation of diusional growth during phase trans formation was due to
Zener [113, 114] who considered a spherical precipitate pi#le growing in an in nite
solid solution of initially uniform composition. A key assumption of the theory that
allowed Zener to solve Fick's di usion equation is that the moving interface between
parent phase and product phase is always in a state of local edibrium. The variation
of composition along a line normal to the interface during diusional growth is illustrated
in Figure 3.5. Considerx as the semi-thickness of plate or radius of a cylinder or sphe.
When the boundary is in a positionx = x' then the di usion ux at the interface across
unit area in a time, @i is given by

@c
@X x=x!

where the concentration, ¢, of solutes in the phase is a function ofx and t, and D is

D @t (3.12)

the di usion coe cient. If during this time interval the inte rface advances a distance
@x the amount of solute which will be required is c )@xwherec andc are,
respectively, the concentrations in the precipitate and inthe matrix at the precipitate/-
matrix interface. This solute can only come from the di usion ow, so the two terms
can be equated to derive the growth velocity,v, as follows:

_o_ D o
S dt ¢ ¢ @X ..

Zener [113] proposed the approximation where the concenttmn gradient ahead of

(3.13)

the interface is assumed to be constant (Figure 3.6), in whit case the concentration
gradient @c=@x,, can be represented asql ¢ )=xP wherexP is an e ective di usion
distance. Hence the expression for the growth rate becomes

C C D

== - 3.14
v c c xb ( )

wheret is the concentration of the solute in the matrix far away from the precipitate. For
precipitate growth during isothermal transformation, the dimensionless supersaturation,
, can be represented by

= =~ (3.15)
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Figure 3.5: Schematic illustration of the variation of solute concentration at the interface
between matrix, , and precipitate, . x' is the position of the = interface.

Figure 3.6: Schematic illustration of a constant concentréion gradient at the interface
between matrix, , and precipitate,
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It follows from Equations 3.13 to 3.15 that the growth rate can written as

D
V= S5 (3.16)
The di usion ux of solute towards the interface must equal th e rate at which solute
is incorporated in the precipitate. Hence by considering tle overall conservation of mass,

it can be written

(c ox' = %XD(C c ) (3.17)
so that
_2(c ©
xP = ﬁx' (3.18)

After substitution of xP into Equation 3.14, the growth rate can be represented as

dx' D © c )°
= = _ 1
dt 2x! (c o)(c c ) (3.19)
In many cases,c c andc T, so the concentration di erence (C 0
(c ¢ ) and hence
dx! D ,
= - = 2
dt 2x! (3.20)
Integrating this equation gives
Z VA
2 x'@x= b @t (3.21)
so that
= bt (3.22)

The linear dimension of the precipitate therefore varies wih the square root of dif-
fusion coe cient and time. This is the parabolic law for one dimensional growth in
a binary system. If all the linear dimensions change simildy, each dimension must
be proportional to P Dt and the growth is parabolic with the velocity proportional t o
(D=t)1=2.
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3.3.2 Growth of Spherical Particles

Zener [115] has given a solution for the precipitate growthn a spherical system. For
spherical particles the growth is parabolic in all directions. Hence the relationship be-
tween the radius, r', of a spherical particle and time, t, can be expressed as

N[

r' = Ct (3.23)

where C is a constant. The theory of parabolic growth can be solved byevaluating
Equation 3.13. In order to obtain the value of C it is convenient to solve the general
di usion equation in the form of
. D
@C: D @ +(J 1)_ @C
@t @? r @r

wherej= 1,2 or 3 for one, two or three dimensional growth respectivly. The boundary

(3.24)

conditions for this equation are

c(x;0) =7¢T; dx;t)=c¢

Zener showed that the variation of concentration with distance can be obtained by
solving Equation 3.24 and is represented by [116]:

o _i[r=(Dt)9]
c(x;t)=cTc+(c 0) NG (3.25)
where j(x) measures the degree of advancement of a moving interface @ms given by
z 1
j(x) = Zexp( *=4)d

X
where is a variable of integration.

For parabolic growth, sincer'1 (Dt)%°, so the term r'=(Dt)%° is a dimensionless
function of the solute concentrations, which determines tle growth velocity, . This is
also termed as the parabolic rate constant and can be derivettom Equation 3.13 using
the composition function of Equation 3.25:

EL f
d 5[]

and hence
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2
2 exp —-

=
() T

This equation is an implicit expression for j in terms of the supersaturation. The

(3.26)

growth law is given by:

' = ;(Dt)z (3.27)

Zener showed that it possible to derive simpler equations fo ; for one and three
dimensional growth by using asymptotic expansions of j[ ;] valid in the range of ;

land 1. For one-dimensional growth, this gives,
9
2
1= — (1 D3
2
1 3.28)
P_(c c )z (
1= ( z (1 1),§
(c ©>
and for three-dimensional growth
) 9
3= (2) 2 (1 D2
P_(c ¢ )} (3.29)
3= G% (1 13
(c ©> ’

3.3.3 Growth of Plate Shaped and Needle Shaped Particles

Various theories have been developed to describe the di usiecontrolled growth of pre-
cipitates with shapes approximating to needles or plates. ie most comprehensive one
is due to Trivedi [117, 118]. His solution, based on Ivantsog [119] treatment, included
the e ect of the nonisoconcentrate nature of the interface atthe precipitate tip. The
concentration at the tip can vary due to capillary e ects and due to the interface ki-
netics e ect. The principal approximations used by Trivedi were: (1) the steady state
shape of the interface near the growing tip is a parabolic cyhder for the case of a plate
like precipitate, (2) the elastic strain energy and anisotiopy of surface properies can be
neglected, (3) the concentration of solute in the matrix is sich that the theory of capil-
lary applicable to dilute solutions can be used and (4) the dusivity is independent of
concentration.
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For the case in which the shape is a parabolic cylinder, i.e. min nite plate, the
Ivantsov theory gives the supersaturation, ., as being:

= ( p) P exp(p) erfc (p)* (3.30)

where erfc) is the complementary error function, the Reclet number, p, for dimensional
growth can be expressed ag = vr=2D, r is the radius of particle. To calculate the growth
rate, it is necessary to evaluate the value of. Zener assumed that the particle adopts
a radius which gives maximum rate of growth, in this case atr = r.. The growth rate

is given by
D
= 3.31
where C; is a constant. The critical radius, r, is given by Christian [116]:
For a plate,
2c
= — 3.32
e © ¢ ) ( )
For a needle,
c
= — 3.33
e © ¢ ) ( )
where is the capillary coe cient [116]
vd 1 ¢
- - = 3.34
kT ¢ c ( )

Hillert [120] has proposed a model for the di usion problem ofplate growth which
assumes that concentration in the plane perpendicular to tie plate has the form

X22

16m?2
where Xx» is the coordinate in the perpendicular direction and C, and m are arbitary

c ¢ =Crexp

(3.35)

constants. Using this assumption, the steady state growth ate is given by

D,c ¢ 1, m

V= DS —
2 cC tTm m

(3.36)

Trivedi has given an exact solution for the di usion problem which allows the com-
position to vary along the interface of a plate but assumes tlat the shape remains that
of a parabolic cylinder. His growth equation may be written in the form
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n 0
= (p)Pexp@ericd'? 1+ S(p (3.37)

S(p) is a function of p which Trivedi and Pound [121] estimated as 3[p(1 +2p)] *.

Trivedi calculated the S(p) with values ranges 10 atp=0:07 to 0.45 atp = 10.

3.4 Overall Transformation Kinetics

In the case of nucleation and growth reactions, an individuaregion may form after a
time interval t = . Dierent particles will therefore attain critical status a t di erent
times from the start of heat treatment. Assuming a product phase, , is forming from a
parent phase, , and that any dimension of the phase increases linearly with the time
of transformation, the linear dimension, d, of the product phase after timet is

d=v(t ) (3.38)

For isotropic growth, a transformed region will have the shage of a sphere. The volume
of such a region,V , will be zero at times shorter than the incubation time (i.e. before
nucleation) after which it will be a function of the time elap sed since nucleation.
9
4 3 3 =
—Vo(t t>
FVt ) (t>
0 (t< )

The number of new phase regions nucleated in the time interval and + d

\Y,

(3.39)

is vV d wherely is the homogeneous rate of nucleation per unit volume and/
is the volume of the parent phase . In the initial stages of the transformation, when
\% V , the nuclei are widely spaced and the interference betweeneighbouring nuclei
is negligible. The transformed regions of the parent phasean grow independently of
each other. The increase in the volume of the phase,dV , due to particles nucleated
in the time interval, d , is given by

4
dv = ?v3(t 3lvVd (3.40)
If the above equation is integrated between the limits =0to = t, this gives
— \ — 3:4
fv = v = 3|VVt (3.41)
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whereV is the volume fraction of the product phase. This equation isvalid only for
short duration of transformation when V V . This is because individual regions will
ultimately impinge upon each other at some stage of the tranformation. Therefore, only
those parts of the change in volume which remain in untransfomed regions of the parent
phase can contribute to the change in real volume of . In reality, we must consider
mutual interference of regions growing from separate nucle The problem posed by this
has been solved by Avrami [122{124], who introduced the corapt of extended volume.
This phenomenon can be explained through Figure 3.7. Consating two particles that
exist at time t, after a small interval dt, new regions markeda, b, ¢ and d are formed,
assuming that they are able to grow unrestricted in extendedspace whether or not the
region into which they grow is already transformed. Howevey only those components of
a, b, c and d which lie in previously untransformed matrix can contribut e to a change
in the real volume of the product phase (). The real and extended (designated by
subscript €) volumes are related by the following equation:

Vv
v o= 1 Ve (3.42)

This equation can be integrated to obtain the real volume fraction

([

@

(a) time =t (b) time =t+ 4t

Figure 3.7: Schematic illustration of the concept of extenéd volume with time. Two
precipitate particles have nucleated together and grown toa nite size in the time t.
New regionsc and d are formed as the original particles grow, buta and b are new
particles, of which b has formed in a region which is already transformed.
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V. = Vin 1 v (3.43)
\Y,
so that
\Y, \Y,
—=1 e — 3.44
v » (3.44)
Similar to Equation 3.40 the change in extended volume overhe interval and + d
is
4 3 3
dv, = ?v (t )lyvd (3.45)

After integration and substituting with Equation 3.43 give s

Zy

In 1 VV = %vi* ; lv(t )3d (3.46)
By substituting with the volume fraction of precipitate ( fy = V =V) this expression
becomes
4 21
Infl fyg= ?v?’lv (t )3d (3.47)

0
If the nucleation rate is constant, after integration, this gives

fv=1 expf v?3lyt*=3g (3.48)

This equation is known as the Johnson-Mehl-Avrami equationand is based on the
assumption that nucleation is random. This means if the sysém is divided into a number
of small volume elements, the probability of forming a nucleis in unit time would be the
same for all the elements. Avrami proposed a rather generabfm of the above equation
for three dimensional nucleation and growth process:

fv =1 exp( kt") (3.49)

where n is a numerical exponent and the value varies from 1 to 4.n is independent
of temperature provided that there is no change in the nucleion mechanism. k, on
the other hand, depends on the nucleation and growth rates adh is therefore sensitive
to temperature. The specic values of k and n can be obtained from experimental
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data by plotting In( Inf1 fyg) versus Inftg. The isothermal transformation curves
obtained by substituting n = 1 in the above equation is equivalent to that for a rst

order homogeneous reaction.

3.5 Kinetics of Simultaneous Transformation

Jones and Bhadeshia [125] developed a model for the simultanus occurrence of two or
more transformations. This was carried out by generalisingthe classical theory of the
extended volume concept described in the previous sectionThis model was based on
the modi cation of Avrami overall transformation kinetics theory for grain boundary

nucleated phases.

3.5.1 Simple Simultaneous Reaction

Consider precipitates and to form at the same time from the parent phase which is
designated as . It was assumed in the model that the nucleation and growth raes do
not change with time and that the particles grow isotropically.

As discussed in the previous section, the increase in the eattded volume due to

particles nucleated in a time interval, t = tot= + d , can be given by:
4 3 3
dVe = 3V (t )’ vd (3.50)
4 3 3
dVe = ?v (t )’ vd (3.51)
whereVe, and V. are extended volumes of and respectively. v ,v ,| and| are

the growth and nucleation rates of and respectively andV is the total volume of the
system. The increase in real volumes of the two phases can bepresented in terms of
extended volumes using the following equations:

!

V +V
dv = 1

dVe (3.52)

V +V

dav 1

dVe (3.53)

whereV andV are real volumes of and respectively. In general,V isa complicated
function of V and it is not possible to analytically integrate these equatons to nd the
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relationship between the actual and extended volumes. Hower, in certain simple cases,
it is possible to relateV to V by multiplication with a suitable constant, , in which
caseV = V . Hence Equations 3.52 and 3.53 can be written as:

V o+ V

v = 1 S dv (3.54)
|

av = 1 % dVe (3.55)

After rearranging, the volume fractions f andf can be expressed as:

" ( #

f= 1 ex %v 3 4 (3.56)
" ( #

= 1 e 7(1; VR (3.57)

These equations resemble the well known Avrami equation fosingle phase precipita-
tion with extra factors to account for the presence of a secod precipitating phase. Since
the nucleation and growth rates were assumed to be constantt is possible to calculate
explicitly the value of , which is given by

<
w

(3.58)

I
<<
I

w

3.6 Summary

The transformation which occurs during tempering involves nucleation and growth of
many transformation products, because at the tempering tenperature austenite can
decompose into di erent precipitates and ferrite. These reations may overlap and in-
teract with each other either by hard impingement where the ajacent products touch
each other or by soft impingement where their di usion or thermal eld overlap.
Nucleation of the transformation products have been discused in terms of classical
nucleation theory. In order to determine overall transformation kinetics both the nucle-
ation and growth process are combined accounting for the di eent impingement e ects.
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The model for the overall transformation kinetics will require strong support from ex-
perimental results regarding the change in volume fractionof retained austenite with
the progress of the tempering treatment and also about the naure of the precipitates.
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Chapter 4

Experimental Procedure

4.1 Sample Preparation

The chemical compositions of the alloys, prepared as a 20 kgaeuum induction melts
from high purity base materials, are given in Table 4.1. The hgots were hot forged
and then hot rolled to 25mm square cross section bars. The alys contain su cient
silicon to prevent the precipitation of cementite during tr ansformation to bainite, and
about 3wt% of manganese or 4 wt% of nickel for the purpose of hdenability. It should
therefore be possible to isothermally transform to just banitic ferrite leaving residual
austenite. Bhadeshia and Edmonds found no evidence for caidie precipitation in silicon
added steel even after 74 h at 35QC [42]. Cylindrical samples, 12mm long and 8 mm
diameter, were machined from this material to use on arhermecmasterthermomechan-
ical simulator. The equilibrium phase fractions have been alculated using National
Physical Laboratory's Metallurgical and Thermodynamic Data Bank (MTDATA) [126]
and TCFE database as presented in Figure 4.1. This package isapable of calculating
phase equilibria for multi-component systems where many pases may be coexisting. It
can predict the larger systems by combining experimentallydetermined data from the
appropriate unary, binary and ternary sub-systems. The relability of the predictions
depends on the available data for corresponding sub-systesn MTDATA warns when
certain data are missing to avoid misinterpreting the output. For any given system
MTDATA can calculate the compositions and mass fractions ofthe phases present by
minimising the Gibbs free energy along with the requirementfor conservation of mass.
It is possible to suppress the formation of any phase and retzulate the phase equilibria
without that phase present. In this way it is possible to deduce the relative stabilities
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Steel C Mn Ni Si
Fe-Mn-Si 0.22 3.0 - 2.03
Fe-Ni-Si 0.39 - 4.09 2.05

Table 4.1: Chemical compositions of the experimental steslin wt%

of the phases and determine likely precipitation sequencesMTDATA may be used to
predict how changes in alloy compaosition and heat treatmenta ect the relative stability
of the phases and is therefore an useful tool in the design ofew alloys. Using MTDATA,

it is possible to predict any system thermodynamically but it is unable to predict time
dependence of microstructure, which requires kinetic modiéng. Nevertheless, much use-
ful information can be generated on the basis of thermodynare calculations alone and
some examples are provided in the Chapter 9.

4.2 Heat Treatment

All the heat treatments were carried out in a Thermecmaster thermomechanical simu-
lator capable of monitoring the strain, load, time and temperature during the course of
transformation. The machine is equipped with an environmemal chamber which can be
evacuated or lled with inert gas using a rotary and oil di usi on pump. The heat source
is a radio frequency coil, and the temperature was measured ith a 0.1 mm diameter
Pt/Pt-10%Rh (Type S) thermocouple spot welded to the sample A scanning laser beam
is used to follow changes in the diameter of the specimen durg testing. The specimen
is seated centrally between SiN4 dies. Heating is via a water-cooled induction coil
surrounding the specimen. The maximum heating rate that canbe achieved is around
50 Cs ! but this is dependent upon the material. Cooling was carriedout by blowing
a helium jet directly onto the specimen surface. The helium ow rate during cooling
is controlled by a proportional servo valve. These devicesrsure excellent e ciency in
controlling the temperature and holding time of isothermal treatments, and fast cooling
in quenching processes.

Austenitisation was carried out by heating the steels abovethe Acs temperatures,
which was calculated using Andrew's Equation [127]. For theFe-Mn-Si steel, this tem-
perature was 930 2 C, whereas for the Fe-Ni-Si steel this was 8802 C. Both the steels
were austenitised for 30 min in the vacuum chamber. The purpse of this treatment
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@

B

(b)
Figure 4.1: The evolution of equilibrium phase fractions fa (a) the Fe-Mn-Si-steel and

(b) the Fe-Ni-Si-steel, calculations were done using MTDATA where ferrite, austenite
and cementite phases are permitted.
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was to austenitise the sample. The time at the austenitisatbn temperature depends on
the size as well as the initial microstructure of the sample 128]. The heating rate was
maintained at 10 Cs 1. Samples were then cooled below th®&g temperature using a
helium jet at a cooling rate of 10 Cs 1. The isothermal transformation temperatures
for the Fe-Mn-Si steel and the Fe-Ni-Si steel were 39@ and 380 C respectively. One
sample of the Fe-Mn-Si steel was also cooled at 3Gs * to compare the e ect of cooling
rate on the microstructure. The samples were held at the isdtermal temperatures for
2h. The Bs and M s temperatures were calculated for the experimental steelssing the
algorithms described elsewhere [129{131]. The diameter aelnge associated with the heat
treatment was recorded to relate this to the volume change ortransformation. After
isothermal transformation the samples were quenched to ramn temperature at a cooling
rate of 10 Cs ! using a helium jet. Figure 4.2 illustrates the heat treatmerts.

Specimens of the Fe-Mn-Si steel cooled to the isothermal teperature using two
di erent cooling rates (10 C s * and 30 C s 1) produced similar bainitic structures and
no allotriomorphic ferrite was found in any of the samples. The hardness test results
also support this conclusion, with 393 3 HV for the sample cooled at 30C s ! and
391 2HV for the other sample. Due to the similarity in structure i n both cases, all the
further experiments were carried out using the 10C s ! cooling rate.

The temperatures selected for tempering were 40, 420 C, 450 C and 480 C for the
Fe-Mn-Si steel, whereas for the Fe-Ni-Si steel the temperim temperatures were 400C,
420 C and 450 C. The transformation kinetics are extremely fast at 480 C for Ni added
steel, so it was not possible to capture the transformation tages. The tempering time
was selected in the range of 2min to 30 h depending on the tempegure and materials.
Only one sample was tempered at 25@ for 5h in order to determine the contribution
of martensite tempering to the cumulative dilation obtained after tempering at 450 C.

4.3 Measurement of Prior Austenite Grain size

The prior austenite grain boundary can be revealed by meansfoa thermal etching
technique as described by Andes [132]. To reveal and mease the prior austenite grain
size, a special heat treatment was formulated. This was cared out in a Thermecmaster
thermomechanical simulator, so the same sample dimensionsere used, as described
in Section 4.1. Prior to the heat treatment the sample was pakhed to a mirror nish
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(@)

(b)

Figure 4.2: Schematic of the heat treatment for (a) the Fe-MnSi steel and (b) the Fe-
Ni-Si steel. T stands for tempering temperatures in celsius and for tempering duration.
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using up to 1 m diamond paste. Samples from the Fe-Mn-Si steel were austdized at
930 C for 30min (similar austenisation treatment has been givento all the heat treated
material). They were then cooled at 50Cs ! to 650 C, held at this temperature for
5min, then cooled down to room temperature using the same cding rate. Samples
from the Fe-Ni-Si steel were austenitized at 880C for 30 min. They were then cooled
at 50 Cs ! to 650 C and held at this temperature for 8 min, then cooled down to raom
temperature at 50 Cs . Prior austenite grain boundaries were revealed by this hea
treatment (as shown in Figure 4.3) and the grain size was meaged using the linear
intercept method [133].

4.4 Hardness Testing

Hardness testing is a quick method of characterising the ovall e ect of tempering and
provides valuable information of overall changes. The test were carried out using a
Vickers hardness testing machine, using a 30kg load. The tesvas developed in 1924
by Smith and Sandland at Vickers Ltd as an alternative to the Brinell method. The
Vickers hardness test is convenient since the measuremerg independent of the size of
the indenter, which can be used for all materials irrespectie of hardness. Each quoted
value represents the average of 10 values.

4.5 Optical Microscopy

The specimens were prepared for optical microscopy by hot mmting in conductive

bakelite, then polished using 400, 600, 800 and 1200 grit 8&bn carbide emery paper
and nally polished with 6 m and 1 m diamond paste in the polishing cloth. After

that the samples were etched with 2% nital (2% Nitric acid and98% Methanol). All the

microscopic analyses were carried out using a ZEISS opticahicroscope.

4.6 Scanning Electron Microscopy

The scanning electron microscope (SEM) is one of the most veatile instruments for ex-
amination and analysis of the microstructural characterigics of materials. The primary
reason for the SEM's usefulness is the high resolution; vaks to the tune of 5nm are
usually quoted for commercial instrument. The investigation of surface relief or topog-
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@

(b)

Figure 4.3: Prior austenite grain boundaries visible afterthermal etching for (a) the
Fe-Mn-Si steel and (b) the Fe-Ni-Si steel.
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raphy is the most common application of SEM for materials. Itis the high depth of eld
of the SEM that makes it so valuable for topographic studies. Another reason behind
the wide applicability of SEM is the rich variety of interact ions which the electron beam
undergo within the specimen. The same specimens after obséng in an optical micro-
scope were used for scanning electron microscopy to explomneore detailed features of
the microstructure. High resolution scanning electron micoscopy was carried out using
a JEOL 6340F which has cold-tip eld emission gun (FEGSEM).

4.7 Dilatometric Analysis

Dilatometry is useful in the study of steels, because it perrits the real time monitoring
of the evolution of transformations in terms of dimensionalchanges. When a material
undergoes a phase change, the lattice changes and this is, [minciple, accompanied by
a change in a speci ¢ volume. All the dilatometric measuremets were carried out in
Thermecmasterthermomechanical simulator. The resolution of this instrumentis 5 m .

4.8 X{Ray Di raction

X-rays are electromagnetic radiation of wavelength about 1A, which is about the same
size as an atom. The discovery of X-rays in 1895 enabled sciésis to probe crystalline
structure at the atomic level. X-ray diraction has been in use in two main areas, for
the ngerprint characterization of crystalline materials and the determination of their
structure. Each crystalline solid has its unique characteistic X-ray powder pattern which
may be used as a " ngerprint' for its identi cation. Once the material has been identi ed,
X-ray crystallography may be used to determine its structure. X-ray di raction is one
of the most important characterization tools used in solid date chemistry and materials
science. Using X-ray di raction it is also possible to deternmine the size and shape of the
unit cell for any compound.

4.8.1 Common Errors in Diraction Analysis
Instrument misalignment
Specimen displacement

Zero-shift
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Flat specimen

Transparency

Amongst these, the specimen displacement and zero-shift ers are the most serious
in lattice parameter determination. Figure 4.4 shows the manitudes of the variety of
common errors in counter di ractometry [134]. The specimen dsplacement error is a

major source of error in di raction data.

Specimen displacement error

Specimen-surface displacement from the goniometer axis obtation causes peak shifts.
A shift towards higher 2 occurs if the specimen is within the focusing circle andvice
versa [135]. The shift of peak's centre of gravity is given by [135]

2 =2Scos=Ry (4.1)

where 2 is the peak shift in radians, S is the specimen displacement relative to
the goniometer axis andRy is the radius of the goniometer. It is di cult to measure
the displacement, S, experimentally, so other means must be considered to corce the
corresponding error.

Zero-shift error

Zero-shift or zero-angle calibration error can to a large etent be avoided via adjustment
and calibration of the di ractometer. However, it cannot be eliminated completely due
to inevitable inaccuracies in the di ractometer's mechanical movement [136].

Cohen's method

Systematic and random errors causing peak shifts were corceed using the least-squares
method proposed by Cohen [137], implemented in the commerl software PHILIPS
X'Pert HighScore Plus which uses the Rietveld method for crgtal structure re nement.

The basic principle in Cohen's method is that if the errors, which depend on the
Bragg angle, can be expressed in the form of a mathematical fction, the combined
systematic and random errors can be eliminated from the datausing the linear least-
squares method. The method has an advantage that it is also gpicable to non-cubic
crystal systems [138].
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Figure 4.4. Common sources of peak shifts in X-ray di raction The at specimen error
was assessed by constantly illuminating 13 mm of the specimeength [134].
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The quantities used in the least-squares re nement are:

1 2

_ sin
5 = -
di

4

Qi = (42)

whered; is the interplanar spacing of theith re ection, j is its Bragg angle and is the
wavelength.
Qi can be written as a polynomial expression:

Xiu

Qi = aij Xj (4.3)
=1

where g is the jth term coe cient, X; is an unknown parameter andm, is the number
of unknown cell parameters.

In a general case such as the triclinic system, for a re ectio i with Miller indices
hkl, a; may be written as:

a1 = h% a2 = k% a3 = 1384 = 2Kkl; ai5 = 21h; aj6 = 2hk (4.4)
and the unknown parameter, in reciprocal-lattice coordindes, can be expressed as:

2 2 2
X1=a ;Xo=b ;Xz3=¢C ;Xgq=bccos ;Xs=cacos ;Xg= abcos (4.5)

wherea ,b,c, , and are the reciprocal-lattice constants.
It follows that, the minimisation function can be given as:

X
= wi[d (observedf d (calculated)?]? (4.6)

whereN is the number of re ection lines, w; is the weight assigned to each re ection line,
d (observed) and d (calculated); are the observed and calculated interplanar spacings
respectively. The scheme used herein was to assign the sameight for all observed
re ections.
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4.8.2 Rietveld Re nement

A crystallographic information le (CIF) contains informa tion about approximate phase
lattice parameter, space group, site occupation factor (t&ken as 1 for the iron atom in
both  and ) and parameters regarding the thermal displacements of atms. Such
a le, containing approximate lattice parameters of both crystal structures ( p, ), is
compared with the observed re ections. Using Equation 4.6,new cell parameters are
calculated from the new d values of the observed re ection lines. This process is then
repeated until there is no increase in the Figure of merit [19]:
1 N

Fy = —— 4.7
N 2 jNposs (4.7)

—

where j2 | is the mean absolute di erence between observed and calculetl Bragg
angles,N is the number of observed lines andNqss is the number of possible re ection
lines.

The analysis includes the following re nable parameters: &) background; (b) scale
factors; (c) zero-shift error; (d) lattice parameters; (e) pro le parameters. u, v and w
are peak width parameters and are related with full width at half maximum (FWHM)
by FWHM ? = utan? +vtan + w, only u andw are re ned. The value of u is typically
associated with strain broadening. No pro le parameter areallowed to have a negative
magnitude; (f) peak shape parameters. A single peak shape mameter was re ned per
phase. Peak width analysis for determining crystallite sies and lattice e ective micro
strains is not performed using the Rietveld method; (g) asynmetry parameter was re ned
in some cases where peaks exhibited prominent asymmetry; dr(h) preferred orientation
parameters.

The re nement procedure has been carried out in a sequentiainanner to avoid
trapping in a false minimum.

Mathematics and procedures

The diraction pattern is collected as a numerical intensity value, y;, at each of several
thousand equal increments (steps),i, in the pattern. Depending on the method, the
increments may be either in scattering angle, 2, or some energy parameter such as
velocity (for time-of- ight neutron data) or wavelength (f or X-ray data collected with
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an energy dispersive detector and an incident beam of “whiteadiation). For constant
wavelength data, the increments are usually steps in scatténg angle and the intensity,
yi, at each step,i, in the pattern is measured directly with a quantum detector on a
di ractometer.

The best t designates the best least-squares t to all of y; simultaneously and is
carried out by minimisation of the residual, Sy [140].

X
Sy= Wi(yi Yei)? (4.8)

wherew; equals Ey;, y; is the total observed intensity at stepi and y,; is the calculated
intensity at step i. This minimization process is performed over the entire scaned
2 range simultaneously. The calculated intensitiesy.; are determined from the jF j2
values calculated from the structural model by summing of the calculated contributions
from neighbouring (i.e. within a speci ed range) Bragg re ections in addition to the
background. y¢ can be written as:

X

Yei=S  LijFki®2 121 2 k)PcA+ yp (4.9)
K

wheres is the scale factor,K represents the Miller indices fkl) of a Bragg re ection, Lk
is a factor which contains Lorentz-polarisation and multiplicity factors, | is the function
which represents the re ection-line pro le, Pk is the preferred orientation function, A is
the absorption factor and yy, is the background intensity at stepii.

Estimates of uncertainty

It has been established [140] that each parameter that is eshated reduces the sum of
Figure 4.8 to 1, so that the sum of then terms is n, each of which is the weighted square
of the di erence between an observed and an estimated model Wi p parameters, the
weighted sum of squared residuals, i p. The weighted pattern R index, Ryp, is
de ned by [140]

X0 X0 1=2

Rwp = wilyi  Yel’= wiyi? (4.10)
i=1 i=1
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The numerator of the expression inside the braces is the sumf®@quared residuals and
thus has expected valuen p. The expectedR index, Re, is accordingly de ned as
X0 1=2

Re= (n p=  wy? (4.11)
i=1

The ratio of Ryp/ Re, sometimes referred to as the ~ factor' (also called as the \goodness
of t", is a measure of how well the tted model accounts for th e data).

Quantitative phase analysis

Quantitative phase analysis can be carried out on a multi phae system using the method
described by Hill and Howard [141]. According to this method the weight of a phase in a
mixture is proportional to the product of the scale factor, as derived by Rietveld analysis
of the powder diraction pattern, with mass and volume of the unit cell. Considering

all the phases are identi ed and crystalline, the weight fraction, Wy, of phase,p, can be
expressed by:

(SZMV),
W, = 4.12
NGV *.12)
where S, Z, M and V are the Rietveld scale factor, the number of formula unit per
unit cell, the mass of the formula unit and the unit cell volume. i is an index for all
the phases. Subsequently, the volume fraction of the indidual phases,V,, can also be
derived using

_ p(8VY),

v, (4.13)

Vo

4.8.3 Experimental Details

X{ray di raction tests were carried out using a Philips verti cal di ractometer with un-
Itered CuK radiation, and the instrument operated at 40 kV and 40 mA. A continuous
scanning mode was chosen with the rate of 0.05s ! over the angular width of 2 =
30-150 with a collecting time of 16.65s at each step. A secondary marchromator in
the form of curved graphite was used to eliminate CuK radiation. A divergent slit of
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1 and a receiving slit of 0.2 mm were used. To identify the presece of carbides, low
angle scanning was carried out where step scanning mode wakosen over an angular
width of 2 = 36-52 with collecting time of 80s at each step.

Four discs, each with a diameter of 8 mm, were sliced from thepecimen after the heat
treatments. Each sample was polished using the standard metlographic techniques
and was etched with 2% nital and were used for X{ray analysis. Peak positions and
phases were identi ed using X'Pert HighScore Plus® software. The fraction of retained
austenite was evaluated using Rietveld re nement [140, 14

4.8.4 Extraction of Precipitates

As the precipitates contribute only 1% of the volume of the sample, so X{ray di rac-
tion on a bulk specimen is unlikely to provide accurate infomation about precipitates.
A method commonly used to avoid this di culty involves disso lution of the matrix,
leaving residues which can be analysed by X{ray diraction. Before extraction of the
precipitates, the samples were cleaned using HCI acid and &n washed with methanol.
Specimens of 0.2 0.3gm were dissolved in a solution of 5% nital in about 3 montk.
The residues were ltered using a 0.1 m membrane Iter to extract the precipitates.
To make the process faster, the Itration was done by suctionwith a vacuum pump.
The Iter was then allowed to dry for one day, and then placed in a X{ray di ractome-
ter. Identi cation of the di erent phases was often made di ¢ ult because of overlapping
peaks. An analysis was carried out to remove any peaks arisinfrom the lIter itself.
This technique is useful when used in conjunction with otheridenti cation methods.
The main advantages are that it should reveal all the precipiates present, the amount
of materials investigated at once is far more than with most @ the other methods (SEM,
TEM etc.) and it can give, in principle, quantitative inform ation. It is relatively easy
to implement when compared to methods such as TEM for which tke sample prepara-
tion can be much more time consuming. The disadvantages arehat no information is
obtained about the morphology, distribution or location of the precipitates. In practice,
guantitative information can only be obtained from TEM regarding the ner precipitates
of size less than 200 nm.
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4.9 Electron Backscattered Diraction Pattern

Orientation imaging of grains was carried out using the eletron backscattered di rac-
tion (EBSD) technique. EBSD technique works by positioning a beam of electrons on
selected sampling points on the specimen surface. The resialg di raction pattern pro-
vides crystallographic information which can be related bak to its position of origin on
the specimen. The most important application of EBSD is to gaerate an orientation
map, which is a quantitative description of the microstructure of a region in terms of its
orientation constituents. The diraction lines obtained on a phosphor screen are char-
acteristic of the grain orientation. The EBSD attachment is mounted on a CamScan
MX2600 scanning electron microscope equipped with a eld efssion gun and operated
at 25kV. The specimen tilt was 70 during the measurements. Metallographic spec-
imens were prepared in the usual way by grinding, polishing ad etching (using 2%
nital). Orientation imaging is sensitive to sample preparaion and surface prole, so
the metallographic samples were further polished using 02 m colloidal silica. Mea-
surement of EBSD was carried out for the isothermally transbrmed materials for both

alloys and some specimens after tempering treatments.

4.10 Transmission Electron Microscopy

Transmission electron microscopy was carried out on thin fils and carbon replicas. The
specimens forin situ TEM observation are originally from the isothermally trans formed
materials in a Thermecmaster, in the form of discs. After being mechanically cut into cir-
cular foils with 3 mm diameter and 40 m thickness, the specimens were electro-polished
by a twin-jet electro-polisher in a solution of 70% ethanol,25% glycerol and 5% perchlo-
ric acid. The voltage and current settings for the twin jet polishing were 15V and 10 mA
respectively. Room temperature TEM was carried out in a JEOL 2000FX (200 kV) in-
strument. In the case of thein situ studies, specimens were heated up to the tempering
temperature and held for dierent times to observe the changein the structure and
then cooled to room temperature. For thein situ observations, a JEOL 200CX with an
in-built hot stage was used.
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4.10.1 Selected Area Diraction Pattern (SADP)

One major advantage of TEM is that it is possible to take seleted area electron di rac-
tion patterns from a small chosen area of the thin foil in TEM. To obtain this, the
selected area in the bright eld or dark eld image is brought to the centre of the screen
and an intermediate aperture is inserted. The intermediatelens is then made to focus
on the back focal plane of the objective lens to get the diracion pattern, which can
be seen by removing the objective aperture. Figure 4.5 showthe ray diagram for the
formation of images and di raction patterns in a TEM. An area o f the order of 0.1-1 m?
across is selected by a diaphragm in the rst intermediate inage. The cone of di racted
electrons with an aperture of the order of a few tens of micraadians can pass through
the small polepiece bores of the nal lenses only if the backdcal plane of the objective
lens that contains the rst di raction pattern is focused on t he screen.

4.10.2 Camera Length

Figure 4.6 shows schematically the formation of a di raction pattern from a thin foil
specimen (without showing the lenses) in a TEM. The transmited beam travels straight
from its path whilst the diracted beam is de ected by an angle 2 from the principal
axis (i.e. from the transmitted bream) of the lens. The distance between the transmitted
spot and di racted spot from hkl plane as measured on the screen Ry . The distance
from the specimen to the screen (it is the calculated value awsidering the magni cation
of various lenses, rather than the physical distance and cabe altered by the operator)
is commonly known as camera length I().

Since is very small in electron diraction (a small fraction of a degree), it may be
assumed that

tan2 = sin2 =2sin = D=L (4.14)

From Bragg's equation,

2sin = =dpy (4.15)

The above equations can be combined to give

=d hw = Rn=L (4.16)
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Figure 4.5: The basic operations of the TEM imaging system imolve (a) projecting
the diraction pattern on the viewing screen and (b) projecti ng the image onto the
screen [143].
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Figure 4.6: Schematic diagram of the geometry of diraction in transmission electron
microscopy. L, Ry and are the camera length, distance between the transmitted spto
and the di racted spot in the di raction pattern and Bragg angl e respectively.

or
L = dnk Rhki (4.17)

wheredyy is the spacing ofhkl planes. This term L is the camera constant and is used
as a calibration parameter in solving di raction pattens. Once dng Rhk IS known, dpy
value for any other Ry can be obtained. The wavelength, , is given by
h
= (4.18)

1=2
ev
2meeV 1+ Tmec

where V is the accelerating voltage,c is the speed of light in vacuum, h is Planck's
constant, e is the charge of the electron andme is the electron mass.

4.10.3 Carbon Replica Technique

For some samples, the carbon replica technique was used to atacterize the precipi-
tates. This technique has number of advantages over thin fbisamples. The size and
chemical composition of the carbides may be measured more @wrately by eliminating
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the e ect of the matrix. Working with a magnetic specimen in th e electron beam may
cause di culties, which can be avoided. The samples for thistechnique were polished
mechanically by the same method as for optical microscopy ahchemically etched with
5% nital for a few seconds. A carbon coating of 20 30 nm (brown gold colour) was
deposited in a vacuum of 108 torr onto the etched surface. This Im was then scored
with a blade to divide it into several smaller squares (aboutl mm?). To strip o the
carbon Im, the sample was submerged in 10% nital for 5min. Tke Im was then rinsed
with methanol and oated o in distilled water. Each sample y ielded a few small squares
of Im which were mounted on copper grids and dried before exmination in the TEM.
Figure 4.7 shows a schematic drawing of the sample preparatn procedures.

Figure 4.7: Schematic drawing of carbon replica extractiontechnique
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Chapter 5

Thermal Stability of Retained
Austenite

5.1 Introduction

It is known that in a tensile test, the onset of plastic instability can be delayed by the
presence of austenite which gradually undergoes martendit transformation during the
course of elongation. The resulting transformation{induced plasticity is known as the
TRIP e ect [70, 144]. A cheap way of introducing austenite in the microstructure is by
preventing the precipitation of iron carbides during the bainite transformation [26, 27].
The carbon that is partitioned from bainitic ferrite then st abilises the residual austenite.
Silicon and aluminium additions can achieve this by a ecting the chemical driving force
for the precipitation of cementite from austenite [59]. Marny commercially successful steel
concepts have been developed based on such mixed microstiues of bainitic ferrite
and carbon{enriched retained austenite, reviewed in [4, 18{148].

Steels with a microstructure consisting of a mixture of bairtic ferrite and carbon{
enriched retained austenite are of interest in a variety of ommercial applications because
they have been shown to exhibit good combinations of strendt, toughness and ductility.
However, their use at temperatures moderately above ambidrrequires a knowledge of
the thermal stability of the austenite. The microstructure consisting of bainitic ferrite
and carbon{enriched retained austenite is not thermodynanically stable because the
reaction stops when the latter phase reaches approximatelya composition de ned by
the To curve of the phase diagram, rather than when the much greaterequilibrium
concentration consistent with the Aes curve is achieved [147, 149]. Th&Q curve accounts
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also for strain energy but the average carbon concentratiorat which the bainite reaction
stops in the absence of carbide precipitation usually lies@mewhere betweerly and TQ
given the heterogeneous distribution of carbon in the austeite. A computer program
and its associated documentation, for the calculation of sah curves can be obtained
from [150]. Given su cient time at a high enough temperature, the retained austenite
should therefore decompose into a mixture of ferrite and cdides. In this chapter, a
detailed examination of the thermal stability of the microstructure given that many of the
steels being developed either have to undergo transientstim high temperature regimes
(for example during galvanising) or have to serve at moderagly high temperatures over
long periods of time.

It is acknowledged that previous studies [151{153] investiated the stability of the
retained austenite and bainite mixtures, but these were coducted as continuous heating
experiments, did not consider the dilatometric e ect of the tempering of martensite
present in the initial microstructure, and did not consider the stability of the remaining
austenite on cooling to ambient temperature.

5.2 Experimental Procedure

An Fe{0.22C{3Mn{2.03Si wt% alloy was prepared as a 20 kg vacum induction melt
from high purity base materials. The advantage of using thisalloy is that a great deal is
known about its transformation into a mixture of bainitic fe rrite and retained austenite,
including the Ty curve and its validation [7, 85]. The ingot was hot{forged ard then
hot{rolled to 25 mm square cross section bars. All the heat teatments were carried out
in a Thermecmasterthermomechanical simulator as described in Chapter 4.

Austenitisation was carried out by heating the sample at 10C s ! to 930 C, where
it was held for 30 min under vacuum. Samples were then cooledbt390C at 10 C's !
using a jet of helium gas, for isothermal transformation to kainite for two hours in order
to allow the maximum quantity of bainite consistent with the T curve to form. The
heat treatment schedule is illustrated schematically in Fig 4.2a.

The tempering temperature studied was 450C, which is higher than the B g, with the
tempering time ranging from % to 5h. One sample was water quenched after austenitisa-
tion to establish the dimensional changes during subsequétempering; this experiment
helps to distinguish between the changes that accompany thdecomposition of austenite.
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Specimens for optical microscopy and transmission electromicroscopy (TEM, JEOL

2000FX, 200 kV) were prepared using standard methods destréd in Chapter 4. X{ray

di raction with CuK  radiation was conducted using continuous scanning at 0.05 !

over 2 =30 150. The volume fraction of retained austenite was determined ging

Rietveld re nement [140, 142, 154, 155]. Specic step{scamover 2 =36 52 were
carried out to characterise di raction from the low{volume f ractions of carbides expected
on prolonged tempering.

5.3 Transformation Strain

Assuming that phase changes in polycrystalline samples cae isotropic strains on a

macroscopic scale, the linear and volume strains are relateas follows:
L \Y
= 5.1
Lo Mo (.1)
where the subscript identi es the original dimensions. For austenite ( ) decomposing
into a mixture of ferrite () and cementite (),

L 1 (2vat+ivabc) V. a3
Lot 3 ) Vo, (5.2)
Lo 3 V0a30

where V  is the initial volume fraction of austenite measured using Xray di raction;

V and V are the volume fractions of ferrite and cementite respectigly. a , b and
c,a anda are lattice parameters of the phases identi ed by the subsadpt, at the
test temperature, calculated by correcting the values at ram temperature with the
appropriate expansion coe cient [156{158] (temperature in Kelvin):

a = 4:5165[1+f6:0 10 ®+3:0 10 ¥(T 273)+
1.0 10 (T 273%g(T 298)] A
b = 5:0837[1+f6:0 10 ®+3:0 10 (T 273)+
1.0 10 (T 273fPg(T 298)] A
C = 6:7475[1+f6:0 10 ®+3:0 10 (T 273)+
1.0 10 (T 273fPg(T 298)] A (5.3)
a = 2664+ (Bre OZTHC)(ar +2:496C) e gy .
3ag,
0:06xyn +0:07xni + 0:31Xyo +0:05xc; +0:096xy A (5.4)

71



CHAPTER 5. THERMAL STABILITY OF RETAINED AUSTENITE

a = 3:5780+0:033wc +0:0009%Wy,  0:0002vy; + 0:0008nc, +
0:0056wp +0:003Mwy, +0:0018v, A (5.5)

The carbon concentration of the ferrite is assumed to be 0.®wt%; x is the concentration
in mole fraction and w in weight fraction. The thermal expansion coe cients of ferrite
and austenite considered in these calculation were@ = 1:244 10 °K lande =
2:065 10 °K 1! respectively. For martensite, thermal expansion coe ciert was same
as ferrite.

The strain expected during the tempering of martensite is gien by:

L 1 @val+3zVabc) 2Voa%co
Lo 3 2V 0a2,C o

(5.6)

whereV o is the initial volume fraction of martensite and a o and ¢ o are lattice param-
eters of martensite, measured using X{ray di raction.

5.4 Results

Figure 5.1 shows the bainite sheaves in a matrix of martensé and retained austenite
(grey{etching blocks), obtained by isothermal transformation at 390 C for 2 h. Retained
austenite is present in silicon-rich bainitic steel in two forms: as thin Ims between

the subunits within a given sheaf of bainite and as coarser loicks between di erent
sheaves of bainite. Both are enriched in carbon but the Ims ontain more carbon
because of their isolation between plates of ferrite [42]. fie austenite Im can be clearly
identi ed from Figure 5.2 after isothermal transformation . From these microstructures it
is di cult to distinguish the martensite from the retained a ustenite, but some martensite
must form during cooling from 390 C to room temperature, as is evident from the
presence of martensitic twin (Figure 5.3). The amount of augenite remaining at the

isothermal transformation temperature can be calculated ing the Ty curve of the phase
diagram [42]. The curve determines the limiting concentraton of carbon in the austenite
at the point where the bainite reaction ceases, so by applyig the lever rule to the Ty

curve, the quantity of residual austenite was estimated a3/ 3% = 0:32 for transformation

at 390 C. Some of this may decompose to martensite, and this quantt can be estimated
by applying the Koistinen and Marburger Equation [159]:

1 Vo=exp[ 0:011Ms Tg)] (5.7)
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where Mg and Tg = 20 C represent the martensite{start and room temperatures re-
spectively. Mg is calculated [131] for the composition of the carbon{enribed austenite
left untransformed at 390 C. The fraction of martensite was in this way calculated to be
V% = 0:185, thus leaving a fraction V2% = 0:135 of austenite retained to room temper-
ature. The thickness of the bainite plates was measured as deribed in [133, 160] and
found to 300 22 nm.

5.4.1 Microstructural Evolution During Tempering

Tempering at 450 C leads to signi cant changes in the optical microstructure (Figure 5.4)

with the development of dark{etching regions in what was previously the blocky areas
in the untempered sample. The dark regions grew in extent ashte tempering time was
increased. Higher resolution micrographs are presented ifrigure 5.5a,b which reveal
clearly that the dark regions are tempered martensite. Thee is, of course the possibility
that some features identi ed as tempered martensite are dugo the decomposition of
retained austenite by a di usional mechanism into a mixture of ferrite and carbides, but
Figure 5.5c shows an experiment in which tempering was condited at a temperature
of 250 C, which is too low to permit the necessary di usion. The obsewred structure in

the blocky regions is identical to that of the samples tempeed at 450 C, showing that

the interpretation related to the tempering of martensite is correct.

Figure 5.6 shows the change in Vickers hardness as a functiaf the tempering time.
The decrease in hardness due to tempering is minimal, about®HV over a period of 5h
at 450 C. The extent and rate of change of properties during tempetig is expected to be
small for bainite because there is little excess carbon in &ation in the ferrite. The mi-
crostructure in e ect tempers during the course of transformation with the partitioning
of excess carbon into the residual austenite [6].

5.4.2 Dilatometric Analysis

The metallographic observations already described indic that the initial changes are
due to the tempering of martensite, followed by the decompasion of retained austenite
into a mixture of ferrite and cementite. The former process fould lead to a contrac-
tion as supersaturated martensite precipitates cementite whereas the latter should be
accompanied by an expansion of the sample at constant tempature, Section 5.3, [19].
Figs 5.7a{c show that the net tempering strain is negative fo a time up to about 1 hour
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Figure 5.1: (a) Optical micrograph showing bainite sheavesembedded in a residue of
martensite and retained austenite (grey). The steel was trasformed isothermally at
390 C for 2 h. Calculations indicate that the volume fractions of bainitic ferrite, retained
austenite and martensite are 0.68, 0.135 and 0.185 respegiy. (b) Corresponding
scanning electron micrograph.
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Figure 5.2: Transmission electron micrograph showing aushite Im after isothermal
transformation.

at temperature 450 C, followed by an increase in specimen dimensions. There was
increase in dimension as tempering progresses.

To further con rm this interpretation, a sample was tempered at 250 C, where
austenite decomposition is most unlikely; Figure 5.7d show that the decrease in strain
is comparable to that obtained at the higher tempering tempeature, proving that the
contraction is due to the tempering of martensite. A sample gqienched from the austeni-
tising temperature in order to produce a fully martensitic sample was tempered, Fig-
ure 5.7e; a larger contraction consistent with the fact that the starting microstructure
is just martensite, was observed, proving the role of martesite tempering in causing a
contraction in sample dimensions.

The subsequent expansion seen in Figure 5.7c virtually conamsates for the contrac-
tion accompanying the tempering of martensite, leaving thesample essentially unchanged
in dimensions following prolonged tempering.
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Figure 5.3: Micrograph showing twin structure as an evidene of martensite after isother-
mal transformation.

The strain for the austenite decomposition calculated usig Equation 5.2 decreased
as the tempering temperature was raised, as illustrated in Kjure 5.8. The measured
result (Figure 5.7c¢) is very much consistent with the calcubated result. The strain due to
tempering of martensite, calculated using Equation 5.6, t&king account of same amount
of martensite formed after isothermal transformation and the calculated strain, is close to
the experimental result at 250 C, as depicted in Figure 5.7d. In case of fully martensitic
sample the calculated strain (Figure 5.8) is slightly devided from the experimental value
(Figure 5.7e) because the calculated strain totally depens on the lattice parameter of

martensite.

5.4.3 Quantitative Determination of Phase Fractions

The volume fractions of austenite retained following isottermal transformation and tem-
pering were measured using X{ray di raction. Figure 5.9 and Table 5.1 show the dra-
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Figure 5.4: Optical micrographs of sample tempered at 450QC for (a) 30 min, (b) 1 h
and (c) 2 h.

matic reduction in retained austenite content even after tenpering at 450 C for 30
minutes. In contrast, the tempering at 250 C causes no change in the retained austen-
ite content, Figure 5.10a. Prolonged tempering which leadd¢o the decomposition of
austenite con rms the emergence of cementite, Figure 5.10b

The carbon content of the retained austenite after the isotlermal transformation to
bainitic ferrite was calculated using the T curve temperature to be 0.7 wt% (Figure 5.11)
whereas the carbon content of retained austenite measureddm the X-ray di raction was
0.67 0.1wt%. The volume fraction of retained austenite calculaed using Equation 5.7
was 0.135 and this result is consistent with the measured vake from X-ray di raction
(Table 5.1).

The change in the carbon content of the retained austenite dting tempering, de-
termined from the measured lattice parameter of retained astenite, is presented in
Figure 5.12. The fact that the concentration decreases evean tempering for 30 min im-
plies that carbide precipitation from the austenite is quite rapid. Such carbides can only
be detected using transmission electron microscopy, as repted later in this chapter.
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(©

Figure 5.5: Scanning electron micrographs of samples traf@med at 390 C for 2 h, and
then tempered at (a) 450 C for 1 h, (b) 450 C for 2h and (c) 250 C for 5h.

The lattice parameter of \ferrite" is more di cult to interp ret because it re ects that

of both martensite and bainitic ferrite, but the trend is con sistent with the tempering

of martensite. Precipitation of cementite from martensite or bainitic ferrite would lead

to a decrease in their lattice parameters; the somewhat slowlecrease during tempering
at 450 C is a known phenomenon [160] associated with the fact that cdon tends to

be trapped at dislocations, where they have a lower energy #in in the cementite lattice

(Table 5.1) [16].

5.4.4 Transmission Electron Microscopy

Detailed observations revealed that ne carbide particlesprecipitated at all the time
periods studied for tempering at 450C. Figure 5.13 shows the presence of More fringes
in the tempered specimen after tempering for 2 h. More fringes are produced when two
crystals, which have di erences in lattice parameter or origntation, overlap. In this case,
contrast e ects are produced by the carbide and the matrix. Usng high resolution TEM,
the lattice parameters and lattice plane of the overlapped cystal can be calculated from
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Figure 5.6: Variation of hardness (measured using 30 kg logdwith tempering time at
450 C.

the More fringes. Intensive electron microscopy studieswere carried out in order to
identify the type of carbides. Figure 5.14 shows carbide prepitated on the austenite
Im after tempering for 1 h. The electron diraction pattern i n Figure 5.15, taken from
the tempered retained austenite Im in a sample after tempeing at 450 C for 2 h, reveals
the presence of cementite carbide. In both the Figures the chides have been observed
to precipitate at the interface between ferrite and retained austenite.

5.4.5 Stability of Retained Austenite

Transmission electron microscopy of samples which were tepered at 450 C and then
cooled to ambient temperature revealed both tempered and uempered martensite,
which could be distinguished easily by checking for the presnce or absence of cementite
precipitation. An example of untempered martensite after tempering for 30 min is shown
in Figure 5.16, illustrating the twinned martensite typica | of transformation from high{
carbon austenite [15]. Further evidence of martensitic twns after tempering for 1 h is
illustrated in Figure 5.17. It is evident that tempering destabilises the austenite due to
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(d) (e)
Figure 5.7: Dilatometric curves obtained during temperingat 450 C for tempering times

of (a) 30 min, (b) 1 h and (c) 5h. (d) Tempered at 250 C, 5 h. (e) Dilatation curve during
tempering of a fully martensitic sample tempered at 450C.
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Figure 5.8: The calculated strains for the decomposition ofa microstructure contain-
ing 13.3% of retained austenite containing 0.67 wt% C, due tdhe tempering of a mi-
crostructure containing 18.5% martensite containing 0.6ivt% C, and of a fully marten-
sitic sample containing 0.22wt% C. The points near each lineepresent experimental
measurements.

the local reduction in carbon concentration following the precipitation of cementite, so
that some of it transforms into untempered martensite on coding.

5.5 Discussion

The characterisation experiments all indicate a sequenceuting heat treatment at 450 C,

in which martensite tempers relatively rapidly, but follow ed by the decomposition of the
austenite into a mixture of cementite and ferrite. The initi al stage in the decomposition
of the austenite is the precipitation of cementite, with the formation of ferrite occurring

some one hour after the beginning of the tempering reaction.

It has been possible in the dilatometric experiments to cledy separate the contrac-
tion due to the tempering of martensite, and the expansion de to the formation of
cementite and ferrite from austenite. The calculated stran due to austenite decomposi-
tion using Equation 5.2 was found to be 0.0502% for an initiakustenite fraction of 0.133,
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Figure 5.9: X{ray di raction experiments. (a) Following iso thermal transformation at
390 C. (b) Isothermal transformation followed by tempering at 450 C.
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Figure 5.10: (a) X{ray di raction pattern after tempering fo r 5 h at 250 C. (b) Di rac-
tion patterns focusing on low , after tempering for 2 h and 5 h at 450C.
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t/min T/ C =% Error( ) a/A Error( ) al/A Error( )
0 - 13.3 0.4 3.6031 3E-4 2.8667 3E-4
30 450 4.2 0.2 3.5959 3E-4 2.8671 9E-5
60 450 1.8 0.3 3.5888 2E-4 2.866 7E-5
120 450 1.3 0.3 3.5880 3E-4 2.8654 7TE-5
300 450 0 NA NA NA 2.8648 7E-5
300 250 129 0.4 3.6042 2E-4 2.8665 1E-4

Table 5.1: Summary of the X-ray di raction analysis.

Figure 5.11: Variation of Tp and Tg carbon with carbon content.
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Figure 5.12: Carbon concentration in austenite and lattice parameter of ferrite as a
function of the tempering time at 450 C.

which is consistent with the measured strain during temperng at 450 C (Figure 5.7).

For martensite tempering the calculated strain using Equaion 5.6 for a fully marten-
sitic sample was 0.047% whereas that determined experimeaity was closer to 0.068%,
as shown in Figure 5.7e. The calculation is, however, very ssitive to the initial and
nal lattice parameters of the martensite. In the case of tempering at 250 C, where the
volume fraction of initial martensite was calculated usingthe thermodynamic model to
beV?2 =0:185, the calculated percent strain was 0.035% which is cloge the measured
strain of 0.0285% (Figure 5.8).

An important outcome from the present work is that the early stages of tempering
(time less than one hour) do not lead to ferrite formation, asindicated by the contraction
evident in the dilatometric curves. Nevertheless, tempemg leads to a dramatic decrease
in the amount of retained austenite measured on the temperedamples at room tem-
perature. This is because of the precipitation of minute quatities of cementite from the
austenite, which leads to a decrease in its carbon concenttian and hence the forming of
untempered martensite on cooling to ambient temperature. This untempered martensite

has been unambiguously identi ed using transmission elecbn microscopy.
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Figure 5.13: Transmission electron micrograph showing Mar fringe (arrowed) in the
tempered specimen, tempered for 2 h at 45@.

Figure 5.14: Transmission electron micrograph showing prapitation of carbide (arrow
marked) on the austenite Im after tempering for 1 h 450 C.
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Figure 5.15: (a) Transmission electron micrograph, with the lower half showing austenite
containing containing ne cementite particles (arrowed) following tempering at 450 C for
2h. The upper half shows a thinner austenite Im which has deomposed. (b) Electron
di raction pattern obtained from the tempered austenite region.
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Figure 5.16: Transmission electron microscope image of minsitic twins in a sample
tempered at 450 C for 30 min.

(@) (b)

Figure 5.17: Bright and dark eld transmission electron microscope images of untem-
pered martensite (showing twins) in a sample tempered at 450 for 1 h.
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Finally, it is notable that Cameron in 1956 [161] noted that in an EN4OC steel con-
taining retained austenite, tempering followed by coolingto room temperature resulted
in an increase in hardness. He described this as the \condiining" of the austenite, and
concluded that tempering resulted in a reduction in the carbon content of the austenite
so that it transformed on cooling, thus leading to the increase in hardness. We have
presented here evidence for the detailed mechanism, but theonclusions reached in the
present work are essentially identical.

5.6 Summary

The tempering behaviour of a mixture of bainitic ferrite, retained austenite and marten-
site has been studied using a variety of characterisation tehniques. The tempering
experiments were carried out mostly at a temperature above te isothermal transforma-
tion temperature used to generate the original microstrucure. A clear and novel picture
has emerged for these conditions, on the events leading to ¢hloss of stability of retained
austenite present prior to tempering.

It appears that for the circumstances studied, there are twoseparable stages, the
rst involving the tempering of martensite and the precipit ation of minute quantities
of cementite from supersaturated austenite. This latter process makes the austenite
su ciently unstable to martensitic transformation on cool ing, leading to a dramatic loss
in the quantity of retained austenite measured at room tempeature. The second stage
involves the transformation of the austenite at the tempering temperature into ferrite
and further quantities of carbides.
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Chapter 6

In Situ TEM Observation of
Austenite Decomposition

6.1 Introduction

With the development of ferrite-bainite dual phase steels 8], the application of bainite
as a microstructural constituent has increased, for examm@ in the manufacture of rail
steels and car bodies. The microstructure, which consistsfone plates of bainitic ferrite
separated by carbon enriched regions of austenite is alsoitical for many applications.
Apart from galvanizing/ galvannealing application, an identical situation may arise dur-
ing welding when the retained austenite present in the heat @cted zone may well be
tempered or transformed in to other products. Very little in formation is known about
the decomposition of retained austenite in steels subjectd tempering [162, 163], espe-
cially when it comes to present in a bainitic structure. An attempt has therefore been
made to investigate the decompaosition mechanism of retairgtaustenite in a transmission
electron microscope during tempering.

6.2 Experimental Procedure

The Fe-Mn-Si steel was used for this study. Heat treatments wre carried out in a
Thermecmaster thermomechanical simulator using the schedule describedddow. The
details of this instrument has described in Section 4.2.

Austenitization was carried out by heating the specimen at D C's * to 930 C and
held for 30 min in the vacuum chamber. Samples were then coalelo 390 Cat 10 Cs ?!
using helium gas, for isothermal transformation to bainite for 2 h. After the isothermal
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transformation the samples were quenched to room temperate at 10 C s ! using a
helium jet. The heat treatment is illustrated schematically in Figure 4.2a.

The specimens forin situ TEM observation came from the isothermally transformed
materials in a Thermecmaster The specimens were prepared for transmission electron
microscopy using the method described in Section 4.10. Thepscimens were then ob-
served in a JEOL 200CX (200 kV) TEM. The specimens were temped in the built in
hot chamber mounted inside the TEM instrument. For this, the specimens were heated
up to the tempering temperature and held for di erent time periods to observe the
change in the structure and then cooled down to room temperaire. Two dierent
tempering temperatures, 420C and 450 C, were maintained forin situ tempering.

6.3 Results

After isothermal transformation, microstructural charac terisation was carried out as pre-
sented in Section 5.4. It's very hard to distinguish retainal austenite from martensite
using optical microscopy, although it is expected some masgnsite must be present in the
material, so further e ort was made to distinguish this from austenite. After thorough
study it was possible to distinguish between austenite and rartensite in an optical mi-
crograph using colour contrast. Fig 6.1a shows retained adsnite (bright yellow region)
and martensite (brown etching region) surrounded by bainite sheaves obtained after
isothermal transformation of Fe-Mn-Si steel at 390C for 2 h.

Figure 6.2a shows a transmission electron micrograph of thepecimen after isother-
mal transformation. The retained austenite Im can be obsewed in the micrograph and
con rmed from di raction pattern (Figure 6.2b). This sample was heated to the temper-
ing temperature of 450 C inside the TEM chamber. It was not possible to maintain the
same heating rate of 10C s ! within the TEM sample holder because of instrumental
limitations. The temperature of the sample reached 450C in 20 min. Figure 6.3a shows
the same retained austenite Im after 5 min of tempering. The austenite has started to
decompose as the thickness of the Im has reduced. The Im hadurther shrunk after
10 min of tempering (Figure 6.3b). After 20 min of tempering the Im reduced to small
area as shown in Figure 6.3c. The austenite Im is di cult to d istinguish after 30 min of
tempering (Figure 6.3d). After 45min the Im was apparently decomposed completely.
After holding for 1h, the sample was allowed to cool to room tenperature. Figure 6.4a
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Figure 6.1: Fe-Mn-Si steel: (a) Optical micrograph showingretained austenite and
martensite (grey region) surrounded by bainite sheaves a#tr isothermal transformation
at 390 C for 2 h.

shows the micrograph at room temperature, the array of pregpitates can be observed
in the ferrite matrix. The selected area di raction pattern ( Figure 6.4b) from the same
region reveals that the precipitate is cementite. At the sarre time no evidence of retained
austenite was observed from the di raction pattern.

In a di erent specimen, which was subjected toin situ tempering at 420 C for 2h,
twinned martensite was present after isothermal transfornation and cooling to ambient
temperature, shown in Figure 6.5a. During heating but befoe reaching the tempering
temperature of 420 C, the martensite started to temper. It is reasonable that it should
temper at this temperature [15, 17]. Figure 6.5b shows the sae location of Figure 6.5a
tempered during heating at 300 C. When the sample reached the tempering temperature
of 420 C, the martensite twins had disappeared completely, conclding the tempering
of martensite phase.

After repeated e orts, transformation to martensite has been captured in the mi-
crostructure during cooling of the tempered austenite regin. Figure 6.6a shows the area
(arrowed) where blocky retained austenite was present in te untempered microstruc-
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Figure 6.2: (a) Transmission electron micrograph of a samm@ transformed at 390 C for

2h. The arrow marks a Im of retained austenite. (b) Selectedarea di raction pattern
from the austenite region.
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Figure 6.3: Transmission electron micrographs of samplesetmpered at 450C for (a)
5min, (b) 20 min and (c) 20 min and (d) 30 min.

96



CHAPTER 6. IN SITU TEM OBSERVATION OF AUSTENITE DECOMPOSITI  ON

@

(b)

Figure 6.4: (a) Transmission electron micrograph of a samm@ cooled to room temperature
after tempering at 450 C for 1 h. (b) Electron diraction pattern obtained from the
tempered austenite region showing presence of cementite giles.
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(b) (©
Figure 6.5: Transmission electron micrographs of a samplea) showing martensitic twins

after isothermal transformation at 390 C for 2 h, (b) during the heating at 300 C and
(c) after reaching to 420 C.
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ture. After tempering at 450 C for 30 min, the specimen was cooled to room temper-
ature. At room temperature twinned martensite was observedin the area where the
blocky austenite was initially present (Figure 6.6b). This observation strengthens the
theory that unstable austenite transforms into martensite during cooling from the tem-
pering temperature [164]. The formation of precipitates reluces the carbon content of
the austenite which therefore becomes unstable and transfms to martensite during
cooling.

(a) (b)

Figure 6.6: (a) Transmission electron micrograph of blockyretained austenite before
tempering (arrowed), (b) Martensitic twins have formed in the area of tempered blocky
retained austenite during cooling after being tempered at 80 C for 30 min.

6.4 Discussion

The experimental steel provided an opportunity to study the decomposition behaviour
upon tempering because during the bainitic reaction carbiégs do not form. Hence the
precipitation of carbides in this case is independent of thaof bainitic ferrite, and can be

achieved subsequently by tempering. The structure obtaind after isothermal transfor-

mation is upper bainite consisting of ferrite plates separted by retained austenite Ims

and blocks.
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The decomposition of retained austenite can be observethsitu during tempering
in the transmission electron microscope. The thickness oftte retained austenite Im
measured from the micrograph, shown in Figure 6.2, was 1008 nm. During the heating
cycle of the tempering process at 45QC, the austenite started to decompose. After a
short tempering time of 5min, the thickness of the austenite Im reduced to 50 5nm
indicating decompaosition progressed. It is interesting tonote that the surrounding area
of the austenite Im shows signs of recovery via a reductionn strain contrast. The de-
composition occurred from both sides of the austenite Im ard along the = interface.
The = interface can be identi ed by dark contrast. Cementite predpitation was iden-
ti ed in the location where the retained austenite Im was or iginally present. carbide
could not be debated but it has been shown that it is not alwaysa precursor to the
precipitation of cementite even during the decomposition @ retained austenite [8]. The
decomposition mechanism of retained austenite Im can be dgcribed by the movement
of the = interface. The ferrite thus formed has the same orientationas the ferrite
around the  Im.

This study supports the theory for austenite decompositiondiscussed in Chapter 5,
where it was claimed that during tempering retained austenie becomes unstable once the
precipitation starts and transforms to martensite during cooling to ambient temperature
(refer Figure 6.6).

6.5 Summary

This study reveals the decomposition mechanism of retainedustenite during tempering

which occurs by the movement of = interface and precipitation of cementite along

the interface. There is no new ferrite orientation generate by the decomposition of
austenite, rather the adjacent bainitic ferrite expands to consume the austenite. These
results reinforce the conclusion drawn on the decompositio of retained austenite during

cooling.
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Chapter 7

In Situ Synchrotron Study of
Austenite Stability

7.1 Introduction

Among the di erent non-destructive methods for the analysis of microstructural features
of materials, synchrotron radiation is extensively used fo investigating chemical, bio-
logical, geological and physical systems and for charactising new materials. Modern
synchrotron X-ray sources are pro cient to study the heat treatment processin situ
from the bulk material [165, 166]. This explicates the materals behavior during heat
treatment or after heat treatment during cooling. The advantage of high energy X-
rays from synchrotron is the large penetration and high intensity. As a result, greater
information is available towards structural characterisation on a crystallite scale thus
enabling changes in lattice parameters to be analysed [167]

In this chapter in situ X-ray di raction measurements at a synchrotron source were
performed to monitor the stability of retained austenite in a bainitic steel during tem-
pering and subsequent cooling. In these measurements, th@hme fractions of morpho-
logically di erent austenite were obtained and the carbon cacentrations were monitored
as a function of tempering time.

7.2 Experimental Procedure

The Fe{0.39C{4.09Ni{2.05Si alloy described in Chapter 4 wa heat-treated in the Ther-
mecmaster thermomechanical simulator, using cylindrical samples ofl2 mm in length
and 8 mm diameter. Austenitisation was carried out in a vacuum (2 10 # torr) by
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heating from ambient temperature at 10 C s * to 880 C and holding for 30 min. To
obtain the required mixture of bainitic ferrite and retaine d austenite, isothermal trans-
formation was carried out at 380 C for 2 h, followed by quenching to room temperature.
An advantage of this alloy is that there is no carbide preciptation during the bainitic
transformation, permitting the decomposition of austenite to be studied beginning with
just a two phase mixture. The schematic of this heat treatmen is presented in Fig-
ure 4.2b.

Following isothermal transformation, some samples were tmpered at 400 C for 30
to 120 min for conventional X-ray measurements as describeth Chapter 4. Another
set of samples was tempereth situ using the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. For this purpose cylindrical sanples of 10 mm length and
0.8 mm diameter were machined from isothermally transformd materials.

7.2.1 Synchrotron X-ray Di raction

Samples which were pre-treated to contain a mixture of bairtic ferrite and retained
austenite were tempered at 400C in situ using a hot air blower while being exposed
to high-energy X-rays with a monochromatic wavelength of 060247A and a beam size
of 10mm horizontal 0.6 mm vertical. The temperature in the blower was calibrated
with a platinum specimen, following lattice expansion. The Swiss-Norwegian Beam Line
BMO1 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France was
used for this purpose. A robust 2-circle di ractometer was awilable for high resolution
powder di raction measurements (Figure 7.1). Each circle h& a high precision encoder
mounted directly on the rotation axis. This Bragg{Brentano diractometer works in
a transmission geometry. The 13 element Ge detector has 6 fasounting chains to
have for each analysis, six complete patterns collected simtaneously, with an o set in
2 =1:1,in order to reduce the total data collection time to a minimum.

Diraction spectra for each sample were collected at room tenperature prior to
tempering at 400 C for further collection of spectra. In both cases the Full Width Half
Maximum (FWHM) resolution was 0.01 . The 2 ranges were 9 to 37.5 at ambient
temperature and 11.5 to 22.5 during tempering with a total acquisition time of 5min
for each spectrum. Heating and cooling were performed rapig by moving the rotating
sample above the air blower. A reference sample of silicon (ST SRM-640c) was used
to calibrate the instrument and the peak-broadening functions for the integrations. The
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di raction data were analyzed using the Rietveld method [154 155] as implemented in
the program package MAUD (Materials Analysis Using Di racti on) [168, 169].

Three separate tempering sequences were carried out as shoim Figure 7.2, all with
the tempering temperature xed at 400 C. Treatments{l and Il involved two stages,
the rst consisting of 30 and 45 min of tempering respectivey, followed by quenching
to room temperature where diraction data were also collectad. The purpose was to
observe the change in the carbon content of retained austetd after partial martensitic
transformation during cooling [164]. In the second stage, ie samples were reheated to
the tempering temperature and held for the speci ed period. Finally the samples were
guenched to room temperature. In treatment{lll there was no interruption during the
period of 180 min, afterwards the sample was quenched to rootemperature.

Figure 7.1: Sample assembly mounted at beam line BMO1 with hioair blower positioned
underneath.

7.3 Results

After isothermal transformation from austenite, the micro structure consists of a mixture
of bainitic ferrite and carbon-enriched retained austenie, as shown in Figure 7.3. This
structure was then tempered within the synchrotron instrument with data collected
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Figure 7.2: Schematics of the tempering treatments carriesut using synchrotron X-ray
radiation at ESRF, Grenoble. Arrows indicate quenching to room temperature.
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every ve minutes. Figure 7.4 shows the change in retained astenite content during

tempering. The zero tempering time corresponds to the sampgl in its isothermally

transformed state with the austenite content measured at ram temperature, to be 0.19.
This graph also shows low-energy X-ray di raction data for camparison purposes. There
is a revealing discrepancy in the results using two di erent echniques. To investigate
further the sample after being tempered in the synchrotron vas characterised using
low-energy X-rays; this information is also plotted and is ®nsistent with the sample
tempered in a furnace rather than the synchrotron. SEM was ued to check whether
there was any de-carburization at the surface of the samplex@osed in the synchrotron
following tempering treatment{l. The observed structure is shown in Fig 7.5, which
shows no evidence of de-carburization given the uniformityof the microstructure across

its section.

Figure 7.3: Scanning electron micrograph obtained followig isothermal transformation
at 380 C for 2 h showing mixed microstructure of bainitic ferrite and retained austenite.

The austenite contribution in the microstructure comes from both the untransformed
blocks and thin Ims, the latter being entrapped between the bainite plates. The two
kinds of austenite di er in terms of crystallite size and latt ice strain and can be separated
in X-ray di raction patterns. The change in volume of both the forms of austenite during
tempering treatment{l are plotted in Figure 7.6. The plot sh ows that blocky austenite
always maintains a larger volume fraction as compared with he Ims. The volume
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Figure 7.4: Measured volume% of retained austenite as a fution of tempering time
after tempering treatment{l , obtained by synchrotron radi ation (blue square) and low-
energy X-rays (green triangles). Standard X-ray measurema for the sample after the
tempering treatment{l using synchrotron di ractometer is s hown by the magenta circle.

fraction of both blocky and Im austenite has decreased withthe progress of tempering,
but this reduction is gradual for the blocky constituent whereas there is sharp decrease
in fraction of the Im type in the initial stage, after whicht here is little change. Similarly
volume% of both the austenite variants were analysed duringreatment{ll (Figure 7.7).
The trend is very similar with treatment{1. The only di erenc e with the earlier graph
is that here both the constituents reduce gradually as the tenpering time elapses. The
deconvolution of individual constituents of the austenite intensity is sensitive to the
pro le tting.

The lattice parameter of untransformed austenite at the transformation temperature
T was calculated from the room temperature (298 K) value usinghe thermal expansion
coecient, e :

a' = a®®[1+e (T 298)] (7.1)

where T is the temperature in K and a represents the lattice parameter of austen-
ite. The thermal expansion coe cient of austenite considered in these calculations was
e =2.065 10 °K 1. The carbon content of retained austenite was calculated usg the
relationship between lattice parameter and chemical compsition reported by Dyson and
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Figure 7.5: Scanning electron micrograph showing microstricture at the edge of the
sample after tempering treatment{l.

Holmes [157]. This expression has been selected as being thest complete in terms of
the contribution of di erent solutes to the austenite lattic e parameter and its use has been
validated due to reasonable agreement with atom probe measements [53, 62, 170, 171].
The carbon contents of both Im and blocky austenite during tempering treatment-|
are presented in Figure 7.8a. It shows that the Im austenite contains more carbon
than the blocky counterpart. It also is important to notice t hat the average carbon level
for both the constituents remain constant throughout the tempering process. A similar
plot after tempering treatment{ll (Figure 7.8b) shows that although there are apparent
uctuations within the uncertainty limits during the tempe ring process, the mean carbon
concentration of Im and blocks remain constant of 1.9wt% ard 1.6 wt% respectively
after both the treatments (I and Il). Higher carbon in Im aus tenite corresponds to
a greater driving force for the precipitation of carbides. This can be deduced from
the di erence between the equilibrium concentrations givenby the extended = and
= boundaries. As a result, austenite Ims decompose more edgithan the blocky
constituents, which have higher volume in the microstructuwe. The Ty carbon for the
studied steel at 400C is 0.8 wt%, calculated using a method published elsewherd 29,
150]. The carbon content of the retained austenite (both theconstituents) is higher
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Figure 7.6: Change in volume% of austenite constituents meaured during tempering
treatment{l.

+Y
+y

Figure 7.7: Change in volume% of austenite constituents meaured during tempering
treatment{ll.

108



CHAPTER 7. IN SITU SYNCHROTRON STUDY OF AUSTENITE STABILITY

than the Ty carbon. This is consistent with the theory that after isothermal bainitic
transformation the excess carbon from supersaturated baitic ferrite is rejected into the
residual austenite and accumulates in the austenite, thergy allowing it to be retained
at room temperature [42]. The retained austenite when rehe®d started to decompose
at 400 C but the carbon content never fall below Ty.

During tempering treatments | and Il, the specimens were quached to room tem-
perature after stage 1. Figure 7.8 shows that on both the occdons the carbon content
of Im and blocky austenite has increased from the value measred at 400 C before and
after quenching. This is only possible when the unstabilisg¢ austenite transforms to
martensite during cooling, results in increase in carbon catent of the remaining austen-
ite [164]. The room temperature results after stage 2 also giw similar behavior because
there is still 12.3 volume% of austenite retained in the stricture.

The progress of transformation duringin situ tempering can be accomplished through
the change in total austenite content, Figure 7.9. The decorosition reaction is slug-
gish after 1 h, as a result the amounts of austenite remainecdithe structure are similar
following treatments Il and IIl.

High-energy X-ray diraction patterns of untempered materi al and after tempering
for 30 min and 120 min, obtained at room temperature, are show in Figure 7.10. The
e ect of tempering can be observed from the (002) peak of austéte. Low-energy X-
ray results are shown in Figure 7.11, which shows faster redtion of austenite volume
though the decrease in austenite peaks intensity. After isthermal transformation the
material contained 0.16 0.01 and 0.19 0.01 volume fraction of austenite measured using
low and high-energy X-ray di raction respectively.

The microstructure after tempering is shown in Figure 7.12a The amount of austen-
ite retained in the structure after 2 h of tempering was 12.3 wlume%. The blocky austen-
ite can be clearly observed in the microstructure primarily at the grain boundaries, it
may be noted that the blocky austenite present in the structure in larger volume as de-
scribed in Figures 7.6 and 7.7. Transmission electron micizopy examination revealed
the presence of cementite particles in the tempered specime Figure 7.13a shows ce-
mentite precipitates at the grain boundaries and the correponding electron di raction
pattern con rms the cementite phase.
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Figure 7.8: Carbon content of retained austenite obtained dring in situ tempering for

(a) treatment{l and (b) treatment{ll. Open markers represe nt the results from room
temperature measurements.Ty curve calculated for the studied steel [150].
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Figure 7.9: Measured volume% of retained austenite as a fution of tempering time for
three di erent tempering treatments.
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Figure 7.10: The plot showing synchrotron X-ray diraction r esults after tempering
treatment{l measured at room temperature.
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Figure 7.11: Results of low-energy X-ray di raction. Isothermal transformation at 390 C
(BT380) and followed by tempering at 400 C for di erent durations.

7.4 Discussion

Low energy X-ray radiation and synchrotron radiation were used to study the Fe-Ni-Si
steel subjected to tempering. Synchrotron radiation, chaacterised by its high spatial
resolution and ux density, was demonstrated to yield microstructural information that
was not resolvable by conventional X-ray. There is a major dscrepancy between the
low-energy and high-energy X-ray di raction data (Figure 7.4), with the former under-
estimating the fraction of austenite when the two results ae compared. The synchrotron
data were collected at the tempering temperature with one iterruption (for treatments{l
and I1) when the sample was cooled down to room temperature. rl contrast, the low-
energy data were collected after cooling each sample from ¢htempering temperature to
room temperature. The amounts ofV determined at 400 C were higher as compared
those measured at room temperatures. It is estimated that tle penetration depth of
X-rays in Fe( ) with CuK target varies from 0.5-1.7 m for the angle of incidence (2)
between 20-150 [172]. In case of synchrotron radiation the depth of penetrtion lies
in the range of 68 to 75 m for the wavelength of 0.5A [173]. It is possible, therefore,
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Figure 7.12: (a) Scanning electron micrograph of the tempeard sample after tempering
treatment{l, showing retained austenite (arrowed) presert in the microstructure even
after 2h of tempering. (b) Corresponding transmission eleton micrograph showing
retained austenite marked with arrows.
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(b)
Figure 7.13: (a) Transmission electron micrograph showingrecipitation of ne cemen-

tite particles (arrowed) in the tempered specimen, temperd using T hermecmaster at
400 C for 30 min. (b) Electron di raction pattern obtained from th e precipitates.
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that the underestimation in the low{penetration experiments comes from the decompo-
sition of retained austenite in the proximity of the free surface, an e ect which would be
masked in the synchrotron experiments which sample a greatedepth.

To test this hypothesis, the conventional X-ray samples wee further chemically pol-
ished andV was measured again. This resulted in an increase in the measd values of
retained austenite content. The discrepancy between the tw kinds of experiments van-
ished for an annealing time of 30 min, but not for longer perials at 400 C. This is because
during tempering, the precipitation of carbides reduces tle stability of the austenite so
that on cooling, some of this transforms into martensite [1@]. In the experimental alloy,
cementite precipitation has been observed in the specimenfter a short tempering time
of 30 min (Figure 7.13). The room temperature measurements feer 30 min and 45 min
for treatment{l and treatment{ll respectively revealed an increase in carbon content
due to the formation of martensite and subsequent enrichmeinof carbon in the retained
austenite. This is consistent with existing theory [174].

The work reveals two new pieces of information, rst that conventional experiments
using X-ray diraction may in some cases mislead due to surfae e ects, and secondly,
the comparison reinforces the conclusion (Chapter 5) that here is some decomposition
of the residual austenite, which exists at 400C, into martensite on cooling to ambient
temperature. This e ect is most prominent at the surface of the sample, and hence the
e ect is less pronounced when dealing with synchrotron samgs.

7.5 Summary

Experiments were carried out with the aim of determining the change in volume% and
chemical composition of retained austenite under thermaldad. High-energy synchrotron
X-ray radiation has been used to analyze the decomposition éhavior in situ . This result

successfully demonstrates the change in volume% of indivichl constituents of austenite
phase present in the microstructure after bainitic transfamation. The blocky austenite

can accommodate less carbon as compared with Im type. As a malt, blocky austenite
is shown to be more stable under thermal load and present eveafter long tempering
treatments. This study further strengthens the theory that following the precipitation

of cementite, the remaining austenite becomes unstable toransform into martensite
during cooling.
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Chapter 8

Tempering Behaviour of
Fe-Mn-Si and Fe-Ni-Si Steels

8.1 Introduction

The purpose of tempering is to reduce the brittleness assaafed with hardening and

to produce de ned physical properties within the steel. Besdes reducing brittleness,
tempering also softens the steel. That is unavoidable and th amount of hardness that
is lost depends on the temperature that the steel is heated taduring the tempering

process. That is true for all steels except those which secdary harden where tempering
increases the hardness when alloy carbides are able to prpitate [175, 176]. In some
cases, tempering may not be deliberate such as during galvaing or galvannealing,

where the materials get momentarily exposed to elevated teeratures. In this chapter,

the tempering behavior of the two bainitic Fe-Mn-Si and Fe-Ni-Si steels are compared.
The e ects of tempering are discussed in terms of microstruatral changes and non-
uniform strain; an attempt has been made to correlate these ltanges with the amount
of austenite decomposed.

8.2 Experimental Procedure

The chemical compositions and the manufacturing routes of he studied steels have been
elaborated in Section 4.1. All the heat treatments were caried out in a Thermecmas-
ter thermomechanical simulator using cylindrical samples, 12nm in length and 8 mm
diameter as described in Section 4.2.

The specimens for optical microscopy, electron microscopgnd X-ray di raction were
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cut out from the heat treated samples. X-ray di raction measurements were carried out
using a Philips vertical di ractometer with un ltered CuK  radiation using the param-
eters described in Section 4.8. Peak positions and phases needenti ed using X'Pert
HighScore Plus software. The volume fraction of retained astenite was determined us-
ing Rietveld re nement [140, 142]. In case of microstrain a@lysis the PROFIT software
package was used for pro le tting and thereby to obtain the i nformation regarding peak
position, width and intensity. Lanthanum hexaboride (LaB g) was used to calibrate the
instrumental broadening of di raction peaks.

Transmission electron microscopy was carried out using a JBL 2000FX (200 kV)
transmission electron microscope. Apart from thin foils, @rbon extraction replicas were
used to characterise the carbides in the Fe-Mn-Si steel subgted to tempering, the details
of which has been depicted in Section 4.10.

Orientation imaging of grains was carried out using the eleton backscattered di rac-
tion (EBSD) technique. The measurement was carried out on tle direction perpendicular
to rolling direction, over a eld of 486 364 m for true representative sampling. The
sample preparation and instrumental techniques have beenabcribed in Section 4.9.

8.3 Results

The prior austenite grain size was revealed using thermal ehing of grain boundaries, as
shown in Figure 4.3. The mean linear intercept of prior austaite grain size of thermally

etched samples of the Fe-Mn-Si and Fe-Ni-Si steels are 51.2.6 m and 28.2 1.4 m

respectively.

The amount of austenite remaining at the isothermal transfamation temperature
after the bainitic transformation is known as residual austenite and this can be estimated
using the Tg curve of the phase diagram [42]. During cooling from the trasformation
temperature to room temperature, some of the austenite deqoposes to martensite and
the quantity can be estimated by applying the Koistinen and Marburger Equation [159]
as described in Section 5.4. Table 8.1 shows the phase framtis of two di erent alloys
following isothermal transformation. The austenite volume fractions measured using
X-ray di raction after the isothermal transformation were 0 .13 0.01 and 0.16 0.01 for
the Fe-Mn-Si and Fe-Ni-Si steels respectively and are corstient with the calculations in
Table 8.1.
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Volume fraction Fe-Mn-Si steel Fe-Ni-Si steel
Residual austenite V390 =0:32 V30 =0:44
Martensite V¥ =0:19 V¥ =0:27
Retained austenite v =0:13 v¥®=0:17

Table 8.1: Volume fractions of di erent phases calculated fom T plot. The superscripts
indicate the temperature in degrees celcius.

8.3.1 E ect of Tempering on Microstructural Characteristi cs

After isothermal transformation the microstructure consists of bainitic ferrite, retained
austenite and a quantity of martensite. The individual microstructures of both alloys
following isothermal transformation were presented in Chaters 5 and 7.

Figure 8.1 illustrates the microstructures of the Fe-Mn-Si steel. The sample tem-
pered at 420 C for 1 h is shown in Figure 8.1a; retained austenite can be olesved in the
microstructure along with the \decomposed region". This isan area which transformed
from retained austenite as the consequence of tempering. gire 8.2 shows higher res-
olution micrographs of the decomposed region. The transmg&on electron micrograph
is presented in Figure 8.3, con rming the presence of austdte Ims. It is dicult to
nd retained austenite in the structure after 10 h of tempering (Figure 8.1b) since X-ray
di raction indicated only 3% of this phase.

Some typical optical micrographs of the Fe-Ni-Si steel folbbwing tempering treatments
are presented in Figure 8.4. Tempering at 400C for 30 min leaves the ferrite fraction
essentially unchanged with a minor reduction of austenite,but after 1h a tempered
bainitic structure can be be observed. With gradual progres of tempering the retained
austenite disappeared from the microstructure. The presece of only tempered bainite
and decomposed ferrite after 5 h of tempering indicates thered of the tempering process.

Fig 8.5 shows the evolution of the austenite volume fractionas a function of heat
treatment, determined using X-ray di raction on samples coded to room temperature
following tempering. The data are also plotted as isothermétransformations in Fig-
ure 8.6 which shows that kinetics of decomposition are muchafster in the Ni-containing
alloy, which will be explained later using thermodynamic cdculations.
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Figure 8.1: Fe-Mn-Si steel: (a) Optical micrograph showingretained austenite (bright)
surrounded by bainite sheaves after tempering at 420C for 1 h. (b) Optical micrograph
showing tempered bainite and decomposed region (brown) adt tempering for 10 h at

420 C.
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Figure 8.2: Fe-Mn-Si steel: (a) Scanning electron micrognah showing decomposed region
after tempering for 5h at 420 C. (b) Magni ed decomposed region shown in (a).
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(b)
Figure 8.3: (a) Transmission electron micrograph showing etained austenite (arrowed)

in the structure after tempering at 420 C for 1 h. (b) Dark eld image of the austenite
Im using a f111g re ection.
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(©)

(d)

Figure 8.4: Fe-Ni-Si steel: Optical micrograph showing resined austenite (bright) and

transformed ferrite (grey region) ( ) surrounded by bainite sheaves after tempering at
400 C for (a) 30min, (b) 1h and (c) 2h. (d) Optical micrograph showing tempered
bainite and transformed ferrite after tempering for 5h at 400 C.
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Figure 8.5: E ect of tempering on the retained austenite volume fraction measured at
ambient temperature for (a) the Fe-Mn-Si and (b) the Fe-Ni-Si steels.
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Figure 8.6: Isothermal transformation diagram for retained austenite decomposition for
(a) the Fe-Mn-Si and (b) the Fe-Ni-Si steels.
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8.3.2 E ect of Tempering on Hardness

Fig 8.7 shows the variation of hardness due to tempering. Nosurprisingly the Fe-Ni-Si
steel shows rapid reductions in hardness consistent with th kinetics of microstructural
change described in previous section. Grange and Baughmardq7] had shown that
the Mn-containing steel poses 5 to 7 times more resistance tmartensite tempering as
compared with Ni-containing steel when the carbon content $ within the range of 0.2 to
0.85 wt%. The initial increase in hardness of Mn containing teel is due to the formation
of a signi cant amount of martensite. So the decrease in hardess because of softening
was actually compensated by that increase. Subsequently thaustenite transforming to
ferrite and cementite causes a reduction in hardness. In thé&i added steel after rapid
transformation in the initial stages, which is evident from the rapid decrease in hardness,
the change in hardness is minimal at later stages.

8.3.3 Precipitation of Carbides During Tempering

Speci ¢ low angle X-ray di raction scans were carried out to characterise the carbides
after tempering. Figure 8.8 shows the diraction data for the Fe-Ni-Si steel after tem-

pering at 400 C and 420 C for di erent periods. The presence of -carbide after shorter

duration of tempering is clear for both the tempering temperatures. With the progress

of tempering, the -carbide transformed, as expected, to more stable cemenét This is

similar to what is found in the martensite tempering [25, 87,103]. The precipitation of

epsilon carbide during tempering of bainite has been repo#dd recently [178]. The scans
were also conducted for Fe-Mn-Si steel, as presented in Samt 5.4.3, although apart

from cementite no other carbide was revealed.

Transmission electron microscopy was used to characteristhe carbides after tem-
pering of the Fe-Ni-Si steel. Figure 8.9a shows the temperedtructure where -carbide
formed during tempering. Figure 8.9b shows, consistent wh X-ray diraction, the
corresponding electron di raction pattern of -carbide. Extensive transmission electron
microscope results failed to detect -carbide in the tempered Fe-Mn-Si steel. Carbon
extraction replicas were made from the tempered Fe-Mn-Si stel but were not successful
in extracting the extremely ne carbides, which are only 5-15 nm in width (Figures 5.14
and 5.15). The epsilon carbides were even ner than this. It § possible that the pre-
cipitates are coherent with the matrix, which would explain why they could not be
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Figure 8.7: Variation of Vickers hardness with tempering time (a) 400 C and (b) 420 C.
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extracted.

The Fe-Mn-Si steel tempered at 450C for 2 h contained cementite revealed by X-ray
di raction (Section 5.4.3) and transmission electron micrascopy of thin foils (Section
5.4.4). Extraction residue from this material was also anaysed using X-ray di raction
to con rm the presence of carbide particles. Figure 8.10 shws the diraction pattern
after X-ray analysis indicating the cementite peaks. The diraction pattern analysis of
the Iter paper was also carried out to identify any peak arising by itself.

8.3.4 Microstrain and Dislocation Density

The e ect of crystallite size, microstrain and instrumental broadening can be separated
conveniently if the peaks are Lorentzian or Gaussian shapedFor Lorentzian peaks the
measured breadth, ., [138]:

m = inst T sizet strain (8.1)

and for Gaussian peaks the following applies [138]:

2 - 2 + 2 + 2 (82)

m inst size strain

where inst, sizes» strain are the contributions from instrumental broadening, crystallite
size and microstrain respectively on the measured breadthCorrections for instrumental
broadening were obtained by using Lanthanum hexaboride (LBg), which has almost
zero sample broadening.

Broadening due to size and strain components can be separatdy plotting cos as
function of sin = with the implicit assumption that peaks shapes are Lorentzan. This
plot is known as Williamson-Hall plot [179]. The resultant line breadth =( m{ inst)
can be obtained from [180]:

K
F =4 tan + DC?)S (8.3)

where | is in radians, is the e ective lattice microstrain, is the Bragg angle,Ks is
the shape factor, is the wavelength of the radiation used andD is the crystallite size.
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@)

(b)

Figure 8.8: X-ray di raction patterns from Fe-Ni-Si steel fo cusing on low , after tem-
pering at (a) 400 C and (b) 420 C.
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@

(b)
Figure 8.9: (a) Transmission electron micrograph of the FeNi-Si steel showing epsilon

carbide (arrowed) in the transformed austenite region afte tempering at 400 C for 2 h.
(b) Electron di raction pattern of epsilon carbide in a ferri tic matrix.
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Figure 8.10: X-ray diraction analysis of the extracted residue of Fe-Mn-Si steel after
tempering at 450 C for 2h.

The value of K¢ varies from 0.89 to 1 depending upon whether , is the full width at
half maximum (FWHM) or the integral breadth and the assumpti ons about peak pro le
and crystallite shape. Since the integral breadth was condiered, K5 was taken as 1.
Hence, Equation 8.3 can be re-written as:

r COS 1 sin

= 5+4 — (8.4)

If strain broadening is the important contribution then . cos is a linear function
of sin . Plotting Equation 8.4 gives a Williamson-Hall plot where the intercept of the
tted straight line with the y axis yields the inverse of the c rystallite size and from
the slope microstrain can be obtained if the strain distribution is isotropic. Figure 8.11
shows a Williamson-Hall plot for the Fe-Mn-Si steel after issthermally transforming the
material at 390 C for 2 h. If size broadening is the only signi cant contribution to peak
width, then ,cos= is a constant for all peaks i.e. its Williamson-Hall plot would be a
horizontal line.

When lattice microstrains and ne crystallite size induce Gaussian peak shape, the
resultant line breadth can be obtained by adding the square bthe constituents:
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0/ A

0 A

Figure 8.11: Williamson-Hall plot of the Fe-Mn-Si steel after isothermally transformed
at 390 C for 2h.

Ks 2
D cos
Line pro les were tted to a pseudo-Voigt function using the Philips PROFIT soft-

2=(4 tan )*+ (8.5)

ware package. The package allowed a exible control over thee nement process and
provided a high degree of accuracy in pro le tting. The pseudo-Voigt function can be

represented as:

p V=L+(1 )G (8.6)

where L is the Lorentzian component, G is the Gaussian component and is the
mixing parameter. During the prole tting procedure, was re ned to capture the
weights of both componentsL and G in each peak width. This re nement yielded an
excellent t; almost all peak shapes observed were a mix of Lentzian and Gaussian
functions.

Dislocation densities and information about dislocation arangements from the X-ray
studies were deduced by Gay, Hirsch and Kelly [181]. They caidered materials in terms
of particles of sizex which are separated by a single wall of edge or screw dislogans.
Thus the dislocation density in the boundaries was expresskas:
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Ds = '=bx (8.7)

where ' is the angle between two particles andb is the Burgers vector. The values
of ' and x extracted from Debye-Scherrer rings of X-ray photograph. The dislocation
density, however, calculated through this methods undereimates the actual density in
the materials. It was assumed that dislocations are randonyt arranged, which is unlikely
when regular array of dislocations may present in the anne&d materials.

Williamson and Smallman [182] overcame this di culty by cal culating dislocation
densities from the line pro le of X-ray measurement where beadth of the strain distri-
bution, , was deduced from the Williamson and Hall plot (Figure 8.11) The dislocation
density thus calculated from the strain broadening is [182]

k 2
FR
wherek = 6 E (A= )In(r=rg) and varies between 2 to 25. HereE is Young's modulus,

(8.8)

factor A depends on the shape of strain distribution, is shear modulusF is interaction
factor among dislocations,b is the Burgers vector of the dislocation,r is the radius of
the crystal containing dislocation and rg is the integration limit.

A more exact calculation of k which does not involve any of the above assumptions
is possible by using the results of Wilson [183] for the broaghing by a screw dislocation.
This calculation gives k=14.4 for body-centred cubic metals with b along <111> direc-
tions. The value of F is assumed to be 1. Hence for the calculation of the dislocain
density of bainitic ferrite, Equation 8.8 becomes:

2
=144 (8.9)
The Burgers vector used for the present study was 2.47 10 19m [182].

The non-uniform strain of the bainitic ferrite was measuredfrom X-ray analysis after
isothermal transformation and during di erent stages of tempering treatments. Line
pro les of 110y, 002y, f112y, f022y, f013y and f 222y peaks of bainitic ferrite were
taken into account. The measured non-uniform strain of the sothermally transformed
specimen and tempered specimens of Fe-Mn-Si alloy are plel in Figure 8.12. It is
seen that at the beginning of tempering the strain drops dratically from that of the
untempered state and this was identi ed for both the tempering temperatures. The rate
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Figure 8.12: Non-uniform strain measured using X-ray analgis for the Fe-Mn-Si alloy
before and after tempering at 450C and 480 C. The austenite volume fraction was
measured from specimens tempered at 45C.

of decrease was sluggish after the initial events at 45€ and eventually after 60 min the
change in strain is relatively constant. This can be correléed with the fact that until
60 min the rate of reduction of austenite volume fraction is wiform but after 60 min the
austenite retained in the materials was negligible. At 480C the decrease in strain is
much faster because of higher tempering temperature. Theris clear correlation between
the non-uniform strain in the bainitic ferrite and the amount of austenite present in the
microstructure.

A similar conclusion can also be drawn from Figure 8.13 whickshows non-uniform
strain in the Fe-Ni-Si steel specimens before and after temgring at 400 C and 420 C.
The austenite volume fraction, obtained at 400 C, follows a similar trend with the non-
uniform strain measured at the same temperature. This graphalso shows the rapid
decrease in strain at the initial stage of tempering.

The estimated dislocation densities for di erent tempering conditions are shown in
Figures 8.14 and 8.15 of the Fe-Mn-Si and Fe-Ni-Si steels rgsctively. The dislocation
density, measured using X-ray peak broadening analysis, dlie isothermally transformed
specimens were 4.8 1.2 10®m 2 for the Fe-Mn-Si steel and 4.4 1.0 10%m 2 for
the Fe-Ni-Si steel. As expected, the results show a tendendyp decrease dislocation den-
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Figure 8.13: Non-uniform strain measured using X-ray analgis for the Fe-Ni-Si alloy
before and after tempering at 400C and 420 C. The austenite volume fraction was
measured from specimens tempered at 40C.

sity following tempering treatment. In the Fe-Mn-Si steel after tempering for 120 min at
450 C, the dislocation density drops down from4.8 1.2 10®m 2t085 2.2 10“m 2.
The interesting observation is that the dislocation density of the Fe-Mn-Si steel after tem-
pering for 60 min at 480 C was 4.0 1.2 10“m 2 which was same with the Fe-Ni-Si
steel after tempering for 90 min at 420C, in both the specimens the austenite was de-
composed completely. This further supports the conclusiorthat dislocation density in
bainitic ferrite depends on the austenite retained in the mcrostructure.

8.4 Electron Backscattered Di raction

The specimen from the Fe-Ni-Si steel after isothermal tran®rmation was used for elec-
tron backscattered diraction (EBSD) analysis. To measure the phase fraction from

the crystallographic contrast a eld of 486 364 m was scanned with a step size of
0.5 m. The volume fractions of bainitic ferrite and retained augenite measured were
0.93 0.05 and 0.07 0.01 respectively. The volume fraction of austenite measwd using

X-ray diraction is signi cantly larger than measured by thi s method. This is because
the austenite Ims were not resolved (Figure 5.2). EBSD has eme limitations to identify
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/

Figure 8.14: Dislocation density measured at 450C and 480 C during di erent stages
of tempering for the Fe-Mn-Si alloy.

Figure 8.15: Dislocation density measured at 400C and 420 C during di erent stages
of tempering for the Fe-Ni-Si alloy.
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ne features of less than 50 nm [184]. Moreover to determinergin or subgrain size from
EBSD map, the minimum pixel step size to be considered. It washown that to obtain
an accuracy of 10% at least 5 pixels per grain are required anfibr an accuracy of 5%, a
minimum of 8 pixels per grain size required [185]. Therefore, it can beonicluded that
EBSD is not an appropriate tool for the present purpose wheremicrotexture is not an

issue.

8.5 Discussion

The tempering behaviours of the two bainitic steels, Fe-MnSi and Fe-Ni-Si, have been
discussed. Hardness tests show the Fe-Mn-Si steel is moresigant to tempering as
compared to the Ni added steel and the hardness remains corssit in the latter grade
throughout the tempering process after the initial drop.

Tempering introduces di erent types of carbides in the microstructure, which were
characterised using various technigues. Among the method-ray di raction and trans-
mission electron microscopy were the most useful. Cemengtis the only carbide formed
in the Fe-Mn-Si steel whereas in the Ni-added steel both cenmtite and -carbide were
formed as a result of tempering. Manganese was reported to deease the rate of car-
bon di usion in ferrite, therefore, delays the precipitation of the carbide [186]. But,
Pacyna [187] claimed this may not be true and proposed that lege concentrations of
carbon and manganese are required for carbide precipitation. In further work, Pa-
cyna [188] showed that nickel enhances carbide precipitation during tempering. It was
also observed that epsilon carbide did not form during the tenpering of a martensite
containing 0.2wt% carbon or less [88, 103]. The present stydis consistent with this
observation for the decomposition of retained austenite. Tie metastable -carbide trans-
formed to stable cementite during the tempering process, aseen during the tempering
of martensite [25, 87, 103].

Through experimental analysis it was observed that the austnite decomposition ki-
netics are much faster in the Ni-added steel compared with te Mn-added steel irrespec-
tive of the transformation temperatures (Figures 8.5 and 86). In order to understand
the thermodynamics of the transformation, the driving force for the formation of ferrite
and cementite together from the carbon-enriched austenitewas calculated using MT-
DATA, as shown in Figure 8.16a. Surprisingly, the driving force for the decomposition
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of austenite is large in the Mn-steel although this alloy shaved slower transformation
kinetics. To further clarify the fact, the driving force for the formation of cementite
alone was calculated, shown in Figure 8.16b. This plot showthat the driving force for
the formation of cementite is much higher in the Ni-containing steel compared with the
Mn-added steel. This indicates that cementite formation isfaster in the Ni-added steel
because of higher driving force. Cementite formation natually leads to a reduction in
the carbon content of the system. Figure 8.16a described thequilibrium mixture of
both the phases, whereas formation of cementite controls th kinetics of the decomposi-
tion reaction. Hence it can be concluded that because of earlprecipitation of cementite
particles, the decomposition kinetics are faster in the Niadded steel. In Chapter 5,
similar postulation was derived for the decomposition of réained austenite, where it
was observed that cementite formed rst during tempering of Mn-added steel. The
thermodynamic calculations con rm this fact.

It has been possible to determine the non-uniform strain duing austenite decompo-
sition from the X-ray di raction results. The peak shapes were considered as Lorentzian
type for this analysis since the estimated strains for both lorentzian and Gaussian peak
shapes were very similar. Dislocation density can also be fmulated from the non-
uniform strain using a numerical method. Non-uniform strain and dislocation density
were measured for both the alloys and the e ects of tempering v these parameters were
studied. As expected, tempering has been shown to reduce th@n-uniform strain and
dislocation density in the materials. It is possible that the changes in non-uniform strain
may be correlated with the change in retained austenite corgnt during the tempering
process. This was observed in both the alloys.

8.6 Summary

The changes that occur during the tempering of a mixture of banitic ferrite, carbon-
enriched retained austenite and martensite have been studd using di erent techniques
for two di erent alloys. An in-depth study of the precipitati on behavior during tempering
was carried out for the two bainitic alloys. Epsilon carbide was formed as a precursor of
cementite in the Fe-Ni-Si steel, whereas this sequence wastobserved in the Mn-added
steel. The kinetics of austenite decomposition has been obssed to be much faster
in the Ni-containing steel compared to the Mn-containing steel. Early precipitation of

138



CHAPTER 8. TEMPERING BEHAVIOUR OF Fe-Mn-Si AND Fe-Ni-Si STE ELS

@)

(b)

Figure 8.16: Driving force for the formation of (a) ferrite and cementite together and
(b) cementite alone from carbon-enriched retained austen¢ under equilibrium condition.
Retained austenite carbon contents of the Mn steel and the Nisteel are 0.7 wt% and
1.41 wt% respectively.
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cementite controls the kinetics of the decomposition reagbn. The measurement of non-
uniform strain and dislocation density from the X-ray di rac tion peaks broadening were
discussed and the e ects of tempering on these parameters werexplained in terms of
the austenite decomposition.
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Chapter 9

Kinetics of Austenite
Decomposition

9.1 Introduction

The e ect of tempering on the stability of retained austenite has been discussed in
Chapters 5 to 8. The retained austenite decomposes into feite and cementite. Some
metastable carbides were formed but are eventually replack by stable cementite. In
order to generalise the results, a theory is developed and psented here to describe the
overall transformation kinetics of austenite decompositon during tempering of mixtures
of bainitic ferrite and retained austenite. The model takesas its inputs the appropriate
compositions and thermodynamic data and estimates the volme fractions of the de-
composition products as a function of time and temperature.There are only two tting
parameters, the interfacial energy and the number density b nucleation sites. Given
these tting parameters, it was decided to neglect the fact that metastable carbides
precede cementite. The method truly is general and su cienly robust to deal with
multiple reactions but each additional carbide phase wouldintroduce two further tting
parameters and reduce the ability of the method.

9.2 Model for Nucleation

The reaction modelled is as follows:

where g is the retained austenite. The nucleation rate for ferrite/cementite is given
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from classical nucleation theory (Section 3.2.1) as

kT G +Q
| = NVT exp RT (9.1)
where the activation energy barrier to nucleation G is given by
_ 16 3 ©.2)
3 G ’

To evaluate the nucleation rate it is necessary to determinghe number of nucleation
sites per unit volume, Ny, the interfacial energy per unit area, , and the driving force for
nucleation Gy . The activation energy, Q, for both ferrite and cementite was assumed
to be 200kJ mol 1.

9.2.1 Chemical Free Energy Change for Nucleation

The composition of the retained austenite is given by theTy curve same as in the
experiments used to generate the starting mixture of bainitc ferrite and austenite, the
isothermal heat treatment was long enough to prevent the reation to stop (Figure 9.1).
The ultimate, expected volume fractions of ferrite and cematite were calculated from
the extended ( + )= and ( + )= phase boundaries using the lever rule. The driving
force for the formation of ferrite and cementite during the decompaosition of retained
austenite was calculated using MTDATA, ferrite was calculaed under para-equilibrium
conditions. Figure 9.2 shows the driving force as a functiorf the tempering temperature
for the independent formation of ferrite and cementite. The free energy change for
cementite formation is less in the Mn-added steel because dlfie lower carbon content.
The equilibrium volume fractions of the phases at di erent temperatures are illustrated
in Figure 9.3.

9.3 Growth Model

Growth of ferrite and cementite were characterised by paraquilibrium i.e. only carbon
can di use, since the temperatures involved are too low to pemit substitutional solutes
to be mobile [178]. The low transformation temperature is aso responsible for the low
mobility of the iron atoms [189]. The growth is therefore sokly controlled by the di usion
of carbon in austenite.
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Figure 9.1: Schematic representation of the Fe-C equilibum phase diagram with aTg
curve superimposed.
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(b)
Figure 9.2: Driving force, G, for given phase formation (calculated using MTDATA)

for (a) the Fe-Mn-Si steel (0.7wt%C) and (b) the Fe-Ni-Si steel (1.41wt%C). Ferrite
was calculated under para-equilibrium conditions.
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@

(b)
Figure 9.3: Volume fraction of phases in thermodynamic equibrium as function of

temperature (calculated using MTDATA) for (a) the Fe-Mn-Si steel (0.7 wt%C) and (b)
the Fe-Ni-Si steel (1.41 wt%C).
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For the austenite to ferrite transformation the concentrations at the interfaces can
be obtained from the diagram, as shown in Figure 9.4.

Figure 9.4: Distribution of carbon at the = interface, wherex is the precipitate size.

In the present case, both ferrite and cementite particles wee initially assumed to
grow isotropically so they can be represented by spheres ohdius

r= @ )¥? (9.3)

where is the three-dimensional parabolic rate constant and an indvidual region may
form after a time interval t = . For the growth of cementite,

_ 2D c ) (9.4)
(c c)i(c ©O*

wheret is the mean carbon content of austenitec is the carbon content in the austenite
in equilibrium with cementite and ¢ is the carbon content of cementite in equilibrium

with austenite. The volume of an individual particle at a tim et is given by
4
V= 3 )2 (9.5)

For austenite to cementite transformation the concentrations at the interfaces follow the
diagram as shown in Figure 9.5.
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Figure 9.5: Distribution of carbon at the = interface.

The real volume fractions of ferrite and cementite were calalated from the extended
volume concept, as discussed in Section 3.4. The increaserngal volumes of ferrite and
cementite can be expressed in terms of extended volume by [A2190]:

!
V +V

dv 1 dVe (9.6)

V +V

dv 1

dVe (9.7)

whereV and V are real volumes of ferrite and cementite respectively whexas Ve
and Ve are the extended volumes. These are coupled equations whichust be solved
simultaneously.

9.3.1 Diusion of Carbon

The di usivity of carbon in austenite is dependent on its concentration. To account for

this, Trivedi and Pound [121] proposed a weighted average disivity D which for the
ferrite growth from austenite is given by

D=

S c . Dfc;Tgdc (9.8)
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where Df c; Tg, the composition dependent di usivity of carbon in austenite, c is the
average carbon content of the alloy andc is the maximum permissible carbon content
in the austenite at the transformation interface.

Siller and Mclellan [191] developed the theory forDfc; Tg where T is the absolute
temperature:

Dfc;Tg= D%f g (9.9)

where is the atom fraction of carbon and D% is a temperature dependent but carbon
concentration independent term which can be expressed as92]:

kT F, 2

O__ _)
D™= Fexpl 73

: (9.10)

wherek is Boltzmann's constant, h is Planck's constant, F is the activation free energy
which is independent of composition and temperature and repesents the di erence in free
energy between the “activated complex' and the ‘reactantsivhen each is in its standard
state at the temperature of ‘reaction', , is the activity coe cient of the activated
complex and assumed constant and is the distance between thef 002y austenite planes.
Bhadeshia [193] has derived F =k as 21230K ! and In(3 = 2) = 31.84.

Siller and Mclellan [194] showed that the concentration depndent part of Equa-
tion 9.9 is given by:

z(1+ )

1 $+1 +2%+1 (1 )

5 +(1+ )?j— (9.11)

where z is the coordination number of the octahedral interstitial site in the austenite
lattice and is the activity of carbon.

9.4 Overall Transformation Kinetics

The di usion controlled growth of spherical particles is parabolic in all directions. Hence
each dimension of the growing particle increases in propoian to the square root of time
(Section 3.3.2). Considering growth to occur in a small incement of time, t, the change
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in the extended volume of spherical particles, V[, for the rstincrement of time,  tj,
is given by [190]:

VE=(1V t)(C ? 1) (9.12)

where C = 4 =3 and the numerical subscripts identify the sequence of timéncrements,
| 1 is the nucleation rate after the rst increment of time and V is the volume of retained
austenite. The two terms on the right designate the number ofparticles nucleated and
the contribution of each patrticle to the extended volume, respectively.

After the second time interval, tp, the change in extended volume, Vg, can be
written as:

3 3
Ve =(1V t)(C 3 t3)+ Sliv tC o+ t)? ty (9.13)

where | 5 is the nucleation rate after second time interval and the seond term on the

right is the contribution due to the increase in the size of paticles which were nucleated

in the rst time interval. Since the time intervals are of equ al size, the equation can be

written as:

3, P

VE=CV t2 3 I+ Sl 2 (9.14)
Therefore, after generalising, the corresponding changeniextended volume for the

m th time increment, V.5, can be given by [190]:

VE=CV t2 3 I+ gp 2y, i+ ; mi, (9.15)

For each interval, the increase in extended volume, Vje, for a speci c phase,j, is
converted to a corresponding change in actual volume, V;, allowing for the coexistence
of n phases:

Ve (9.16)

where V; is the real volume of thei th phase at the time t. The instantaneous value of

Vj, together with corresponding changes in the volumes of thetber n 1 phases, can
be used to calculate the total volume of each phase at the tim& + t in a computer
implemented numerical procedure by writing
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Vite t= Ve + V forj =1;2:n (9.17)

so that a plot of the fraction of each phase can be obtained as #unction of time.
Vit+ ¢t is the new volume ofj phase after timet+ t and Vj; is the volume after time
t. The growth and nucleation rates can also be updated during hiis step, should they
have changed because of solute enrichment in the untransfiored parent materials. This
procedure is repeated for all the intervals fromt =0 ! t;, at which time the nal volume
is output along with the time. The accuracy of the iterative procedure will depend on
the step size which is used. Reasonable accuracy was obtaihwith the step size of 20s.
Reducing the step size further will not lead any improvementin the accuracy.

9.5 Predictions Using the Model

The volume fractions of the decomposition products, ferrie and cementite, were esti-
mated using this model. Figure 9.6 shows the change in volumiactions of these phases
after tempering of Fe-Ni-Si steel at 400C. The initial volume fraction of retained austen-
ite for this alloy was 0.19 0.01, measured using synchrotron X-ray radiation (Chapter7).
For each phase incorporated into the model there are two panmaeters to be adjusted to
t the experimental results. These are the nucleation site censity and interfacial energy
for nucleation. The parameters used for this model are listéd in Table 9.1. The nal
volume fraction of cementite predicted using the model was @3 and of ferrite was 0.16
after 7 h of tempering.

Parameters Ferrite Cementite
Nucleation sites per unit volume, m 3 2.01E+16 7.6E+18
Interfacial energy with austenite, Jm 2 0.035 0.012

Table 9.1: Input parameters for the model

The volume fractions of untransformed austenite both predcted and experimental
are also shown in Figure 9.6. The measured amount of austemtdecreased sharply at
rst, followed by a reduction in rate and then a further sharp reduction. The model also
shows a stepwise reduction at the initial stage due to the raja nucleation and growth of
cementite (Figure 9.6) but still not fast enough compared wth the experimental data.
Figure 9.7 shows that the nucleation of ferrite started at the very initial stages, which
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Figure 9.6: Predicted volume fractions of and , non-transformed austenite ( non) and
experimental results of Fe-Ni-Si alloy during tempering at400 C.

Figure 9.7: For the Fe-Ni-Si alloy, predicted volume fractions of untransformed after
tempering at 400 C shown as continuous line whereas the experimental resulre shown
in as discrete points. The experimental data collected at 40 C.
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from the work presented in the previous chapters indicates ray not be true in reality.
Figures 9.8, 9.9, 9.10 and 9.11 provide some examples of dient tting parameters used
to match with the experimental results, but none of these pralicted results synchronised
with the experimental data. The experimental results suggst that the major ferrite
formation takes place after some precipitation of cementie has occurred. The nucleation
and di usional growth theory depicted in Chapter 3 appears to be irrational for the
formation of ferrite during tempering of retained austenite. Hence the present model
could not explain the observed decomposition phenomenon.

Figure 9.8: Predicted volume fractions of and , non-transformed austenite ( non)
and experimental results of the Fe-Ni-Si alloy during tempeing at 400 C. Parameters
used: for ferrite N, = 5:39 10'*m 2 and = 0.035Jm 2, for cementite N,, =
6:09 10m *and =0.012Jm 2.

The volume fractions of ferrite, cementite and untransformed austenite for the Mn-
containing steel have been predicted using the model, showim Figure 9.12. The same
parameters used for this prediction are listed in Table 9.1.The prediction shows that the
kinetics are faster in this alloy when compared with the Ni-@ntaining steel (Figure 9.6).
However the experimental results contradict this prediction. The results obtained from
X-ray di raction measurements at room temperature (Figures 8.5 and 8.6) indicated that
the kinetics for austenite decomposition in Ni-steel were rach faster compared with the
Mn-steel. Hence it can be interpreted that the present modelis unrealistic in terms
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Figure 9.9: Predicted volume fractions of and , non-transformed austenite ( non)
and experimental results of the Fe-Ni-Si alloy during tempeing at 400 C. Parameters
used: for ferrite N, = 1:66 10**m 2 and = 0.028Jm 2, for cementite N,, =
1:82 10¥m 3and  =0.012Jm 2.

.

Figure 9.10: Predicted volume fractions of and , non-transformed austenite ( non)
and experimental results of the Fe-Ni-Si alloy during tempeing at 400 C. Parameters
used: for ferrite N, = 2:85 10**m 2 and = 0.023Jm 2, for cementite N,, =
1:41 10¥m 3and =0.018Jm 2.
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Figure 9.11: Predicted volume fractions of and , non-transformed austenite ( non)
and experimental results of the Fe-Ni-Si alloy during tempeing at 400 C. Parameters
used: for ferrite N, = 3:07 10“m 3 and = 0.009Jm 2, for cementite N,, =
1:54 10¥m 3and =0.018Jm 2.

of nucleation and di usion controlled growth of ferrite. It h as explained in Chapter 8
(Figure 8.16) that the driving force for the formation of ferrite and cementite together
is higher for the Mn-steel, which is also consistent with themodel although in reality
both the phases are not forming simultaneously.

It can be concluded that the austenite decomposition reactin during tempering
cannot be interpreted by the model described, with the discepancy probably arising in
the model for ferrite. Because the ferrite formation did notstart at the initial stages with
cementite but occurred at later stages, after which it growsvery rapidly. As supported
by this model and also discussed in Chapter 5, cementite paitles formed at the early
stages of the reaction. Rapid precipitation of cementite atthe initial stages has also
been explained from thermodynamic calculations in Chapter8. These carbides were
precipitated at the = boundary and their sizes are as small as 2-5 nm. These ne
carbides impinge the boundaries [195] and therefore the mewent of the boundaries
becomes restricted. It is evident from theinsitu TEM observations (Section 6.4) that
during the austenite decompaosition the orientation of the dd ferrite and the transformed
ferrite remained the same. Hence the growth of the ferrite tées place by movement of
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Figure 9.12: Predicted volume fractions of , and non-transformed austenite ( non) Of
the Fe-Mn-Si alloy during tempering at 400 C.

the = boundary instead of by nucleation of new ferrite. This can oy be possible if the
tiny cementite particles, which pin the = boundaries, coarsen so the= interphases
bow between the particles. The explanation of growth theoryin Figure 9.4 appears
to be unrealistic for the decomposition of retained austerte. It is likely that ferrite
growth at this transformation temperature is controlled by a displacive mechanism,
which can explain the faster transformation at the later stage. Sandvik [32] showed
that secondary bainitic ferrite can form from the carbon degdeted austenite region by
displacive transformation.

This issue can be addressed using the theory for the predicth of mechanical sta-
bilisation, which was proposed by Chatterjee and co-workes [196]. In mechanical sta-
bilization, the = interface motion is blocked by plastic deformation debris pesent in
the austenite rather than by the carbide particles relevant here. According to this the-
ory, the onset of mechanical stabilisation can be predictedy balancing the force which
drives the motion of the interface against the resistance ofhe dislocation debris. In the
present system the inter-particle distance, which would hae to exceeded before the=
boundary becomes mobile, can be estimated using this theory

The mean stress, , required to force the dislocations to bow around the partides is
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given by [197]:

_ Gb

where G is the shear modulus, the Poisson's ratio, b is the magnitude Burgers vector
and | is the distance between the adjacent cementite particles.

The stress, T, that drives the motion of the interface is originated from the chemical
free energy change, G, of transformation and is expressed by [198]:

where is a constant generally assumed as unity [196] and G is the chemical driving
force, de ned in thiscaseas G= G G .
Hencel can be determined by equating Equations 9.18 and 9.19:

Gb
= —— MM 9.20
8 (1 ) G ( )
The parameters used for this calculation are listed in Table9.2.

Parameter Value
Shear modulus of austenite 18 109 pa
Poisson' s ratio 0.27
Burgers vector 252 10 Om

Table 9.2: Parameters to calculate critical inter-particle distance.

The inter-particle spacing must exceed the critical distarce | to permit ferrite to
form. The minimum inter-particle distances are listed in Table 9.3. The critical dis-
tance increases with increasing temperature as the value of G decreases for the ferrite
formation. Figure 9.13a shows the structure after 1 h of temgring at 400 C, which re-
veals that cementite particles are closely distributed in ows along the = boundaries
with inter-particle spacings less than 2nm. After 5h of tempering (Figure 9.13b) the
non-uniformity in the distribution of cementite particles , which is associated with the
coarsening of particles, can be observed. It can be estimatehat the inter-particle spac-
ing has increased to 12 4 nm after 5 h of tempering, which is higher than the 1 h sample
and also more than the critical spacing required for bounday migration at this tem-
perature. In another sample, which was tempered at the sameemperature for 30 min
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(refer Figure 7.13 in Chapter 7) indicates that the carbidesare ner than the 5h sample
as well as close to each other. Moreover, it can also be obsed/that between 1 h and
5h of tempering, the precipitate size has increased to doubl All these experimental
evidences indicate that cementite particles have coarsededuring prolonged tempering
and also the inter-particle spacing has increased. Therefe, it can be concluded that the
microstructural evidence supports the postulate that ferrite growth was possible in this
materials due to the coarsening of cementite particles, wlth helped the = boundary

to migrate.
Tempering temperature, G, Jmol 1! Inter-particle
C distance, nm
400 1229 6.5
420 1093 7.3
450 894 8.9

Table 9.3: Minimum inter-particle distance calculated at di erent tempering tempera-
tures and the corresponding driving force for the Fe-Ni-Si #doy.

9.6 Summary

An attempt has been made to mathematically model the decompsition of the carbon-
enriched retained austenite into a mixture of cementite andferrite. Both of the product
phases were, in the rst instance, teated to evolve by nucleion and paraequilibrium
carbon-di usion controlled growth of spherical particles. The calculations were based
on an overall transformation kinetics theory which permits simultaneous transformation
to more than one phase, and in a numerical scheme which allowsoth hard and soft
impingement to be taken into account. Each product phase regired two tting param-
eters, the energy of the interface in contact with austenite and the number density of
nucleation sites.

It was not possible to correctly represent the measured chages in the austenite
content for any reasonable choice of tting parameters.

The analysis is useful in demonstrating that the decomposibn processes considered
are not representative of what happens in reality. This is beause there are inconsisten-

cies:
(i) that with all combinations of tting parameters, the cal culations indicated signi cant
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@

(b)

Figure 9.13: Transmission electron micrograph of the Fe-NSi steel after tempering at
400 C for (a) 1 h (arrows indicate carbide precipitation along the = boundary) and
(b) 5h showing inter-particle spacing and size of the carbie particles have increased

during prolonged tempering.
gp g p g 158
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ferrite formation at the early stages of tempering. Experiments on the other hand,
show clear evidence that cementite precipitates rst.

(i) it is not reasonable to model the nucleation of ferrite by nucleation theory. The
experimental evidence is that existing bainitic ferrite simply grow.

(iii) the growth of ferrite at temperatures as low as 400 C cannot be assumed to be
di usion controlled [32, 189].

An alternative explanation, the details of which have not been quantitatively mod-
elled is that the existing = interfaces can only glide when the cementite particles,
which precipitate at the boundaries, coarsen su ciently to unpin the interfaces. The
austenite then decomposes relatively rapidly as indicatedy experiments.
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Chapter 10

General Conclusions and Future
Work

The alloys studied o ered a useful combination of microstrudures consisting of bainitic
ferrite, retained austenite and some martensite. This was ehieved by the addition of
silicon and other hardenability enhancing elements. The dicon, as expected, suppressed
the formation of cementite during isothermal transformation, and hence enabled some
austenite to be retained and studied without any interfererce from the presence of car-
bides.

Transmission electron microscopy and dilatometry led to the conclusion that during
annealing, martensite tempers rst followed by the decompaition of retained austenite
into cementite and ferrite. This again is expected since cdron supersaturated ferrite
is much less stable than the austenite. Dilatometric analyss was used to distinguish
guantitavely the contraction due to martensite tempering and the expansion due to
austenite decomposition. The resolution of theThermecmaster was not su cient to
identify the small changes in dimensions during later stage of tempering when the
austenite volume fraction was minimal.

The formation of martensite during cooling from the annealing temperature was rst
identi ed using transmission electron microscopy, which evealed untempered marten-
site. This places a new light on interpretations based on themeasurement of retained
austenite content made at ambient temperature. These resi$ were also veri ed using
synchrotron X-ray radiation where austenite decomposition at the annealing tempera-
ture can be unambiguously distinguished from that occurrirg during subsequent cooling.

In situ synchrotron radiation has proven to be a better characteriation technique to
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study the decomposition of retained austenite. This methodenabled the measurement
of the true amount of retained austenite during the course oftempering. The lattice
parameters and carbon contents of the individual constituaits of austenite can at the
same time be estimated and, with certain assumptions, it canbe concluded that Im
type austenite has more carbon than that which is blocky and éss stable under thermal
load.

Defects cause heterogeneous strains. The non-uniform straand dislocation den-
sities were estimated from the broadening of X-ray diraction peaks. For this anal-
ysis, peak shapes were considered as Lorentzian since thdimated strains for both
Lorentzian and Gaussian peak shapes were similar. The tempiag process showed a
systematic reduction of dislocation densities which is expcted from this heat treatment.
There is a linear correlation between the dislocation densies with the amount of re-
tained austenite present in the structure. The dislocation densities, obtained before
tempering, are consistent with the literature and useful shce no information of this kind
is available in the context of tempered bainitic steel. Howeer, the absolute values of
the dislocation densities should be veri ed by direct obsevation.

Metastable carbides have been observed in the Ni-containgsteel but not in the Mn
alloys because of low carbon in the latter case. High carbonleng with high manganese
is a requirement for the precipitation of metastable carbices. However, there is not
much literature available to justify this conclusion. Hence further research is suggested
to prove the individual contributions of Mn and Ni towards th e formation of carbide
sequences.

The present study revealed that the kinetics of austenite deomposition of the Ni-
containing steel are faster as compared with the Mn rich stele This contradicts expecta-
tions from thermodynamic calculations on the decompositim of austenite simultaneously
into ferrite and cementite under equilibrium conditions. In these circumstances kinet-
ics of the nickel alloy should be slower. The explanation forthis lies in the discovery
that the tempering process begins with the precipitation of cementite alone from the
carbon-enriched austenite. The early formation of cemente has been con rmed using
the transmission electron microscopy and is consistent wit thermodynamic estimates.
A kinetic model developed for the decomposition of carbon emched retained austenite,
based on the nucleation and di usion controlled simultaneows growth of the ferrite and
cementite, could not reproduce the experimental results.  reality, rapid precipitation
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of cementite occurred at the initial stages of tempering whle ferrite formation began
subsequently. Moreover, experimental observations alsohswed that new ferrite does
not form, rather that existing bainitic ferrite grows at the expense of austenite. The
ferrite growth is then controlled primarily by movement of the = boundary. The
cementite particles which precipitated at the = interface restrict the movement of
the = interfaces by pinning them. After prolonged tempering, the carbide particles
coarsen, permitting the existing = interfaces to advance and consume austenite, by a
mechanism which is displacive.

Proposed future research:

The measurement of non-uniform strains from the peak width Woadening and the
interpretation of the latter in terms of dislocation densities needs detailed direct
veri cation. Transmission electron microscopy can be usedo measure the true

Burgers vector for the similar microstructures.

Limited information is available on the stability of indivi dual austenite constituents
subjected to mechanical load. Future work should investigée these relations. The
e ect of pre-strain on the tempering behaviour of bainite and retained austenite
would be interesting since there is some relevance in the ctext of TRIP-aided
steels.

The shortfall of the present work, because of time limitatins, arises in cases where
metastable carbides precipitate prior to the equilibrium cementite. There are few
thermodynamic data available for many of the transition carbides, and their mech-
anisms of formation are also ill understood. In future work t would be interesting
to study high-carbon alloys, where the likelihood of transtion carbides is much
greater, to see whether the kinetic models require major adatation. Such a study
should focus on mechanisms, so that the strain energy and neequilibrium compo-
sitions can be characterised and understood in order to imgment the physically
based kinetic theory.

162



Appendix A

Computer Program -
Transformation Strain

Program MAP _TRANS _STRAIN
A.1 Provence of Source Code

A. Saha Podder, Phase Transformations Group, Department ofMaterials Science and
Metallurgy, University of Cambridge, Cambridge, UK.

A.2 Purpose

To calculate the transformation strain during decomposition of austenite, where the
transformation of austenite into ferrite and carbide as wel as tempering of martensite
have been incorporated in the calculation.

A.3 Specication

This is a self-contained program written in C.

A.4 Description

The program reads chemical compositions of the alloy, volur fractions of di erent
phases and the transformation temperature. It then calculdes the strain generated in
the material due to transformation.
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A.5 References

1. A. Saha Podder, PhD Thesis. University of Cambridge, 2011
2. A. Saha Podder and H. K. D. H. Bhadeshia, \Thermal stability of austenite retained
in bainitic steels', Materials Science & Engineering A, vol 527, 2010, pp 2121-2128.

A.6 Parameters
Input parameters

XBAR - carbon content in wt%

MN - Manganese content in wt%

Sl - Silicon content in in wt%

NI - Nickel content in wt%

CR - Chromium content in wt%

MO - Molybdenum content in wt%

V - Vanadium content in wt%

TC - Transformation temperature in °C
VGI - Initial volume fraction of austenite
VAI - Initial volume fraction of martensite
VAF - Final volume fraction of ferrite
VCF - Final Volume fraction of cementite

Output parameters

S - Transformation strain

A.7 Program Listing

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

double FE, XBAR, MN, SI, NI, CR, MO, V;
double VAI, VAF, VCI, VCF, VGI, AA, AAl, AC1l, AC2, AC3;
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double AG, AAT, AAT1, ACLT, AC2T, AC3T, AGT, AAA S AAC, AAAT, A  ACT;
double EXA, EXC, EXG, TC, T, SG, SM;
double mol_fraction ();

int main(void)

f

printf("  Enter Steel Chemistry in wt%:nn");
printf(°  Carbon: ");

scanf(" "% If",&XBAR);

printf (" "Manganese: ");

scanf(" "% If",&VN);

printf(° " Silicon: ");

scanf(" " % If",&Sl);

printf( Nickel: ");

scanf(" % If",&NI);

printf(" Chromium: ");

scanf(" % If",&CR);

printf (" Molybdenum: ");

scanf(" % If",&MO);

printf(" "Vanadium: ");

scanf(C % If",&V);

printf (" Transformation Temperature in C: ");
scanf(" "% If",&TC);

T=TC + 273;

printf(" " Initial Vol frac of Austenite: ");
scanf(" "% If",&VGI);

printf(" " Initial Vol frac of Martensite: ");
scanf(" "% If",&VAI);

printf(" " Final Vol frac of Ferrite: ");
scanf(" "% If",&VAF);

printf("  Final Vol frac of Cementite: ");
scanf(" "% If",&VCF);

if (VGI > 0)

f

AG= 0.3573 + 0.0033 XBAR + 0.000095 MN 0.00002 NI + 0.00006 CR
+0.00031 MO+0.00018 V;

printf(" "AG %If nn", AG);

printf(° "Carbon content of transformed ferrite (wt%): ");
scanf("%If",&XBAR);

mol_fraction ();

EXA= 0.00001244;

EXG= 0.00002065;
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EXC= 6.0 pow(10, 6)+(3.0 pow(10, 9) (T 273.0))+(1.0 pow(10, 11)
pow((T 273.0),2.0));

ACl= 0.45246;

AC2= 0.50885;

AC3= 0.67423;

AAT=AA (1.0 + EXA (T 298.0));

AGT=AG (1.0 + EXG (T 298.0));

AC1T= AC1 (1.0 + EXC (T 298.0));

AC2T= AC2 (1.0 + EXC (T 298.0));

AC3T= AC3 (1.0 + EXC (T 298.0));

SG=0;

SG= ((2.0 VAF pow(AAT,3.0) + (VCF ACIT AC2T AC3T)/3.0

VGl pow(AGT,3.0))/(3.0 VGI pow(AGT,3.0))) VGI;

printf(°  Strain due to austenite decomposition= %Ifnnnn", SG);

g
else

f

printf (" "Carbon content of martensite (in wt%): ");
scanf(" % If",&XBAR);

mol_fraction ();

AALSAA;

EXA= 0.00001244;

EXG= 0.00002065;

EXC= 6.0 pow(10, 6) + (3.0 pow(10, 9) (T 273.0))
+ (1.0 pow(10, 11) pow((T 273.0),2.0));

ACl= 0.45246;

AC2= 0.50885;

AC3= 0.67423;

/Icalculation of lattice parameter of martensite
AAA= AA1  0.0038 XBAR;

AAC= AA1+0.0054 XBAR;

printf(" " Lattice parameter of martensite:nn");
printf (" AAA %If nn", AAA);

printf(° "AAC= %If nn", AAC);

AAAT= AAA (1.0 + EXA (T 298.0));

AACT= AAC (1.0 + EXA (T 298.0));

AGT= AG (1.0 + EXG (T 298.0));

AC1T= AC1 (1.0 + EXC (T 298.0));

AC2T= AC2 (1.0 + EXC (T 298.0));

AC3T= AC3 (1.0 + EXC (T 298.0));

printf(° "Carbon content in transformed ferrite (in wt%): " );
scanf(" "% If",&XBAR);

mol_fraction ();
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AAT=AA (1.0 + EXA (T 298.0));
SM = ((6.0 VAF pow(AAT,3) + (VCF ACLIT AC2T AC3T)

(6.0 VAI AAAT AAAT AACT))/(3.0 6.0 VAI AAAT AAAT AACT)) VAI;
printf(° Strain due to martensite tempering= %If nnnn", SM);

g
g

double mol_fraction ()
f

double X.C = 0;
double X_SI =0
double XMN = 0;
double XCR = 0
double X_NI 0
double XV = 0;

double XMO = 0;

double total_moles= 0;

AA=0;

FE = 100 XBAR MN SI  CR NI MO V;

total _moles = XBAR/12.01115 + FE/55.847 + SI1/28.086 + MN/54.847

+ NI/58.71 + MO/95.94 + CR/51.996 + V/50.9415;

X C= (XBAR/12.01115)/total _moles;

X_SI= (S1/28.086)/total _moles;

XMN= (MN/54.847)/total _moles;

X CR= (CR/51.996)/total _moles;

X_NI= (NI/58.71)/ total _moles;

X_V=(V/50.9415)/total _moles;

XMO= (MO/95.94)/total _moles;

AA= 0.28664 + ((pow((0.28664 0.0279 X C),2) (0.28664 + 0.2496 X C)
pow(0.28664,3))/(3 pow(0.28664,2))) 0.003 X_SI + 0.006 XMN

+ 0.007 X_NI + 0.031 XMO + 0.005 XCR + 0.0096 X.V;

return AA;

g
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Computer Program - Kinetics of
Austenite Decomposition

Program MAP _KINETCS _TEMPERING
B.1 Provence of Source Code

A. Saha Podder, Phase Transformations Group, Department ofMaterials Science and
Metallurgy, University of Cambridge, Cambridge, UK.

B.2 Purpose

To calculate the overall transformation kinetics for the decomposition of carbon-enriched
retained austenite during isothermal tempering treatment, where simultaneous transfor-
mations to both ferrite and cementite have been considered.

B.3 Specication

This is a self-contained program written in C.

B.4 Description

The model uses thermodynamic data (e.g. from MTDATA or Thermo Calc) in terms
of free energy and chemical compositions. It then calculat the evolution of volume
fractions of ferrite and cementite simultaneously with regect to time and temperature.
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B.5 References

1. A. Saha Podder, PhD Thesis. University of Cambridge, 2011

B.6 Parameters
Input parameters

XBAR - Carbon content in wt%

MN - Manganese content in wt%

Sl - Silicon content in in wt%

NI - Nickel content in wt%

CR - Chromium content in wt%

MO - Molybdenum content in wt%

V - Vanadium content in wt%

X_gt - Mole fraction of carbon content of austenite in equilibrium with cementite
X_tg - Mole fraction of carbon content of cementite in equilibrium with austenite
X_ga - Mole fraction of carbon content of austenite in equilibium with ferrite
X_ag - Mole fraction of carbon content of ferrite in equilibrium with austenite
Xbulk - Bulk carbon content of austenite

TempC - Temperature in celsius

Sigma.ga - Interfacial energy between austenite and ferrite

Sigma.gt - Interfacial energy between austenite and cementite

fa - No. of nucleation sites/unit area

Output parameters

Volume fractions of ferrite and cementite with time

B.7 Program Listing

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#define k 1.3806503E 23
#define h 6.626068E 34
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#define R 8.314472
#define W 8250.0

#define Av 6.0221415E+23
#define Pl 3.142857
#define MAXNUM 50000

double a[650][10] ,ITHETA[MAXNUW] ,| _ALPHA[MAXNUM];

double FE,XBAR,MN, SI,NI,CR,MO,V, X _mole, X_atom,X_m, X_wt;
double TempC,TempK;

double X_bulk,Xg,X _gt,X_tg,X_ga;

double X_ag, X_atom_aus , X_atom_cem, X_atom _fer;

double ALPHA,DALPHA, up _limit,low _limit ,

double EDIFF,DIFF _-THETA,DIFF _ALPHA;

double FE_.gamma, FE_gamma.theta, FE_gamma.alpha;

double G_dash_theta2 ,G_dash_thetal,h G_dash_theta;

double G_dash_alpha2 ,G_dash_alphal,h G_dash_alpha,h del.G, G_star;
double Nr_theta,Nr_alpha,b Gr_theta, Gr_alpha;

double Sigmagt, Sigma_ga, Rc_.theta,Rc_alpha, fa,fb, fc;

double V_theta,V _alpha,V_gamma,V_.gammaO;

double dV_theta,dV _alpha,dV_gamma, V_frac_gamma.trans;

double dVe_theta,dVe_alpha ,VEXD THETA,V EXD ALPHA;

double TTT,Ts,Tn,dt,t;

double dY_theta,Y _theta,Y _gamma,Y.gammaO, dR theta, R_theta;
double mole_fraction (), atom _fraction () ,wt _percent();

double alpha(),dalpha(),diffuse (), nrate_theta(),nrate _alpha();

int main(void)

f

FILE fxauscem, fxausfer, fxcemaus, fxferaus, fg, fout;
int i,j,mn,p,q,r,s,ITN,id;

double J,L1,L2,T_moles;

printf(" Enter Steel Chemistry in wt%:nn");
printf(° "Manganese: ");

scanf(" "% If",&VN);

printf(° " Silicon: ");

scanf(C % If",&Sl);

printf("  Nickel: ");

scanf(" "% If",&NI);

printf(" Chromium: ");

scanf(" % If",&CR);

printf (" Molybdenum: ");

scanf(" "% If",&MO);
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printf (" Vanadium: ");

scanf(C "% If",&V);

printf(" "Enter material identification no: ");
scanf(’ "%d",&id);

printf (" "Enter temperature in Celcius: ");
scanf(" % If",&TempC);

printf(" "Enter transformation time (min): ");
scanf(C "% If",&TTT);

TempK = TempC+273;

fxauscem = fopen (" “xaus.cem.txt", °r
fxausfer = fopen( " x_aus_fer.txt", 'r
fxcemaus = fopen (" "xcem.aus.txt", °r
fxferaus = fopen(" "x_fer_aus.txt", °r
fg = fopen( " free_energy_Ni.txt", "r");

" NN

fout = fopen(  ~output _Ni.txt", "w");

/I reading carbon content of austenite in equilibrium with ¢ ementite
for(i=1;i <=602;i++)

f

for(j=1;j <=2;j++)

f

fscanf (fxauscem, "% If".&a[i][j]);
if(a[i][j] = TempK)

f

nEi ;

n:j+1;
fscanf(fxauscem, "% If",&a[m][n]);
XBAR = a[m][n];

g

g

g
mole_fraction ();

X_gt = X _mole;
printf(" "Mole fraction of X _gt = %.6lE nnnn",X _gt);

/I reading carbon content of cementite in equilibrium with a ustenite
for(i=1;i <=602;i++)

f

for(j=1;j <=2;j++)

f

fscanf(fxcemaus, "% If".&a[i][]j]);

if(al[i][j] = TempK)
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f

nEi ;

n=j+1;

fscanf(fxcemaus, % If",&a[m][n]);
XBAR = a[m][n];

g

g

g
mole_fraction ();

X_tg = X _mole;

/Il reading carbon content of austenite in equilibrium with f errite
for(i=1;i <=602;i++)

f

for(j=1;j <=2;j++)

f
fscanf(fxausfer, "% lIf".&ali][j]);
if(a[i][j] = TempK)

f

nmei ;

n=j+1;
fscanf(fxausfer, "% If",&a[m][n]);
XBAR = a[m][n];

g

g

g
mole_fraction ();

X_ga = X_mole;

/I reading carbon content of ferrite in equilibrium with aus tenite
for(i=1;i <=602;i++)

f

for(j=1;j <=2;j++)

f
fscanf(fxferaus, "% If".&ali]l[]j]);
if(a[i][j] = TempK)

f

nmei ;

n=j+1;
fscanf(fxferaus, % If",&a[m][n]);
XBAR = a[m][n];

g

g
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g
mole_fraction ();

X_ag = X_mole;

/I reading free energy data and average carbon content of gama
for(i=1;i <10;i++)

f

for(j=1;j <6;j++)

f

fscanf(fg, % If".&al[i][j]);

if(a[i][j] = TempK)

f

nFEi ;

n=j+1;

fscanf(fg, "% If %If %If %If %If",&a[m][n],&FE _gamma,
&FE _gamma.alpha,&FE _gamma.theta,&T _moles);

XBAR = a[m][n];

g

g

g
mole_fraction ();

X_bulk = X _mole;

G_dash theta2 = FE _gamma.theta FE_gamma;
G_dash_thetal G _dash_theta2/(T _moles 7.255E 6);
G_dash_.theta = G _dash.thetal/(X _bulk/X _tg);
G_dash._alphal = FE_gammaalpha FE_gamma;
G_dash_alpha = G _dash_alphal/(T _moles 7.255E 6);

//Overall simultaneous transformation kinetics

Ts = TIT 60;

dt = 20;

Tn = Ts/dt;

ITN = Tn;

V_gamma0O = Pl 16 12 0.156 (1E 9);
Xg = X _bulk;

V _theta = 0;

V_alpha = 0;

fc = 4 PI/3;

|_ THETA[1] =0;

|_ ALPHA[1] =0;
nrate_theta ();
nrate_alpha();
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fprintf(fout, "Time step (dt) = %.1If sec"”,dt);
fprintf(fout, “~Volume of austenite = %.3IE",V .gamma0);
fprintf(fout, "Time V _theta V_alpha V_gamma.untrans");

for(p=1;p<aTN;p++)

f

if(Xg > X_gt & Xg < X_ga)
f

t =p dt;

V_EXD THETA = 0;

V_EXD _ALPHA = 0;

X_mole = Xg;

alpha ();

dalpha();

/Idiffusivity calculation for cementite
Xm = Xg;

wt_percent();

XBAR = X _wt;

atom _fraction ();

X _atom_aus = X_atom;
up_limit = X _gt;
low_limit = Xg;
diffuse ();

DIFF _THETA = EDIFF;

/Idiffusivity calculation for ferrite
up_limit = X _ga;

low_limit = Xg;

diffuse ();

DIFF _ALPHA = EDIFF;

L1 = | _THETA[1]/Nr _theta;
if (L1 >100000)

f

|_THETA[p] = O;

g

else

f

nrate_theta ();

I_THETA[p] = Nr _theta;

g
L2 = | ALPHA[1]/Nr _alpha;
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if (L2 >100000)

f

I_ALPHA[p] = O;

g

else

f

nrate_alpha();

I_ALPHA[p] = Nr _alpha;

g

J =p;

Rc_theta = sqrt(2 (Xg X_gt) DIFF _THETA)/(pow((X _tg X_gt),0.25)
pow((X_tg Xg),0.25));

Rc_alpha = sqrt(2 (X_ga Xg) DIFF_ALPHA)/(pow((Xg X_ag),0.25)
pow((X_ga X_ag),0.25));

for(g=1;q<(p+1);q++)

f

if(q = p)

f

dVe_theta= fc V_gammaO pow(dt,2.5) pow(Rc_theta,3) I_.THETA[Q];
dVe_alpha= fc V_gammaO pow(dt,2.5) pow(Rc.alpha,3) I ALPHA[Q];
g

else

f

dVe_theta = fc V_gammaO pow(dt,2.5) pow(Rc_theta,3)

I_THETA[q] 1.5 sqrt(J);

dVe_alpha = fc V_gammaO pow(dt,2.5) pow(Rc_alpha,k3)

I_.ALPHA[q] 1.5 sqrt(J);

g

V_EXD_THETA =V _[EXD_THETA + dVe _theta;

V_EXD_ALPHA = V EXD ALPHA + dVe _alpha;

J=J 1;

g

if(p = 1)

f

dV_theta = V _EXD_THETA;
dV _alpha = V_EXD_ALPHA;
g

else

f
dV_theta = (1 ((V -theta+V _alpha)/V _gamma0)) V_EXD _THETA;
dV_alpha = (1 ((V _-theta+V _alpha)/V .gamma0)) V_EXD_ALPHA;

g
V _theta = V _theta + dV _theta;
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V_alpha = V _alpha + dV _alpha;

V_gamma = V_gamma0 (V _theta+V _alpha);

V _frac_.gamma.trans = 1 (V_gamma/V _gamma0);

Gr_theta = Rc _theta/(2 sqrt(t));

Gr_alpha = Rc_alpha/(2 sqrt(t));

fprintf(fout, "% If %E %E % E",t,V _theta,V_alpha,V_gamma/V_gamma0);
Xg = (X _bulk V_gammaO (X_tg V_theta) (X_.ag V_.alpha))/V _gamma;

g

else

f

fprintf(fout, "V _theta/V gamma0 = %.5If ",V _theta/V gamma0);
fprintf(fout, "V _alpha/V gamma0 = %.51f ",V _alpha/V _gamma0);
fprintf(fout,  "Vol percent austenite untransformed = %.5If ",
V_gamma 100/V_gamma0);

exit(0);

g

g

fprintf(fout, "V _theta/V gamma0 = %.5If ",V _theta/V gamma0);
fprintf(fout, "V _alpha/V _gamma0 = %.51f ",V _alpha/V _gamma0);
fprintf(fout,  “~vol percent austenite untransformed = %.5I1f ",
V_gamma 100/V_gamma0);

fclose (fxauscem);

fclose (fxausfer);

fclose (fxcemaus);

fclose (fxferaus);

fclose(fg);

fclose (fout);
g

/1
/ICALCULATION OF MOLE FRACTION

double mole_fraction ()

f

double X_.C,X_SI,XMN,X_CR,X_NI,X_V,XMO, total _-moles;
FE = 100 XBAR MN Sl CR NI MO V;

total _moles = (XBAR/12.01115)+(FE/55.847)+(S1/28.086)
+(MN/54.847)+(NI/58.71)+(MO/95.94)+(CR/51.996)+(V/5 0.9415);
X_C= (XBAR/12.01115)/total _moles;

X_SI= (S1/28.086)/total _moles;

XMN= (MN/54.847)/total _moles;

X_CR= (CR/51.996)/total _moles;

X_NI= (NI/58.71)/ total _moles;
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X V= (V/50.9415)/total _moles;
XMO= (MO/95.94)/ total _moles;
X_mole = X_C;

return X _mole;

g

/1

/ICALCULATION OF ATOM FRACTION

double atom_fraction ()

f

double X_.C,X_SI,XMN,X_CR,X_NI,X_V,XMO,X_FE, total _.atoms;
FE = 100 XBAR MN S| CR NI MO V;

X C = (XBAR/12.01115) Av;

X_SI = (S1/28.086) Av;

XMN = (MN/54.847) Av;
X_CR = (CR/51.996) Av;
X_NI = (NI/58.71) Av;

XV = (V/50.9415) Av;

XMO = (MO/95.94) Av;

X_FE = (FE/55.847) Av;

total _atoms = X_SI + X MN + X CR + X_NI + X _NI + X .V + X MO + X _FE;
X_atom = X _C/total _atoms;

return X _atom;

g

i

//ICALCULATION OF WPo FROM MOLE FRACTION

double wt_percent()
f
double total_moles;
total _moles = 55.847 ((100/55.847)+SI ((1/28.086) (1/55.847))
WN ((1/54.847) (1/55.847))+NI ((1/58.71) (1/55.847))
MO ((1/95.94) (1/55.847))+CR ((1/51.996)
(1/55.847))+V ((1/50.9415) (1/55.847)))/(55.847 55.847 X_m
+12.01115 Xm);
X_wt = X_m total _moles 12.01115;
return X _wt;

g
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/1
/ICALCULATION OF ALPHA

double alpha()

f

double LCG,AJ,DG,EG;

AJ = 1.0 exp( W(R TempK));

if (X_mole<= 1.0E 10)

fALPHA = log (1.0E 10);9

else

f

DG = sqrt(1.0 2.0 (1.0+2.0 AJ) X_mole+(1.0+8.0 AJ) X_mole X_mole);
EG = 5.0 log((12.0 2.0 X_mole)/X _mole) + 6.0 W/(R TempK) +
(38575.0 13.48 TempK)/(R TempK);

LCG = EG+6.0 log ((DG 1.0+(3.0 X_mole))/(DG+1.0 (3 X_mole)));
ALPHA = exp (LCG);

g

return ALPHA;

g

/1

[ICALCULATION OF DALPHA

double dalpha()

f

double AJ,DG,DDG;

Al = 1.0 exp( W(R TempK));

DG = sqrt(1.0 2.0 (1.0+2.0 AJ) X_mole + (1.0+8.0 AJ) X_mole X_mole);
DDG = (0.5/DG) ( 2.0 4.0 AJ+2.0 X_mole+16.0 AJ X_mole);

DALPHA = ((10.0/(2.0 2.0 X_mole))+(5.0/X _mole))+6.0 ((DDG+3.0)/
(DG 1.0+3.0 X_mole) (DDG 3.0)/(DG+1.0 3.0 X_mole));

return DALPHA;

g

/1

/ICALCULATION OF DIFFUSIVITY

double diffuse ()

f

int i,step;

double F,L,z,p,q,RS,RP,suml,sum2,SIGMA, SAI, D.dash ,DIFF,THETA;
double c¢[250];

F=21230.0;
L = 1/exp(31.84);
z = 12;
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step = 50;

THETA = X _atom_aus;

q = step;

p= (up_limit low_limit)/q;
sum2=0;

for(i=0;i <=step;i++)

f

SIGMA = 1.0 exp( Wi(k TempK));

RS = (1.0+((z (1.0+THETA))/(1.0 ((z/2.0)+1.0) THETA
+ (z/2.0) ((z/2.0)+1.0) (1.0 SIGMA) pow(THETA,2.0))));
SAl = ALPHA RS + (1.0+THETA) DALPHA;

RP = exp( F/TempK);

D_dash=(k/h) TempK RP L;

DIFF = D _dash SAI;

c[i] = DIFF;
THETA = THETA ;
g

for(i=1;i <step;i++)
f
sum2 = sum2 + c[i];
g
suml = c[0] + c[step];
EDIFF = (suml + 2 sum2)/(2 g 10000);
return EDIFF;
g
i
/ICALCULATION OF NUCLEATION RATE FOR CEMENTITE

double nrate_theta()

f

double Q,Sv,Nv,lamda,ab;

fa = 1.14E+12;

fbo = 16 PI/3;

Q = 200000;

Sigma.gt = 0.012;

Sv = 2/(3E 7);

Nv = fa Sv;

lamda = (V _-theta/V .gamma0)/((Xg X_gt)/(X -tg X_gt));
del_.G = (1 lamda) G_dash.theta (X_tg X_gt)/(Xg X_gt);
G_star = fb Av pow(Sigmagt,3)/(del .G del . G);
Nr_theta = Nv (k TempK/h) exp( (G_star+Q)/(R TempK));
return Nr _theta;

g
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/1
/ICALCULATION OF NUCLEATION RATE FOR FERRITE

double nrate_alpha()

f

double Q,Sv,Nv,lamda,ab;

fa = 3.02E+09;

fbo = 16 PI/3;

Q = 200000;

Sigma,ga = 0.035;

Sv = 2/(3E 7);

Nv = fa Sv;

lamda = (V _alpha/V gamma0O)/((X _.ga Xg)/(X _ga X_ag));
del .G (1 lamda) G_dash_alpha (X_ga X_ag)/(X _ga Xg);
G_star = fb Av pow(Sigma.ga,3)/(del_G del_.G);
Nr_alpha = Nv (k TempK/h) exp( (G_startQ)/(R TempK));
return Nr _alpha;

g

180



Bibliography

[1] E. S. Davenport and E. C. Bain. Transformation of austente at constant subcritical
temperature. Transactions Materials Society AIME, 90:117{154, 1930.

[2] K. J. Irvine and F. B. Pickering. Low carbon bainitic steels. Journal of Iron and
Steel Institute, 187:292{309, 1957.

[3] A. Saha Podder, D. Bhattacharjee, and R. K. Ray. E ect of martensite on the me-
chanical behavior of ferrite{bainite dual phase steels.ISIJ International , 47:1058{
1064, 2007.

[4] H. K. D. H. Bhadeshia. High performance bainitic steels.Materials Science Forum,
500-501(63-74), 2005.

[5] H. K. D. H. Bhadeshia. Bulk nanocrystalline steel. [ronmaking and Steelmaking
32:405{410, 2005.

[6] H. K. D. H. Bhadeshia. Bainite in Steels. IOM communications Ltd, London, UK,
2001.

[7] H. K. D. H. Bhadeshia and D. V. Edmonds. Bainite in silicon steels: new
composition-property approach part I. Metal Science 17:411{419, 1983.

[8] H. K. D. H. Bhadeshia and D. V. Edmonds. The bainite transformation in a silicon
steel. Metallurgical and Materials Transactions A, 10A:895{907, 1979.

[9] B. P. J. Sandvik. The bainite reaction in Fe-Si-C alloys: the primary stage. Met-
allurgical and Materials Transactions A, 13A:777{787, 1982.

[10] W. S. Owen. E ect of silicon on the kinetics of tempering. Transactions ASM,
46:812{829, 1954.

181



BIBLIOGRAPHY

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

W. S. Owen. The carbide phase in iron carbon silicon allgs. Journal of Iron and
Steel Institute, 167:117{120, 1951.

M. Takahashi and H. K. D. H. Bhadeshia. A model for the migostructure of some
advanced bainitic steels.Transactions Japan Institute of Metals, 32:689{696, 1991.

J. Wang and S. van der Zwaag. Stabilization mechanismsfaetained austenite in
transformation-induced plasticity steel. Metallurgical and Materials Transactions
A, 32A:1527{1539, 2001.

F. G. Caballero, H. K. D. H. Bhadeshia, K. J. A. Mawella, D. G. Jones, and
P. Brown. Very strong low temperature bainite. Materials Science and Technology
18:279{284, 2002.

C. J. Barton. The tempering of a low carbon internally twinned martensite. Acta
Metallurgica, 17:1085{1093, 1969.

D. Kalish and M. Cohen. Structural changes and strengtlening in the strain
tempering of martensite. Materials Science and Engineering 6:156{166, 1970.

F. H. Samuel and A. A. Hussein. Tempering of medium and lgh carbon marten-
sites. Metallography, 15:391{408, 1982.

Y. H. Lee and R. C. Voight. The hardenability of ductile irons. Transactions AFS,
97:915{938, 1989.

L. Cheng, C. M. Brakman, B. M. Korevaar, and E. J. Mittemeijer. The tempering
of iron-carbon martensite, dilatometric and caloriometric analysis. Metallurgical
and Materials Transactions A, 19A:2415{2426, 1988.

M. J. Van Genderen, M. Isac, A. Bottger, and E. J. Mittemeijer. Aging and tem-
pering behavior of Iron-Nickel-Carbon and Iron-Carbon matensite. Metallurgical
and Materials Transactions A, 28A:545{561, 1997.

M. Jung, S. J. Lee, and Y. K. Lee. Microstructural and dilational changes during
tempering and tempering kinetics in martensitic medium catbon steel. Metallur-
gical and Materials Transactions A, 40A:551{559, 2009.

182



BIBLIOGRAPHY

[22] M. Perez, C. Sidoro, A. Vincent, and C. Esnouf. Microstructural evolution of
martensitic 100Cr6 bearing steel during tempering: From thermoelastic power
measurements to the prediction of dimensional changesActa Materialia , 57:3170{
3181, 2009.

[23] H. K. D. H. Bhadeshia and D. V. Edmonds. Tempered martenge embrittlement:
Role of retained austenite and cementite.Metal Science 13:325{334, 1979.

[24] H. K. D. H. Bhadeshia. The lower bainite transformation and the signi cance of
carbide precipitation. Acta Metallurgica, 28:1103{1114, 1980.

[25] Y. Ohmori and I. Tamura. Epsilon carbide precipitation during tempering of plain
carbon martensite. Metallurgical and Materials Transactions A, 23A:2737{2751,
1992.

[26] J. Deliry. Noveau carbure de fer transformation bainiique dans les aciers au
carbone silicium. Memoires Scienti ques Revue de Metallurgie, 62:527{550, 1965.

[27] J. Pomey. Revenu de la martensite et reaction bainitige inferieure: Cas des aciers
au carbone-silicium et des aciers au carboneMemoires Scienti ques Revue de
Metallurgie , 63:507{532, 1966.

[28] R. F. Hehemann.Phase Transformations ASM, Metal Park, Ohio, 1970.

[29] D. H. Huang and G. Thomas. Metallography of bainitic transformation in silicon
containing steels.Metallurgical and Materials Transactions A, 8A:1661{1674, 1977.

[30] S. A. Sajjdi and S. M. Zebarjad. Isothermal transformafon of austenite to bainite
in high carbon steels. Journal of Materials Processing Technology 189:107{113,
2007.

[31] W. Pitsch. Der orientierungszusammenhang zwischen mgentit und austenit. Acta
Metallurgica, 10:897{900, 1962.

[32] B. P. J. Sandvik. The bainite reaction in Fe-Si-C alloys the secondary stage.
Metallurgical and Materials Transactions A, 13A:789{800, 1982.

[33] G. N. Haindemenopoulos and A. N. Vasilakos. Modeling ofustenite stabilty in
low-alloy triple-phase steels. Steel Research67:513{519, 1996.

183



BIBLIOGRAPHY

[34] X.D. Wang, B. X. Huang, Y. H. Rong, and L. Wang. Microstru ctures and stability
of retained austenite in TRIP steels. Materials Science and Engineering A A438-
440:300{305, 2006.

[35] N. Luzginova, L. Zhao, and J. Sietsma. Evolution and themal stabily of retained
austenite in SAE 52100 bainitic steel. Materials Science and Engineering A A
448:104{110, 2007.

[36] M. Y. Sherif, C. Garca-Mateo, T. Sourmail, and H. K. D. H. Bhadeshia. Stability
of retained austenite in TRIP-assisted steels. Materials Science and Technology
20:319{322, 2004.

[37] I. B. Timokhina, P. D. Hodgson, and E. V. Pereloma. E ect of microstructure
on the stability of retained austenite in transformation-i nduced-plasticity steels.
Metallurgical and Materials Transactions A, 35A:2331{2341, 2004.

[38] W. Shi, Lin Li, B. C. DeCooman, Patrick Wollants, and Chun xia YANG. Thermal
stability of retained austenite in TRIP steel after di erent treatments. Journal of
Iron and Steel Research International 15:61{64, 2008.

[39] A. Kammouni, W. Saikaly, M. Dumont, C. Marteau, X. Bano, and A. Charai.
E ect of the bainitic transformation temperature on retaine d austenite fraction
and stability in Ti microalloyed TRIP steels. Materials Science and Engineering
A, 518:89{96, 2009.

[40] K. Sugimoto, N. Usui, M. Kobayashi, and S. Hashimoto. E ects of volume fraction
and stability of retained austenite on ductility of TRIP-ai ded dual phase steels.
IS1J International , 32:1311{1318, 1992.

[41] H. J. Jun, S. H. Park, S. D. Choi, and C. G. Park. Decompogion of retained
austenite during coiling process of hot rolled TRIP aided seels. Materials Science
and Engineering A, 379:204{209, 2004.

[42] H. K. D. H. Bhadeshia and D. V. Edmonds. Mechanism of baiite formation in
steel. Acta Metallurgica, 28:1265{1273, 1980.

[43] H. K. D. H. Bhadeshia. A rationalisation of shear transbrmations in steels. Acta
Metallurgica, 29:1117{1130, 1981.

184



BIBLIOGRAPHY

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

R. F. Hehemann, K. R. Kinsman, and H. |I. Aaronson. A debat on the bainite
reaction. Metallurgical and Materials Transactions A, 3A:1077{1094, 1972.

|. Stark, G. D. W. Smith, and H. K. D. H. Bhadeshia. The element redistribution

associated with the 'incomplete reaction phenomenon' in banitic steels: An atom
probe investigation. In G. W. Lorimer, editor, Phase Transformations '87, pages
211{215, London, 1988. Institute of Metals.

K. Tsuzaki, A. Kodai, and T. Maki. Formation mechanism of bainitic ferrite
in an Fe-2 pct Si -0.6 pct C alloy. Metallurgical and Materials Transactions A,
25A:2009{2016, 1994.

B. Josefsson and H. O. Anden. Atom probe eld ion microscopy of bainitic trans-
formation in 2.25Cr-1Mo weld metal. Materials Science and Technology7:849{851,
1991.

H. K. D. H. Bhadeshia. Bainite: an atom-probe study of the incomplete reaction
phenomenon. Acta Metallurgica, 30:775{784, 1982.

J. M. Oblak and R. F. Hehemann. Transformations and Hardenability in Steels
Climax Molybdenum, Ann Arbor, MI, 1967.

F. B. Pickering. Transformations and Hardenability in Steels Climax Molybdenum
Company, Ann Arbor, MI, USA, 1967.

H. K. D. H. Bhadeshia and J. W. Christian. Bainite in steels. Materials Science
and Technology 21A:767{797, April 1990.

E. Swallow and H. K. D. H. Bhadeshia. High resolution observations of dis-
placements caused by bainitic transformation. Materials Science and Technology
12:121{125, 1996.

F. G. Caballero, M. K. Miller, S. S. Babu, and C. Garcia-Mateo. Atomic scale
observations of bainite transformation in a high carbon hidh silicon steel. Acta
Materialia, 55:381{390, 2007.

F. G. Caballero, C. Garca-Mateo, M. J. Santo mia, M. K . Miller, and C. Garcia
de Andres. New experimental evidence on the incomplete tafsrmation phe-
nomenon in steel. Acta Materialia, 57:8{17, 2009.

185



BIBLIOGRAPHY

[55] L. C. Chang and H. K. D. H. Bhadeshia. Microstructure of lower bainite formed
at large undercoolings below bainite start temperature. Materials Science and
Technology, 12:233{236, 1996.

[56] H. I. Aaronson and C. Wells. Sympathetic nucleation of érrite. Transactions
AIME , 206:1216{1223, 1956.

[57] J. M. Oblak, R. H. Goodenow, and R. F. Hehemann. Morpholgy of bainite in
hypoeutectoid steels.Transactions of the Materials Society of AIME, 230:258{259,
1964.

[58] M. Takahashi and H. K. D. H. Bhadeshia. Model for transition from upper to
lower bainite. Materials Science and Technology6:592{603, 1990.

[59] E. Kozeschnik and H. K. D H. Bhadeshia. In uence of silion on cementite pre-
cipitation in steels. Materials Science and Technology24, no. 3:343{347, 2008.

[60] L. J. Habraken and M. Economopolus. Transformations and Hardenability in
Steels Climax Molybdenum, Ann Arbor, MI, USA, 1967.

[61] L. J. Habraken. Physical properties of martensite and bainite Special Report 93,
The Iron and Steel Institute, London, 1965.

[62] C. Garca-Mateo, F. G. Caballero, and H. K. D. H. Bhadeshia. Development of
hard bainite. 1SIJ International , 43:1238{1243, 2003.

[63] L. C. Chang. Microstructures and reaction kinetics of kainite transformation in
Si-rich steels. Materials Science and Engineering A A368:175{182, 2004.

[64] A. G. Alten and P. Payson. Transactions ASM, 45:498{531, 1953.

[65] J. Gordine and |. Codd. The in uence of silicon up to 1.5 w% on the tempering
characteristics of a spring steel.Journal of Iron and Steel Institute, pages 461{467,
1968.

[66] L. Zhu, D. Wu, and X. Zhao. E ect of silicon content on the austenite decompo-
sition. Journal of Iron and Steel Research International 13:57{60, 2006.

[67] R. L. Houillier, G. Begin, and A. Dube. A study of the particularities of austenite
during the formation of bainite. Metallurgical Transactions, 2:2645{2653, 1971.

186



BIBLIOGRAPHY

[68] H. K. D. H. Bhadeshia. Bainite in silicon steels: new comosition-property ap-
proach part ii. Metal Science 17:420{425, 1983.

[69] I. Tamura, T. Maki, and H. Hato. Morphology of strain-in duced martensite and
trip in Fe-Ni-Cr alloy. Transactions of the Iron and Steel Institute of Japan 10:163{
172, 1970.

[70] O. Matsumura, Y. Sakuma, and H. Takechi. Enhancement ofelongation by re-
tained austenite in intercritical annealed 0.4C-1.5Si-08Mn steel. Transactions of
the Iron and Steel Institute of Japan 27:570{579, 1987.

[71] P. J. Jacques, E. Girault, Ph. Harlet, and F. Delannay. The develepment of cold
rolled TRIP assisted multiphase steels. Low Si TRIP assistd multiphase steels.
IS1J International , 41:1061{1067, 2001.

[72] R. Harrison. The in uence of silicon on nickel steel. Journal of Iron and Steel
Institute, 124:261{282, 1931.

[73] G. Poulachen, M. Dessoly, C. Le. Calvez, J. L. Lebrun, V.Prunet, and I. S.
Jawahir. An investigation of the in uence of sulphide inclusions on tool-wear in
high speed milling of tool steels.Wear, 250:334{343, 2001.

[74] G. King, R. A. Jarman, and P. Judson. The e ect of manganeg and nickel on the
room temperature tensile characteristics of ferritic weldmetal. Technical report,
Thames Polytechnic Report, April 1989.

[75] A. M. Hall. Nickel in lron and Steel. John Wiley and Sons, New York, N. Y.,USA,
1954.

[76] J. R. Davis, editor. Alloying: understanding the basics ASM International, Ma-
terials Park, OH, rst edition, December 2001.

[77] R. W. K. Honeycombe and H. K. D. H. Bhadeshia. Steels: microstructure and
properties. Edward Arnold, London, UK, 1995.

[78] S. B. Singh and H. K. D. H. Bhadeshia. Estimation of bainte plate-thickness in
low-alloy steels. Materials Science and Engineering A A245:72{79, 1998.

[79] C. Mack. Proceeding Cambridge Philosophical Society52:246, 1956.

187



BIBLIOGRAPHY

[80] G. Langford and M. Cohen. Calculation of cell size stregthening of wire-drawn
iron. Metallurgical and Materials Transactions A, 1A:1478, 1970.

[81] H. K. D. H. Bhadeshia. Theoritical analysis of changesri cementite composition
during tempering of bainite. Materials Science and Technology5:131{137, 1989.

[82] N. Udompongsanon and D. W. Borland. Note on the transiton from lath to plate
martensite. Journal of Australian Institute of Metals, 19:56{58, 1974.

[83] T. George, E. R. Parker, and R. O. Ritchie. Susceptibiliy to hydrogen attack
of a thick section 3Cr1MolNi pressure-vessel steel-role @boling rate. Materials
Science and Technology1:198{208, 1985.

[84] R. M. Horn and R. O. Ritchie. Mechanisms of tempered marénsite embrittlement
in low alloy steel. Metallurgical Transactions A, 9A:1039{1053, 1978.

[85] H. K. D. H. Bhadeshia and D. V. Edmonds. Bainite in silicon steels: a new
composition property approach Il. Metal Science 17(420-425), 1983.

[86] V. T. T. Miihkinen and D. V. Edmonds. Tensile deformation of two experimental
high-strength bainitic low-alloy steels containing silicon. Materials Science and
Technology, 3(432-440), 1987.

[87] G. R. Speich and W. C. Leslie. Tempering of steel.Metallurgical and Materials
Transactions A, 3A:1043{1054, 1972.

[88] C. S. Roberts, B. L. Averbach, and M. Cohen. The mechanis and kinetics of the
rst stage of tempering. Transactions ASM, 45:576, 1953.

[89] C. Wells, W. Batz, and R. F. Mehl. Di usion coe cient of ca rbon in austenite.
Transactions AIME , 188:553{560, 1970.

[90] K. Sugimoto, M. Misu, M. Kobayashi, and H. Shirasawa. E ect of second phase
morphology on retained austenite morphology and tensile poperties in a TRIP
aided dual phase steel sheetlSIJ International , 33:775{782, 1993.

[91] A. Z. Hanzaki, P. D. Hodgson, and S. Yue. Retained austdte characteristics
in thermomechanically processed Si-Mn transformation-imluced plasticity steels.
Metallurgical and Materials Transactions A, 28A:2405{2414, 1997.

188



BIBLIOGRAPHY

[92] B. S. Lement, B. L. Averbach, and M. Cohen. Microstructural changes on tem-
pering iron-carbon alloys. Transactions ASM, 46:851, 1954.

[93] B. S. Lement, B. L. Averbach, and M. Cohen. Further study of microstructural
changes on tempering iron-carbon alloysTransactions ASM, 47:291, 1955.

[94] G. B. Olson and M. Cohen. Stages of aging and tempering dérrite martensites.
Metallurgical and Materials Transactions A, 14A:1057{1065, 1983.

[95] K. Han, M. J. Van Gendere, A. Bottger, H. W. Zandbergen, and E. J. Mittemeijer.
Initial stages of Fe-C martensite decomposition.Philosophical Magazine A 81:741{
757, 2001.

[96] E. Tekin and M. H. Richman. An electron microscopical stidy of the tempering
of tungsten high speed steelsMetallography, 3:327{335, 1970.

[97] W. Steven and K. Balajiva. The in uence of minor element on the isothermal
embrittlement of steels. Journal of Iron and Steel Institute, 193:141{152, 1959.

[98] B. C. Edwards, H. E. Bishop, J. C. Riviere, and B. L. Eyre. An AES study of
temper embrittlement in a low alloy steel. Acta Metallurgica, 24:957{967, 1976.

[99] Y. Imai. Phases in quenched and tempered steel§ransactions Japan Institute of
Metals, 16:721{734, 195.

[100] W. K. Choo and R. Kaplow. Mossbauer measurements on thaging of iron-carbon
martensite. Acta Metallurgica, 21:725{732, 1973.

[101] Y. Hirotsu and S. Nagakura. Crystal structure and morphology of the carbide
precipitated from martensite high cabon steel during the rst stage of tempering.
Acta Metallurgica, 20:645{655, 1972.

[102] S. Nagakuraa, Y. Hirotsu, M. Kusunoki, T. Suzuki, and Y. Nakamura. Crystallo-
graphic study of the tempering of martensite carbon steel byelectron microscopy
and di raction. Metallurgical and Materials Transactions A, 14A:1025{1031, 1983.

[103] S. Matas and R. F. Hehemann. Retained austenite and tepering of martensite.
Nature, 187:685{686, 1960.

189



BIBLIOGRAPHY

[104] B. K. Jha and N. S. Mishra. Microstructural evolution during tempering of a
multiphase steel containing retained austenite.Materials Science and Engineering
A, A263:42{55, 1998.

[105] K. H. Jack. Structural transformations in the tempering of high carbon martensitic
steels. Journal of Iron and Steel Institute, 169:26{36, 1951.

[106] E. J. Fasiska and G. A. Jefrey. On the cementite structue. Acta Cryatalography,
19:463{471, 1965.

[107] J. Liu and C. P. Luo. Precipitation behavior of the lower bainitic carbide in a
medium carbon steel containing Si, Mn and Mo.Materials Science and Engineering
A, A403-440:153{157, 2006.

[108] H. L. Yakel. Crystal structures of stable and metastalte iron-containing carbides.
International Materials Reviews, 30:17{40, 1985.

[109] P. J. Clemm and J. C. Fisher. The in uence of grain boundhries on the nucleation
of secondary phasesActa Metallurgica, 3:70{73, 1955.

[110] J. W. Cahn. The kinetics of grain boundary nucleated ractions. Acta Metallurgica,
4:449{459, 1956.

[111] A. T. W. Kempen, F. Sommer, and E. J. Mittemeijer. The kinetics of the austenite-
ferrite phase transformation of Fe-Mn: di erential thermal analysis during cooling.
Acta Materialia, 50:3545{3555, 2002.

[112] F. Liu, F. Sommer, and E. J. Mittemeijer. Kinetics of the abnormal austenite{
ferrite transformation behaviour in substitutional fe-ba sed alloys. Acta Materialia ,
52:2549{2560, 2004.

[113] C. Zener. Equilibrium relations in medium alloy stees. Transactions AIME,
167:513{534, 1946.

[114] C. Zener. Theory of diusion. In R. Maurer W. Shockley, J. H. Holloman and
F. Seitz, editors, Imperfections in nearly perfect crystals pages 289{314, New York,
1952. John Wiley and Sons Inc.

190



BIBLIOGRAPHY

[115] C. Zener. Theory of growth of spherical precipitatesfom solid solution. Journal
of Applied Physics 20:950{953, 1949.

[116] J. W. Christian. The Theory of Transformations in metals and Alloys, volume
Part 1. Pergamon Press, Oxford, second edition, 1975.

[117] R. Trivedi. Growth of dendritic needles from a supercoled melt. Acta Metallurgica,
18:287{296, 1970.

[118] R. Trivedi. The role of interfacial free energy and inerface kinetics during the
growth of precipitate plates and needlesMetallurgical and Materials Transactions
A, 1A:921{927, 1970.

[119] G. P. Ivantsov. Temperature eld around spheroidal, g/lindrical and acicular crys-
tal growing in a supercooled melt. Doklady Akademii Nauk SSSR 58:567{569,
1947.

[120] M. Hillert. The role of interfacial energy during solid state phase transformations.
Jernkontorets Ann, 141:757{789, 1957.

[121] R. Trivedi and G. M. Pound. E ect of concentration dependent di usion coe cient
on the migration of interphase boundaries. Journal of Applied Physics 38:3569{
3576, 1967.

[122] M. Avrami. Kinetics of phase change 1.Journal of Chemical Physics 7:1103{1112,
1939.

[123] M. Avrami. Kinetics of phase change 2.Journal of Chemical Physics 8:212{224,
1940.

[124] M. Avrami. Kinetics of phase change 3.Journal of Chemical Physics 8:177{184,
1941.

[125] S. J.Jones and H. K. D. H. Bhadeshia. Kinetics of the simitaneous decomposition
of austenite into several transformation products. Acta Materialia, 45:2911{2920,
1997.

[126] S. M. HodsonMTDATA-Metallurgical and Thermomechanical Databank. National
Physical Laboratory, Teddington, U.K., 1989.

191



BIBLIOGRAPHY

[127] K. W. Andrews. Empirical formulae for the calculation of some transformation
temperatures. Journal of Iron and Steel Institute, 203:721{727, 1965.

[128] G Krauss. Steels - Processing, Structure and Performance ASM International,
Materials Park, Ohio, 2005.

[129] H. K. D. H. Bhadeshia. Thermodynamic analysis of isotlermal transformation
diagrams. Metal Science 16:159{165, 1982.

[130] http://www.msm.cam.ac.uk/phase-trans/map/.

[131] H. K. D. H. Bhadeshia and D. V. Edmonds. Thermodynamic &trapolation and
the Ms temperature of substitutionally alloyed steels. Metal Science 15(178-180),
1981.

[132] C. G. de Andes, F. G. Caballero, C. Capdevila, and D. &n Martin. Revealing
austenite grain boundaries by thermal etching: advantagesand disadvantages.
Materials Characterization, 49:121{127, 2002.

[133] R. T. DeHo and F. N. Rhines. Quantitative Microscopy. McGraw-Hill, New York,
USA, 1968.

[134] R. Jenkins and R. L. Snyder.Introduction to X-ray powder di ractometry powder
di ractometry . John Wiley and Sons, New York, USA, 1996.

[135] A. J. C. Wilson. Geiger counter X-ray spectometer- inuence of size and absorp-
tion coe cient of specimen on position and shape of powder diraction maxima.
Journal of Scienti ¢ Instruments , 27:321{325, 1950.

[136] C. Dong, F. Wu, and H. Chen. Correction of zero shift in ppwder diraction
patterns using the re ection-pair method. Journal of Applied Crystallography;
32:850{853, 1999.

[137] M. U. Cohen. Precision lattice constants from X-ray pavder photographs. Review
of Scienti c Instruments, 6:68{74, 1935.

[138] B. D. Cullity and S. R. Stock. Elements of X-ray di raction . Prentice Hall, New
Jercy, USA, third edition, 1996.

192



BIBLIOGRAPHY

[139] G. S. Smith and R. L. Snyder. A criterion for rating powder diraction pat-
terns and evaluating the reliability of powder-pattern ind exing. Journal of Applied
Crystallography, 12:60{65, 1979.

[140] R. A. Young, editor. The Rietveld Method, IUCr Monographs on Crystalography,
Vol. 5. Oxford University Press, New York, USA, 1993.

[141] R. J. Hill and C. J. Howard. Quantitative phase analysis from neutron powder
di raction data using the Rietveld method. Journal of Applied Crystallography,
20:467{474, 1987.

[142] L. B. McCusker, R. B. Von Dreele, D. E. Cox, D. Louer, andP. Scardi. Rietveld
re nemet guidelines. Journal of Applied Crystallography, 32:36{50, 1999.

[143] D. B. Wiliams and C. B. Carter. Transmission electron microscopy Plenum
Publishing Corporation, New York, N. Y., USA, 1996.

[144] W. W. Gerberich, G. Thomas, E. R. Parker, and V. F. Zacky. Metastable austen-
ites: decomposition and strength. InSecond International Conference on Strength
of Metals and Alloys pages 894{899, Ohio, USA, 1970. ASM International.

[145] E. R. Parker. Interrelations of compositions, transbrmation kinetics morphology
and mechanical properties of alloy steelsMetallurgical and Materials Transactions
A, 8A:1025{1042, 1977.

[146] E. Dorazil, B. Barta, E. Munsterova, L. Stransky, and A. Huvar. High strength
bainitic ductile cast iron. AFS International Cast Metals Journal, 22(52-62), 1982.

[147] P. J. Jacques. Transformation-induced plasticity fo high strength formable steels.
Current Opinion in Solid State and Materials Science 8:259{265, 2004.

[148] B. C. De Cooman. Structure{properties relationship n TRIP steels containing
carbide-free bainite. Current Opinion in Solid State and Materials Science 8:285{
303, 2004.

[149] P. G. Self, H. K. D. H. Bhadeshia, and W. M. Stobbs. Lattice spacings from lattice
fringes. Ultramicroscopy, 6(29-40), 1981.

[150] http://wvww.msm.cam.ac.uk/map/steel/programs/mu cg46-b.html.

193



BIBLIOGRAPHY

[151] J. R. Yang and H. K. D. H. Bhadeshia. The bainite to austenite transformation.
In G. W. Lorimer, editor, Phase Transformations '87, pages 365{373, 1988.

[152] J. R. Yang and H. K. D. H. Bhadeshia. Continuous heatingtransformation of
bainite to austenite. Materials Science and Engineering A 131:99{113, 1991.

[153] F. G. Caballero, C. Garca-Mateo, and C. G. de Andes. Dilatometric study of
reaustenitisation of high silicon bainitic steels: Decompsition of retained austen-
ite. Metallurgical and Materials Transactions A, 46A:581{586, 2005.

[154] H. M. Rietveld. A pro le re nement method for nuclear a nd magnetic structures.
Journal of Applied Crystallography, 2:65{71, 1969.

[155] R. A. Young and D. B. Wiles. Prole shape functions in Rietveld re nements.
Journal of Applied Crystallography, 15:430{438, 1982.

[156] H. Stuart and N. Rindley. Thermal expansion of cementie and other phases.
Journal of lIron and Steel Institute, 204:711{717, 1966.

[157] D. J. Dyson and B. Holmes. E ect of alloying additions onthe lattice parameter
of austenite. Journal of Iron and Steel Institute, 277:469{474, 1970.

[158] H. K. D. H. Bhadeshia, S. A. David, J. M. Vitek, and R. W. Reed. Stress induced
transformation to bainite in Fe-Cr-Mo-C pressure vessel stel. Materials Science
and Technology 7:686{698, 1991.

[159] D. P. Koistinen and R. E. Marburger. A general equationprescribing te extent
of the austenite-martensite transformation in pure iron carbon alloys and plain
carbon steels.Acta Metallurgica, 7:59{60, 1959.

[160] M. Peet, S. S. Babu, M. K. Miller, and H. K. D. H. Bhadeshia. Three-dimensional
atom probe analysis of carbon distribution in low-temperature bainite. Scripta
Materialia, 50:1277{1281, 2004.

[161] J. A. Cameron. Its conditioning in En40C steel, and itsoccurrence in other B.S.
En steels. Journal of Iron and Steel Institute, 194:260{267, 1956.

[162] G. T. Nazarenko. Decomposition range for retained ausnite in carbon steels
during tempering. Metal science and heat treatment 1:29{31, 1959.

194



BIBLIOGRAPHY

[163] B. B. Vinikur, M. V. Belous, S. E. Kondratyuk, and L. A. S emenova. Isothermal
phase diagram of residual austenite in temperingMetal science and heat treatment
28:621{624, 1986.

[164] A. Saha Podder and H. K. D. H. Bhadeshia. Thermal stabity of austenite retained
in bainitic steels. Materials Science and Engineering A 527:2121{2128, 2010.

[165] H. J. Stone, H. K. D. H. Bhadeshia, and P. J. Withers. In $tu monitoring of
weld transformations to control weld residual stresses.Materials Science Forum
571-572:393{398, 2008.

[166] H. Dai, J. A. Francis, H. J. Stone, H. K. D. H. Bhadeshia, and P. J. Withers.
Characterising phase transformations and their e ects on feritic weld residual
stresses with X-rays and neutrons. Metallurgical and Materials Transactions A,
39A:3070{3078, 2008.

[167] H. J. Stone, M. J. Peet, H. K. D. H. Bhadeshia, P. J. Witheas, S. S. Babu, and E. D.
Specht. Synchrotron X-ray studies of austenite and bainitt ferrite. Proceedings of
Royal Scociety 464:1009{1027, 2008.

[168] L. Lutterotti, S. Matthies, H. R. Wenk, A. S. Shultz, and J. W. Richardson.
Combined texture and structure analysis of deformed limesbne from time-of- ight
neutron di raction spectra. Journal of Applied Physics 81:594{600, 1997.

[169] Maud package: http://www.ing.unitn.it/ maud/.

[170] C. Garca-Mateo, M. Peet, F. G. Caballero, and H. K. D. H. Bhadeshia. Tempering
of hard mixture of bainitic ferrite and austenite. Materials Science and Technology
20:814{818, 2004.

[171] C. Garca-Mateo and F. G. Caballero. The role of retaned austenite on tensile
properties of steels with bainitic microstructures. Materials Transactions, 46:1839(
1846, 2005.

[172] M. J. Marques, J. Pina, A. M. Dias, J. L. Lebrun, and J. Feugeas. X-ray di raction
characterization of ion-implanted austenitic stainless $eel. Surface and Coating
Technology, 195:8{16, 2005.

195



BIBLIOGRAPHY

[173] M. Dudley, J. Wu, and G. D. Yao. Determination of penetration depths and
analysis of strains in single crystals by white beam synchroon X-ray tomography
in grazing Bragg-Laue geometries.Nuclear Instruments and Methods in Physics
Research B40/41:388{392, 1989.

[174] H. K. D. H. Bhadeshia. Carbon content of retained austaite in quenched steels.
Metal Science 17:151{152, 1983.

[175] M. Wang, Y. Wang, and F. Sun. Tempering behavior of a seirhigh speed steel
containing nitrogen. Materials Science and Engineering A 438-440:1139{1142,
2006.

[176] F. Pan, P. Ding, S. Zhou, M. Kang, and D. V. Edmonds. E ect of silicon addi-
tions on the mechanical properties and microstructure of hjh speed steels Acta
Materialia, 45(11):4703{4712, 1997.

[177] R. A. Grange and R. W. Baughman. Hardness of tempered migensite in carbon
and low alloy steels. Transactions of the ASM, 48:165{191, 1956.

[178] F. G. Caballero, M. K. Miller, C. Garca-Mateo, C. Cap devila, and S. S. Babu.
Redistribution of alloying elements during tempering of a ranocrystalline steel.
Acta Materialia, 56:188{199, 2008.

[179] G. K. Williamson and W. H. Hall. X-ray line broadening from led aluminium
and wolfram. Acta Metallurgica, 1:22{31, 1953.

[180] W. H. Hall. X-ray line broadening in metals. Proceedings of the Physical Scociety
A62:741{743, 1949.

[181] P. Gay, P. B. Hirsch, and A. Kelly. The estimation of dislocation densities in
metals from X-ray data. Acta Metallurgica, 1:315{319, 1953.

[182] G. K. Williamson and R. E. Smallman. Dislocation densiies in some annealed and
cold worked metals from measurements on the X-ray Debye-Sehrer spectrum.
Philosophical Magazine 1:34{46, 1956.

[183] A. J. C. Wilson. The diraction of X-rays by distorted cr ystal aggregates. IV.
Diraction by a crystal with an axial screw dislocation. Acta Crystallography,
5:318{322, 1952.

196



BIBLIOGRAPHY

[184] E. Demir, D. Raabe, N. Zaafarani, and S. Zae erer. Inveigation of the indentation
size e ect through the measurement of the geometrically necgsary dislocations be-
neath small indents of di erent depths using EBSD tomography Acta Materialia,
57:559{569, 2009.

[185] F. J. Humphreys. Review grain and subgrain charactesation by electron backscat-
ter di raction. Journal Materials Science 36:3833{3854, 2001.

[186] T. Malkiewicz. Metaloznawstwo stopow zelazsPWN, Warszawa-Krakow, Poland,
1976.

[187] J. Pacyna, A. Jedrzejewska-Strach, and M. Strach. Thes ect of manganese and
silicon on the kinetics of phase transformations during tenpering - Continuous
Heating Transformation (CHT) curves. Journal of Materials Processing Technol-
ogy, 64:311{318, 1997.

[188] G. Zajac and J. Pacyna. The kinetics of phase transforitions during temper-
ing in structural steels with nickel. In 13th International scienti c conference on
achievements in mechanical and materials engineeringpages 719{722, Gliwice-
Wisia, Poland, 2005.

[189] J. W. Christian and D. V. Edmonds. The bainite transformation. In A. R. Marder
and J. |. Goldstein, editors, Phase Transformations in Ferrous Alloys, pages 293{
325, NY, 1984. The metallurgical society of AIME.

[190] J. D. Robson and H. K. D. H. Bhadeshia. Modelling precigation sequences in
power plant steels. Part 1 - Kinetic theory. Materials Science and Technology
13:631{639, 1997.

[191] R. H. Siller and R. B. McLellan. Application of rst ord er mixing statistics to
the variation of the di usivity of carbon in austenite. Metallurgical Transactions,
1:985{988, 1970.

[192] J. C. Fisher, J. H. Hollomon, and D. Turnbull. Kinetics of the austenite to marten-
site transformation. Metals Transactions, 185:691{700, 1949.

[193] H. K. D. H. Bhadeshia. Di usion of carbon in austenite. Metal Science 15:477{479,
1981.

197



BIBLIOGRAPHY

[194] R. B. McLellan and W. W. Dunn. A quasichemical treatmert of interstitial solid
solutions: its application to carbon in austenite. Journal of Physics and Chemistry
of Solids 30:2631{2637, 1969.

[195] K. Lucke and K. Detrt. A quantitative theory of grain-b oundary motion and
recrystallization in metals in the presence of imputrities Acta Metallurgica, 5:828{
637, 1957.

[196] S. Chatterjee, H. S. Wang, J. R. Yang, and H. K.D. H. Bhadshia. Mechanical
stabilisation of austenite. Materials Science and Technology22:641{644, 2006.

[197] R. W. K. Honeycombe. Phase deformation of metals Edward Arnold, London,
2nd edition, 1984.

[198] G. B. Olson and M. Cohen. A general mechanism of marteits nucleation: Part
I. Metallurgical Transactions A, 7A:1897{1904, 1976.

198



