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In the Beginning

Was Austenite, ..

And then,

Austenite transformed to Martensite. .
G. Krauss, ICOMAT9S,
Bariloche, Argentina

Peut-étre 'y a-t-il d’autres connaissances a
acquérir, d'autres interrogations & poser
aujourd’hui, en partant, non de ce que d’autres
ont su, mais de ce qu'ils ont ignoré.

S. Moscovici

Enrouler le monde autour de nos doigts
Comme un fil ou un ruban dont joue une femme
qui réve G sa fenétre,
F. Pessoa, “Fragments d’un
voyage immobile”
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Introduction

Although sometimes considered as an ‘old’ material, steel remains the most widely used
metallic alloy’ and a subject of intense research. More than one century of research on the
physical metallurgy of steels® has not yet allowed a thorough understanding of the physics
governing the processing and properties of this ‘common’ material. The versatility of steel
has its origin in the different allotropic forms of iron, in the many mechanisms by which
phase transformations can develop and in the solubility of carbon and substitutional solutes
in these phases. As a consequence, steels certainly constitute the most complex group of
alloys for large scale use, exhibiting an incredibly rich variety of microstructures and
therefore, of properties which can be exploited by industry. The development of a new
steel is a kind of a modern quest for the ‘Philosopher’s Stone’, a stone that would allow
turning base iron into steel with improved properties.

The automotive industry is certainly one of the key sectors in which continuous
improvement of the steel properties is insistently requested. With respect to emerging
materials such as aluminium or composites, steel will keep its place as the first material for
vehicles if it meets the new requirements of the automotive industry. For some years now,
a primary objective of development is the reduction of weight in vehicles in order to
reduce fuel consumption and thus emission of greenhouse gas. The recent Global Warming
Treaty of Kyoto reveals the extent and importance of this requirement. Furthermore, more
stringent requirements for safety and crashworthiness are imposed by the governments and

! The production of steel in the world is predicted to increase to about 1 000 million tonnes by the year 2000!
2 Names such as H.C. Sorby, A. Martens or L.J. Troost are associated with the birth of metallography and the
first steps in the understanding of the hardening processes of steels at the end of the 19" century (see for
example: C.S. Smith: Martensite, G.B. Olson and W.S, Owen ed, ASM, 1992, pp. 11-21),
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standards associations. The recent Ultra Light Steel Auto Body (ULSAB) project, which
has brought together on a world-wide scale members of the steelmaking industry and
automotive industry, demonstrates the possibilities of lightweight automobile construction
with modern steels and processes by attaining a weight saving of 25%. Within the scope of
the ULSAB project, high-strength steels were largely used to a great advantage.

The new challenge for optimising vehicle structures for weight is to develop steels with
enhanced strength without compromising formability. The TRIP-assisted multiphase
steels meet this requirement. For a decade now, numerous studies have shown that TRIP-
assisted multiphase steels are particularly remarkable among the high-strength steels since
they do not seem to follow the traditional axiom of materials engineering dictating that
ductility goes down as strength goes up. However, the steels studied up to now contain a
high level of silicon which is too high as to be compatible with industrial practice. This
feature constitutes the major drawback for the large scale developments of these steels. The
need for high-strength formable steels with a reduced silicon content therefore seems
necessary.

Beside these applied aspects, a study of TRIP-assisted multiphase steels also aims at a
better understanding of the physical principles underlying this new material. The unique
strength-ductility balance of TRIP-assisted multiphase steels emerges from (i) a complex
microstructure associating ferrite, bainite, retained austenite and martensite, which is
generated at the end of a specific heat-treatment scheme; (ii) the exploitation of a particular
mechanism of deformation, i.e. the mechanically-induced martensitic transformation of
metastable austenite (the TRIP effect). As a matter of fact, the physics underlying the
phase transformations or the mechanical behaviour of these steels is not fully understood.
The formation of bainite and martensite during either thermal processing or mechanical
testing has still to be thoroughly elucidated. A description of the mechanical properties of
the TRIP-assisted multiphase steels, accounting for the composite nature of their
microstructure as well as for the role of the TRIP effect is also of primary importance.

The subject of this thesis is twofold:

(1) to contribute to the understanding of the phase transformations and mechanical
properties of TRIP-assisted multiphase steels; .

(i)  to show to what extent a new TRIP-assisted multiphase steel with a reduced silicon
content could meet the performance requirements for high-strength formable steels.
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Each chapter will be devoted to enlightening a specific aspect of the behaviour of the
TRIP-assisted multiphase steels during either thermal processing or mechanical testing. In
each case, the correlations between Processing, Microstructure and Properties will be
established. Furthermore, the different investigations carried out in this thesis will aim at
comparing what can be called a conventional high silicon TRIP-assisted multiphase steel
with a newly proposed low silicon TRIP-assisted multiphase steel.

The outline of the thesis follows the logical evolution from processing to mechanical
testing:

Chapter I reviews the main literature results concerning various steel families to which
TRIP-assisted multiphase steels can be related. This chapter thus provides a first insight
into the unique properties of these steels. Some relevant features of the Dual Phase steels
are presented. The TRIP effect is briefly described as well as some features of the bainite
transformation that can bring about the stabilisation of austenite.

Chapter II describes the different steels investigated in this thesis as well as the
experimental procedures designed and used in order to enlighten the factors governing the

phase transformations and mechanical properties of TRIP-assisted multiphase steels.

Chapter I is devoted to the investigation of the phase transformations occurring during
the thermal processing of cold-rolled TRIP-assisted multiphase steels, with particular
attention to the bainite transformation of intercritical austenite. The influence of the silicon
content and of the temperature of bainitic tempering is highlighted. The kinetics of bainite
transformation during thermal processing is explained on the basis of the morphological
characteristics of intercritical austenite.

Chapter IV deals with the correlations existing in TRIP-assisted multiphase steels between
the uniaxial tensile properties and some features of the microstructure. The relationship
between (i) the formation and transformation of austenite during thermal processing, (ii)
the generated microstructures and (iii) the resulting mechanical properties are clearly
demonstrated. Beside the TRIP effect, the role of other strengthening mechanisms is also
enlightened.

Chapter V deals with the characterisation of the mechanical stability of retained austenite
in TRIP-assisted multiphase steels and the efficiency of the TRIP effect at room
temperature. The influences of chemical composition and heat-treatment parameters on the
stability of retained austenite are elucidated. The effect of the other phases surrounding
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austenite is also established. The use of the acoustic emission technique in order to
characterise the transformation rate of austenite during uniaxial tensile testing of TRIP-
assisted multiphase steels is demonstrated.

Chapter VI is devoted to the characterisation of the mechanical stability of retained
austenite by considering the temperature dependence of tensile properties. A reversal of
flow stresses at small strain offsets (as well as of other properties) corresponding to M,° is
experimentally defined. This temperature dependence of the mechanical properties is
related to the intrinsic mechanical stability of retained austenite independently of the
influence of the surrounding phases.

Chapter VII deals with the characterisation of the damage and fracture resistance of the
TRIP-assisted multiphase steels. The transformation and damage of notched plates is
studied by fracture toughness testing using DENT specimens and by numerical
simulations. This study reveals the parameters of the microstructure dictating the fracture
resistance of this type of steel. Furthermore, a phenomenological energetic criterion for the
mechanically-induced martensitic transformation is proposed.

The conclusion summarises the main results of the thesis and suggests some prospects.
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Chapter I

From Dual Phase Steels to TRIP-
Assisted Multiphase Steels

1. Introduction

For a decade now, studies dealing with new high-strength low alloy steels exhibiting
enhanced formability attract a large interest in the literature. These studies are principally
motivated by the pressure of the automotive industry which is looking for new materials
with an improved strength-ductility balance. These materials should thus meet in a more
effective way the objectives of reduction of car consumption by weight saving. They do
also improve safety and crashworthiness. As sketched in figure 1.1, these new steel grades
are called TRIP-assisted multiphase steels. Their appellation thus recalls the 2 physical
origins of their exceptional mechanical properties, i.e. the multiphase nature of their
microstructure and the possibility of a TRIP effect (i.e. mechanically-induced martensitic
transformation of metastable retained austenite). The word ‘assisted’ (which is often
forgotten in the literature) means that these 2 features interact and influence each other.
TRIP-assisted multiphase steels can be considered as historically deriving from various
previously developed iron-based alloys. This chapter intends to show how the

Chapter 1. From Dual Phase Steels to TRIP-Assisted Multiphase Steels
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characteristics of TRIP-assisted multiphase steels can be logically related to these previous
steel families.

TRIP-assisted
multiphase steels

30 A\

Solid-solution,

1

Total elongation (%)
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Figure 1.1: Typical combinations of strength and ductility obtained with
conventional strengthening mechanisms of low alloy steels.

First of all, the TRIP-assisted multiphase steels present a multiphase microstructure. They
are thus clearly related to the Dual-Phase steels thoroughly studied since the end of the
1970s. Like the Dual-Phase steels, the TRIP-assisted multiphase steels are obtained
through an improved control of the thermal or thermomechanical processing of low and
medium carbon steels. Furthermore, TRIP-assisted multiphase steels make use of the TRIP
effect. They are thus related to the highly alloyed fully austenitic steels for which it had
been shown that mechanically triggered martensitic transformation can contribute very
effectively to the deformation mechanism. In these fully austenitic steels, austenite could
be retained thanks to high levels of expensive alloying elements. The question was
therefore to find out how austenite could be retained with sufficient stability in a low alloy
steel. As Dual-Phase heat-treatment does not yield to such a stabilisation, bainite
transformation revealed to be a very powerful means which could lead to large amounts of
retained austenite when particular conditions are fulfilled.

The present chapter aims at reviewing the principal literature results concerning the Dual-
Phase steels, i.e. concerning their chemical composition, mechanical properties and
underlying strengthening mechanisms. A short insight about the TRIP effect will be
presented. Retained austenite with improved stability can be found in high strength bainitic
steels. The mechanism by which bainite transformation can bring about large amounts of
retained austenite will therefore be enlightened. The combined effects of these different
parameters in TRIP-assisted multiphase steels will finally be summarised.
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2. Emergence of Dual-Phase steels

2.1. A new process practice

Thermomechanical processing of low- and medium-carbon steels commonly involves
cooling from above the upper critical temperature (A;) where only austenite is stable
[Davi79, Matl82]. Proper control of alloy composition and cooling rate allows obtaining
various desirable combinations of microstructure and properties. For example, low carbon
steel sheets used in applications where good ductility is required are cooled at such a rate
that microstructures consist primarily of ferrite and small amounts of pearlite or carbides.
Microalloying and/or controlled hot-rolling have dramatically increased the strength of
low-carbon steel sheets by refining grain size in what is referred to as ‘High-Strength Low
Alloy’ (HSLA) steels. The microstructure of HSLA steels still largely consists of ferrite
with some pearlite,

With the Dual-Phase steels, other processing approaches than those which produce
exclusively either ferrite/pearlite or martensite (in the case of ultra-strength steels)
microstructures have been developed. These new approaches result in microstructures
consisting of ferrite and martensite, therefore combining in the same microstructure phases
with largely different mechanical properties in order to give rise to a synergetic composite
strengthening effect. Dual-Phase steels have been thoroughly studied after the work of
Rashid [Rash76, Rash77] who showed that a microstructure consisting of a dispersion of
martensite grains in a ferrite matrix can bring about enhanced mechanical properties
(figure 1.2). Figure 1.3 suggests how the ferrite-martensite microstructure of Dual-Phase
steels is generated by intercritical annealing, i.e. by heating between A; and A; in the
ferrite-austenite phase field, and by subsequently cooling at a rate compatible with
austenite transformation to martensite. In the industrial practice, steel compositions were
adjusted without a too large increase of costs, in order to obtain the hardenability needed
for obtaining martensite with the cooling rate resulting from sheet thickness and quenching
capabilities of industrial lines. As a consequence, Dual-Phase steels typically contain low
levels of carbon (from 0.05 to 0.15 wt.%), manganese (from 1 to 1.5 wt. %), silicon (around
0.4 wt.%) and sometimes other elements like Cr, Mo or V [Spei81]. During intercritical
annealing, the formation of austenite is accompanied by the partitioning of alloying
elements between ferrite and austenite [Spei81a, Spei8lb, Wycl81, Matl82]. Carbon can
concentrate in austenite but the intercritical annealing times are too short (of the order of a
few minutes) for allowing redistribution of substitutional alloying elements.

Chapter I : From Dual Phase Steels 1o TRIP-Assisted Multiphase Steels

L3



1200
= 1000
a¥
2
e 800 +
::):D Recovery
B 600 + Annealed
A or

Quenched
400 - Steels Conventional
High Strength Steels
200 L] { i 1 ! I 1
0 5 10 15 20 25 30 35 40
Total Elongation (%)

Figure 1.2: Tensile strength as a function of total elongation for 3 types of
high-strength steels (from [Matl82]).
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Figure 1.3: Typical heat-treatment scheme of cold-rolled Dual Phase steels.

2.2. Mechanical properties

Numerous studies have been devoted to the relation between Microstructure and Tensile
properties in Dual-Phase steels [DP77, DP79, DP81, Matl82]. The unique tensile
properties of Dual-Phase steels, ie. low yield strength, high tensile strength and large
uniform and total elongations, result from complex interactions of the yielding and strain-
hardening behaviours of the microstructural components. The volume fraction,
composition, size and distribution of phases can be varied by changes in alloy composition,
initial microstructure and processing routes. These microstructural parameters influence in
an effective way the mechanical properties. As shown in figure 1.4, the strength of Dual-
Phase steels increases with increasing volume fraction of martensite while uniform
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elongation (and more globally ductility) decreases. As a consequence, it was generally
concluded that better strength-ductility combinations are obtained when martensite
constitutes a dispersed phase in the ferrite matrix, i.e. when its volume fraction is around
20-40%.
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Figure 1.4: Evolution of yield strength and tensile strength (a) and uniform
elongation (b) as a function of the volume fraction of martensite present in

microstructure of Dual Phase steels (from [Spei79]).

One of the characteristic features of the mechanical properties of the Dual-Phase steels is
the occurrence of continuous yielding instead of the appearance of Liiders bands and the
associated ‘yield point elongation’ generally observed in low alloy steels. This continuous
yielding is due to the presence of internal stresses allowing dislocations to remain
unpinned by interstitial solutes. These dislocations are generated by the austenite to
martensite transformation on cooling. Indeed, martensitic transformation of intercritical
austenite in Dual-Phase steels occurs at low temperatures' so that the ferrite phase must
plastically deform to accommodate the volume expansion (~ 2 to 4 %) and shear
deformation (y ~ 0.24) arising from the austenite to martensite transformation. As a result,
both a high dislocation density and residual stresses are generated in the ferrite phase
immediately surrounding martensite particles [Furu79, Rigs79, SpeiSia, Rizk82, Bour83].
Furthermore, interactions between the soft ferrite matrix and the hard martensite islands
were found in various studies to be the key factors leading to the enhanced mechanical

' As all carbon concentrates in austenite during intercritical annealing, this intercritical austenite always
presents a low Ms temperature due to the very effective hardening effect associated with carbon [Andr65].

Chapter I : From Dual Phase Steels to TRIP-Assisted Multiphase Steels

)



properties of Dual-Phase steels [Rigs79, Rizk82, Bour83, Goel85a, Goel85b). Martensite
transformation on cooling generates free dislocations in the ferrite which contribute to a
low yield strength but a high work-hardening rate. In addition, martensite induces an
increase of the dislocation density of ferrite and this dislocation strengthening of ferrite
determines the high work-hardening rate of Dual-Phase steels,

Finally, several studies have shown that retained austenite with contents up to around 10%
can be found beside ferrite and martensite in the microstructure of Dual-Phase steels
[Rigs77, Yi83, Sach83]. The question was raised whether this retained austenite can
improve the mechanical properties of Dual-Phase steels through the TRIP effect.

3. Mechanically-induced martensitic transformation and the TRIP effect

3.1. Mechanical activation of martensitic transformation

In order to proceed, martensitic transformation, i.e. displacive and diffusioniess
transformation of parent austenite?, needs to be accompanied by a decrease in free energy.
Figure 1.5 schematically shows the evolution of the chemical free energies of parent
austenite and daughter martensite as a function of temperature. For temperatures lower
than T, (for which the free energies of both phases with identical compositions are
identical), the transformation from austenite to martensite is accompanied by a decrease in
free energy. However, austenite will not decompose into martensite unless a well-defined
‘driving force’, i.e. an excess of free energy of austenite over that of martensite,
corresponding to the activation barrier is available. As a consequence, martensitic
transformation of austenite only occurs at M;, below a well-defined undercooling AT from
To3. As indicated in figure 1.5, a driving force of AGMSM' attained for an undercooling

2 It can be said in a simple way that martensitic transformation arises from a cooperative shear movement of
atoms on distances shorter than the atomic inter-distances [Olson92].

® The extent of this undercooling and of the corresponding driving force allows an easy distinction between
thermoelastic and non-thermoelastic transformations. As shown in figure 1.6, a substantial difference in
transformation hysteresis may be found, indicated by the difference between the A¢ and M, temperatures. The
thermoelastic transformation exemplified by the Au-Cd alloy in figure 1.6 or by the well-known Shape
Memory Alloys such as Ni-Ti or Cu-Zn-Al [Tamu92], is characterised by a small hysteresis which means a
small barrier to transformation and weak dissipative sources. Furthermore, for the thermoelastic case,
martensitic transformation proceeds by the continuous growth of martensite plates and the nucleation of new
plates on cooling. Direct and reverse transformations either on cooling or heating occur by the forward or
backward movements of the martensite/austenite interface, By contrast, for the non-thermoelastic
transformation such as for ferrous martensite, once a martensite plate grows to a given size, the interface does
not undergo inverse movement during heating.
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down to M is needed for triggering martensitic transformation. This means that in the
absence of any other competing phase transformation®, austenite cooled at temperatures
ranging from M, to Ty stays in a metastable state. However, since martensitic
transformation is achieved by a cooperative shear movement of atoms, it can be easily
envisioned that the mechanical state of the microstructure may influence the
transformation. The chemical driving force AGHT® at temperature T, on figure 1.5, is
insufficient for the onset of martensitic transformation. Nevertheless, a mechanical driving
force, U, resulting from an externally applied stress may be added to the chemical driving
force in order to attain the requested critical driving force AGp, "% Consequently,
martensitic transformation can be mechanically-induced when a mechanical work supplies
the lacking driving force for triggering the transformation [Tamu92, Olson82b, Tamu82].
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Figure 1.5: Schematic illustration showing chemical free energies of austenite

and martensite as a function of temperature.
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Figure 1.6: Electrical resistance changes during cooling and heating for Fe-Ni and Au-Cd alloys,
indicating the hysteresis of the martensite reaction on cooling and the reverse transformation on
heating for non-thermoelastic and thermoelastic transformations, respectively (from [Tamu92]),

* For steel, the notion of hardenability also intervenes in the case of martensitic transformation of austenite
since this austenite has to be cooled sufficiently rapidly in order to avoid the other thermally activated phase
transformations of parent austenite.
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3.2. Stress-assisted and strain-induced martensitic transformation

When austenite is stressed at temperatures above M, martensitic transformation thus
occurs when a critical stress corresponding to the lacking driving force is attained. Figure
1.7 shows the evolution of this critical applied stress as a function of temperature. As
temperature is raised above Ms, the lacking driving force increases and the mechanical
work that has to be applied also increases. If the chemical driving force AG"® decreases
linearly with temperature above M, [Patel53], it is expected that the critical applied stress
for the onset of martensitic transformation linearly increases when temperature increases.
In this regime, the transformation is said to be stress-assisted and the mechanical driving
force allows martensitic transformation to occur on the same nucleation sites as during
cooling. However, when temperature is further raised, the critical stress for triggering
transformation reaches the austenite elastic limit (represented by the 0.2% proof stress of
austenite in figure 1.7). Austenite will therefore first be plastically deformed before
transformation can occur. When austenite is deformed at temperatures above this transition
temperature called M,° (e.g. at T2 in figure 1.7), austenite which starts to deform
plastically at a stress o, has to be strain-hardened up to oy before martensitic
transformation begins. oy, is considerably lower than o, which could be expected by
extrapolating the critical stress versus temperature line valid between M, and M,°. This
decrease (0.-0p) of the critical applied stress for martensite formation is due to the plastic
deformation of austenite which creates new potent nucleation sites for martensitic
transformation. This regime is called strain-induced transformation. The temperature M,®
corresponds to a reversal of the temperature dependence of the flow stress [Olson78,
Haid89a, Tamu92]. It defines the boundary between the temperature regimes where the 2
modes of transformation, i.e. stress-assisted and strain-induced dominate.
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Figure 1.7: Schematic illustration showing the critical stress for martensite
formation as a function of temperature.

3.3. Transformation — Induced plasticity, the TRIP effect

Since martensitic transformation can occur during mechanical solicitation, its
consequences on the deformation process has been thoroughly studied. It was shown that
the aftermath of the mechanically-activated displacive and diffusionless transformation of
austenite, such as the dilatational and shear deformations arising from the change of crystal
structure, the formation of preferential variants of martensite and the abrupt change of
strength [Patel53, Olson75, Onod76, Olson82a, Strin92, Tamu92] improve strength and
ductility by shaping the work-hardening rate [Angel54, Zack67, Lud69, Olson78,
Olson82b]. These effects of Transformation-Induced Plasticity that are associated with the
intrinsic characteristics of the martensitic transformation and with the consequences of the
transformation on the surrounding microstructure are classically related to 2 different
mechanisms [Lebl89, Mark95, Onod76]: (i) the stress-assisted nucleation of martensitic
variants favourably oriented in comparison with the applied stress (Magee mechanism
[Magee68]); and (ii) the microscopic plasticity of the phases due to the volume and shape
changes associated with the displacive transformation (Greenwood-Johnson effect
[Green65]).

Figure 1.8 shows that the balance of mechanical properties such as tensile strength and
elongation exhibit an overall optimum when testing is carried out in the temperature range
comprised between the M; temperature of spontaneous martensitic transformation on
cooling and the My temperature of end of mechanically-induced martensitic
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transformation®. Tensile strength increases with decreasing test temperature, and this
increase almost corresponds to the increase of the martensite content observed in the
specimen after fracture. Total elongation exhibits a maximum at the temperature just above
M° %, This enhancement of elongation is mainly attributed to the suppression of necking
due to the increase in work-hardening rate induced by the martensite formation. As a
consequence, this TRIP effect was found to be very beneficial for the deformation
properties of a wide variety of fully austenitic Fe-Ni-Cr [Angel54, Fahr71, Bhan72], Fe-Ni
[Yeo63, Fahr71, Bhan72] or other highly alloyed steels [Tamu92].
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Figure 1.8: Effect of test temperature on tensile properties for three metastable
austenitic alloys (from [Tamu92]).

4. Mechanical stability of retained austenite in Dual-Phase steels

Some amount of retained austenite was generally found with ferrite and martensite in
Dual-Phase microstructures [Sach83, Goel85a, Yi83, Rigs79]. This austenite was found
either as interlath films (or as ‘encapsulated’) within martensite or as very small isolated

*> For testing temperatures higher than M,, the mechanical work needed for the onset of martensitic
transformation becomes higher than the level of stress and deformation leading to fracture. In this case,
austenite deforms plastically without any transformation until fracture.

® Since the balance of mechanical properties influenced by mechanically-induced martensitic transformation
show a marked optimum near M,’, this temperature has been adopted as a quantitative parameter for
characterising of the mechanical stability of retained austenite [Onod76, Tamu92].
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grains with a size of the order of a few micrometers [Yi83, Rigs79]. Since Dual-Phase
steels do not contain strong austenite stabiliser element’, other stabilising effects such as a
size effect and a matrix constraint effect were asserted to play a role in the retention of
austenite in Dual-Phase steels. Furthermore, it was shown that martensitic transformation
of this retained austenite can be mechanically-induced during straining so that a TRIP
effect occurs in Dual-Phase steels.

While some studies considered this austenite as a minor phase without any effect on the
mechanical properties of Dual-Phase steels because of its small volume fraction [Spei79],
other works argued that martensitic transformation of retained austenite during
deformation improves mechanical properties of Dual-Phase steels by increasing the work-
hardening rate thanks to the generation of a greater dislocation density in ferrite [Rigs77].
However, this retained austenite transforms very rapidly in the early stage of straining in
such a way that after only a few percents of plastic strain, austenite content is completely
exhausted and the TRIP effect cannot anymore affect the work-hardening rate. It was
therefore suggested that the mechanical stability of retained austenite is the key factor
susceptible of inducing a more effective enhancement of the mechanical properties of
Dual-Phase steels thanks to the TRIP effect.

In the fully austenitic TRIP steels (as well as in other iron-based alloys containing retained
austenite as a dispersed phase capable of mechanically-activated martensitic
transformation), the mechanical stability of austenite was generally tuned in order to
induce the martensitic transformation in the optimal way at the considered test
temperature. As shown in figure 1.8, optimum mechanical properties of the fully austenitic
TRIP steels are obtained at a well defined temperature near M® which depends on the
chemical composition (that determines M;) and on the applied stress state (that determines
the effectiveness of the mechanical activation of the transformation). Several studies
[Zack67, Angel54, Bhan72, Fahr71] have shown how the chemical composition of these
fully austenitic TRIP steels can be adjusted in order to improve their mechanical properties
at room temperature. Particular heat-treatment schemes were also necessary for adapting
the mechanical stability of retained austenite dispersed in other iron-based alloys such as
Maraging steels [Katz83], high Ni-Co secondary hardening martensitic steels [Haid87,
Haid88], Fe-Ni alloys [Yano73, Fultz85] and Ultra High-Strength steels [Haid88,
Haid89b] so that retained austenite could effectively enhance strength, ductility or
toughness.

7 except carbon that concentrates within intercritical austenite. However, the global carbon contents involved
in typical chemical compositions and the volume fractions of intercritical austenite allow only marginally a
lowering of M; under the quenching temperature.
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Although the mechanical stability of retained austenite in Dual-Phase steels is quite rigidly
fixed by the chemical composition and the imposed heat-treatment, Sachdev [Sach83] and
Goel et.al. [Goel85a, Goel85b] have experimentally or theoretically shown that a greater
mechanical stability of austenite should lead to improved mechanical properties.

As in the case of fully austenitic TRIP steels, Sachdev [Sach83] has considered the
mechanical stability of retained austenite of Dual-Phase steels and its effect on mechanical
properties by investigating the effect of testing temperature. As shown in figure 1.7, an
increase of the testing temperature is accompanied by an increase of the mechanical
driving force needed for triggering martensitic transformation. Figure 1.9 shows that,
indeed, retained austenite transforms less rapidly during plastic straining when the testing
temperature is increased above room temperature. As a consequence, Sachdev [Sach83]
showed that the ductility of the investigated Dual-Phase steel is increased by nearly 50%

compared to room temperature with no loss of strength when tensile testing is carried out
around 80°C.
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Figure 1.9: Volume fraction of retained austenite as a function of engineering
strain for different testing temperatures of a 0.12C — 1.4Mn —0.58i — 0.06 V
Dual Phase steels (from [Sach83]).

On the other hand, Goel et. al. [Goel85a, Goel85b] have developed a theoretical model
describing the flow behaviour of Dual-Phase steels that takes into account of the
mechanically-induced martensitic transformation of retained austenite. The parameters
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describing the mechanical stability of austenite were allowed to be change. Figure 1.10
presents stress-strain curves generated by this model for a microstructure consisting of
70% of ferrite, 20% of martensite and 10% of austenite with various stabilities. While
retained austenite of Dual-Phase steels can be considered as ‘highly unstable’ so that
martensitic transformation shows weak influence on the overall mechanical properties,
figure 1.10 shows that ‘moderately stable’ austenite brings about an effective improvement

of the strength-ductility balance by inducing a higher work-hardening rate during the major
part of plastic strain.
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Figure 1.10: Calculated true composite stress and work-hardening rate as a

function of true composite strain for a Dual Phase steel containing 70%, 20%
and 10% of ferrite, martensite and retained austenite with varying stability,
respectively (from [Goel85b]).

Considering these 2 results, it can be concluded that the unique strength — ductility
combinations of Dual-Phase steels could be further enhanced if retained austenite (quite
inevitably present in their microstructures) would exhibit a higher mechanical stability in
such a way that its transformation all along plastic deformation could increase the work-
hardening rate. However, this increase of stability should not be obtained at the expense of

increasing costs by the addition of costly austenite stabiliser alloying elements such as Ni.

Nevertheless, Dual-Phase steels contain sufficient contents of carbon (which is a very

strong austenite stabiliser element) for bringing about an adequate mechanical stability of

® Dual-Phase steels as well as the so-called ‘High-Strength Low Alloy’ steels are foreseen for large scale
industrial applications. Production costs therefore intervene as a strong constraint in the development of these
steel grades. This is the case with the HSLA steels for which enhanced mechanical properties were achieved
through only micro-additions of alloying elements and controlled hot-rolling.
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substantial amounts of austenite at room temperature if this further carbon enrichment of
this austenite can be achieved following the first enrichment occurring during intercritical
annealing. Such a further enrichment can result from the intrinsic characteristics of bainite

transformation (which is certainly the most complex mechanism of phase change in
steels).

S. Austenite retention through bainite transformation

5.1. High-Strength, High-Toughness bainitic steels

The well-known ‘quenched and tempered’ martensitic steels are high-strength steels also
exhibiting high toughness properties. In this case, precipitation of fine carbides is
controlled during tempering of supersaturated martensite. Even though bainitic
microstructures present relatively high strength, these microstructures are not widely used
in technological applications because of the presence of coarse carbides reducing ductility
and toughness. In plain carbon steels, bainitic microstructures consist of packets of lath-
shaped ferrite separated by coarse cementite particles. It has been observed [Bhad90,
Ohmo91, Taka91, Bhad92b], that silicon strongly retards the precipitation of cementite
during the bainite reaction, therefore bringing about a microstructure consisting of laths of
ferrite and carbon rich austenite. This combination of high-strength bainitic ferrite and
ductile austenite was reported to drastically enhance strength and toughness properties of
bainitic steels [Sand&1, Bhad83a, Bhad83b, Miihk87a, Miihk87b, Miihk87¢, Edmon90,
Tomi93] when heat-treatment was conducted in such a way that mechanical stability of
austenite was well adjusted. Large contents of retained austenite can thus be found in the
microstructure of steels with rather simple compositions containing a sufficient amount of
silicon. The presence of this retained austenite is not fortuitous but results from the

intrinsic mechanisms of the bainite transformation.

5.2. The bainite transformation

5.2.1. Main features of bainite

Bainite transformation occurs in a temperature range situated between the range where
pearlite is formed from the cooperative growth of ferrite and cementite is formed, and the
temperature range below M, where austenite transforms into martensite. Bainite can be
considered as a non-lamellar aggregate of ferrite and carbides with a particular morphology
described as acicular or ‘in sheaves’ [Taka91]. Bainite thus forms by different mechanisms
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than pearlite. Indeed, during the decomposition of austenite to pearlite, ferrite and
cementite crystals grow cooperatively at a common transformation front with the parent
austenite. Their growth rates are coupled, and their compositions are complementary in the
sense that the excess solute displaced by the growth of ferrite is incorporated into
cementite. The situation is totally different for bainite. It is well established now [Bhad92a]
that bainite transformation can be divided in 2 separable stages: a stage of growth of ferrite
followed eventually by a stage of precipitation of carbides. As a matter of fact, the
mechanisms intervening in the bainite transformation have remained quite controversial up
to today. Even if it was clear from the very beginning research on bainite that bainite
transformation exhibits many of the features commonly observed in the martensitic
transformation in steels®, most of the early works felt uneasy about the fact that bainite
reaction proceeded at a comfortably observable rate, whereas the martensite growth rate
was known to be limited only by the speed of sound in the metal [Bhad92b, Bhad92c].
Bainite formation thus associates features commonly attributed to martensitic
transformation and features more similar to pearlite decomposition such as carbon
diffusion and redistribution.

Bainite was shown to consist of aggregates of thin lenticular platelets or laths of ferrite
separated by regions of residual phases consisting of untransformed austenite or of
martensite or cementite having formed subsequently to the growth of bainitic ferrite. The
aggregates of bainitic platelets are generally called ‘sheaves’. Furthermore, the platelets
tend to adopt almost the same crystallographic orientation within a given sheaf. The
growth of each sub-unit is accompanied by a shape change with a large shear component.
This shape strain causes plastic deformation of austenite that seems responsible for the fact
that each sub-unit grows to a limited size which may be lower than the austenite grain size.
Consequently, the sheaf as a whole grows by the repeated appearance of new sub-units
which nucleate mostly near the tips of the already existing sub-units.

A common distinction is made between upper bainite and lower bainite depending on the
place where carbide precipitation occurs. Bainite transformation is indeed accompanied by
carbon redistribution following the formation of bainitic ferrite. At relatively high
temperatures, upper bainite is formed, which consists of sheaves of ferrite platelets with
cementite particles trapped between the platelets. As a consequence of the transformation
mechanism, the austenite that is trapped between platelets becomes enriched in carbon so

® As an intermediate phase between pearlite and martensite, it was envisioned that bainite could be related to
one of the mechanisms intervening in each phase change, (i) reconstructive phase transformation for pearlite,
involving a complete reconstruction of the new crystallographic lattice by uncoordinated migration of atoms;
or (ii) displacive formation of martensite without any diffusion but only a lattice change by coordinated
movements of the iron and substitutional atoms [Hehe70].
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that cementite precipitation occurs adjacently to the ferrite platelets. At a lower
temperature, lower bainite is formed, which also consists of a non-lamellar aggregate of
ferrite and carbides. Lower bainite, however, contains 2 kinds of carbides. Like for upper
bainite, some carbides precipitate from the enriched austenite between the bainitic ferrite
platelets. In addition, lower bainite usually contains a fine dispersion of carbides within the
lenticular ferrite plates.

5.2.2. Mechanism of bainite formation

Bainite transformation can be considered as a slow, diffusionless transformation involving
a number of successive or competitive events.

Figure 1.11 represents schematically how a sheaf of upper bainite propagates through an
austenite grain. A lenticular platelet of ferrite first nucleates at an austenite grain boundary
and lengthens towards the grain interior until its growth is stifled by the plastic
deformation of surrounding austenite. A second plate then nucleates at the tip of the first
and a sheaf of bainite propagates through the austenite grain by this process of successive
nucleation and growth of individual sub-units. As suggested in figure 1.11, the growth rate
of platelets is much faster than the growth rate of the sheaf as a consequence of these
repeated nucleation events intervening as the rate-controlling process. This formation of
bainitic ferrite platelets occurs by a displacive phase transformation process without
redistribution of substitutional or interstitial alloying elements. However, the temperature
at which bainite transformation occurs allows the excess carbon to be rejected from ferrite
into surrounding not yet transformed residual austenite. As illustrated in figure 1.11, the
carbon content of bainitic ferrite decreases while residual austenite from which the next
ferrite platelets have to grow shows an increase of carbon content until the beginning of
cementite precipitation. The sheaf morphology of upper bainite thus results from the
reactions of decomposition of austenite into either ferrite and/or cementite.
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Figure 1.11: Schematic representation of the development of a sheaf of bainite
as well as tllustration of microstructural and kinetic features of the bainite
transformation (following [Bhad92a]).

In view of this process of formation of bainite, the distinction between upper bainite and
lower bainite can be easily understood by comparing the time required to decarburise
bainitic ferrite platelets with the time required to precipitate cementite. Figure 1.12
schematically represents both cases. If carbon redistribution is fast because it occurs at
high temperatures, i.e. if the decarburisation process dominates, no cementite can
precipitate within ferrite platelets in such a way that upper bainite is formed. On the
contrary, in cases of a relatively rapid carbide precipitation within ferrite or of a high
carbon supersaturation, all carbon cannot be easily rejected from ferrite, which leads to the
formation of lower bainite.
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Figure 1.12: Schematic illustration of the formation of either upper bainite or
lower bainite (following [Bhad92a]).

5.2.3. Bainite transformation and retention of austenite

The main feature of bainite transformation helpful for the retention of austenite is the
redistribution of carbon accompanying the progress of the transformation. From this point
of view, cementite precipitation during the formation of bainitic ferrite is not essential to
the progress of the transformation as it can be considered as a secondary process occurring
after the main step of the transformation, that is the displacive formation of bainitic ferrite.
Actually, carbide-free bainite consisting of a mixture of bainitic ferrite and austenite is
found in some alloys in which carbide precipitation is totally inhibited or sufficiently
slowed so that it does not accompany the formation of bainitic ferrite. Cementite
precipitation is effectively inhibited in iron-based alloys containing substantial amounts of
silicon (or sometimes aluminium). The effect of silicon is generally attributed to the fact
that silicon solubility in cementite is very small. It is therefore proposed that, in high
silicon steels, silicon poor regions have to be formed within austenite for allowing the
precipitation of cementite and that the need for substitutional silicon to diffuse away from
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the cementite/ferrite interface at relatively low temperatures could explain the retardation
of the cementite growth.

Carbon enrichment of residual austenite accompanies therefore the progress of the bainite
transformation in high silicon steels in such a way that this austenite can be retained at
room temperature. However, this process stops before the complete consumption of
austenite and at an austenite volume fraction that depends on the bainite transformation
temperature. Indeed, although cementite precipitation is not essential to the occurrence and
progress of the bainite transformation, the hindering of cementite precipitation leads to the
locking of the transformation before it is completed. This phenomenon is known as the
incomplete reaction phenomenon and finds its origin in the mechanism of diffusionless
phase transformation of austenite to bainitic ferrite. Figure 1.13 presents schematic free
energies curves of ferrite and austenite as a function of carbon content at temperature T as
well as the corresponding phase diagram. The common tangent to the free energies curves
allows finding on the phase diagram the carbon concentrations of the equilibrium
boundaries Ae; and Aes;. The formation of bainitic ferrite by the displacive phase
transformation of austenite does not involve diffusion. Figure 1.13 shows that only
austenite with a carbon content lower than xrg (where ferrite and austenite of identical
composition have identical free energy) can transform into ferrite of identical composition
with a reduction of free energy. This thermodynamic condition for diffusionless
transformation of austenite to ferrite therefore fixes the upper bound for the carbon content
of austenite, which is represented on the phase diagram of figure 1.13 by the curve T. This
means that, in the absence of cementite precipitation reducing the carbon content of
austenite, bainitic ferrite platelets nucleate and grow from increasingly carbon enriched
austenite (and further increase this enrichment by rejecting excess carbon) until carbon
content of residual austenite reaches the value dictated by the thermodynamical condition
for diffusionless growth. When this carbon content given by the Ty curve is reached, the
transformation stops, leaving the residual austenite untransformed. Further holding at the
same temperature does not lead to any progress of bainite transformation!®, As illustrated
in figure 1.11, due to the negative slope of the Ty curve, bainite transformation stops at a
more early stage when the holding temperature is higher,

' This stasis in the transformation of austenite by a displacive and diffusionless transformation does not
mean that other mechanisms of austenite transformation such as a reconstructive transformation into ferrite
cannot occur. However, due to the relatively low temperatures where bainite transformation takes place, this
process is very slow. Furthermore, further progress of the bainite transformation of austenite can occur if
carbon content of residual austenite is reduced by cementite precipitation.
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Figure 1.13: Schematic illustration of the origin of the Ty curve on a phase
diagram as resulting at each temperature of specific points of the free energy
curves of ferrite and austenite (from [Bhad92c]).

In conclusion, the carbon redistribution during bainite transformation and the inhibition of
cementite precipitation from residual austenite by silicon allow effective enrichment of
austenite by carbon which is known to be the most potent austenite stabiliser. This process
is used in high performance bainitic steels in which retained austenite was shown to have a
beneficial influence on the mechanical properties.

6. Emergence of the TRIP-assisted multiphase steels

The characteristics of the TRIP-assisted multiphase steels results from the synthesis of the
positive effect of each phenomenon presented above.

Like Dual-Phase steels, TRIP-assisted multiphase steels also presént a microstructure
consisting of more than one phase as a result of the intercritical annealing dwell. As shown
in figure 1.14, whereas Dual-Phase steels are directly quenched to room temperature after
intercritical annealing, TRIP-aided steels are quenched to an intermediate temperature
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range of 350 — 450°C for an isothermal bainitic tempering''. As for high performance
bainitic steels, this tempering allows further carbon enrichment of residual austenite so that
the stability of austenite at room temperature is effectively enhanced in comparison with
that retained austenite in Dual-Phase steels. In order to allow this carbon enrichment,
TRIP-assisted multiphase steels commonly contain large concentrations of silicon (from
1.5 to 2.5 wt.%) in order to inhibit cementite precipitation during bainitic tempering. These
levels of silicon are of the same order as in the high performance bainitic steels, i.e. about
1.5 wt.% larger than in typical Dual-Phase steels [Spei8la]. Furthermore, as Dual-Phase
steels, TRIP-aided steels also contain from 0.1 to 0.4 wt.% of carbon and from 1.5 to 2.5
wt.% of manganese. With these chemical compositions and the 2 stage heat-treatment
described in figure 1.14, contents of austenite of the order of 5-20% [Saku91, Akis95] can
be retained in the microstructure. Beside this austenite, TRIP-assisted multiphase steels
also contain idiomorphic ferrite, bainite and sometimes martensite. Like in the fully

austenitic TRIP steels, this retained austenite transforms during straining, giving rise to the
TRIP effect.

Temperature {(°C)
A
Ac3 T1, t1
Acl

Figure 1.14: Typical heat-treatment scheme of cold-rolled TRIP-assisted
multiphase steels.

However, even if it seems evident at this point that a historical or causal relationship can
be established between the TRIP-assisted multiphase steels and the various iron-based
alloys described above, these connections have been hardly explicitly revealed in the
literature. Nevertheless, this work will try in the next chapters to further enlighten the
correlation existing with other iron-based alloys as well as the unique features that make
the TRIP-assisted multiphase steels a completely new material.

U Iy the following chapters, ‘bainitic tempering’ will refer to this isothermal holding in the bainite
transformation temperature range prior to quenching to room temperature.
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7. Conclusion

This chapter has tried to give a first insight into the characteristics of the TRIP-assisted
multiphase steels by replacing them into the general context of the various iron-based
alloys to which they can be related. Some relevant results concerning Dual-Phase steels
have been exposed. The TRIP effect was briefly described as a supplementary
strengthening mechanism. Owing to the poor mechanical stability of the retained austenite
found in Dual-Phase steels, it was shown how the intrinsic features of the bainite
transformation can bring about stabilisation of austenite through a redistribution of carbon.
This chapter constitutes only a first insight into the unique features and properties of TRIP-
assisted multiphase steels. The next chapters will focus more precisely on each aspect of
these steels, and will also show how a newly developed low silicon steel can partly respond
to the various needs evoked in this chapter.
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Chapter 11

Materials and Experimental Procedures

This chapter describes the different steels investigated in this thesis as well as the
experimental procedures designed and used in order to enlighten the factors governing the
properties of TRIP-assisted multiphase steels. The chemical compositions and the ‘pre-
processing’ conditions of the studied steels will first be described. We will then show how
thermal processes were conducted as well as present the techniques used for the
investigation of the mechanical properties. This chapter will finally summarise the
particular procedures developed for the metallographic characterisation of the complex
microstructure of TRIP-assisted multiphase steels and, particularly of the retained
austenite. However, for the sake of clarity, the specific materials and experimental
procedures used in the different parts of this thesis will be reminded at the beginning of
each chapter. '
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1. Materials

1.1 Chemical compositions

Three steels called HSil, HSill and LSi are investigated in this thesis. Their respective
chemical compositions together with the Ac, and Acs; transformation temperatures
measured by dilatometry are given in Table 2.1. Steels HSiI and HSilI correspond to usual
compositions of TRIP-assisted multiphase steels with a rather high silicon content (~
1.5wt. %), some manganese (~ 1.4wt.%) and 2 different levels of carbon, 0.13 and
0.29wt.% respectively. Steel LSi presents a much lower silicon content (0.38wt.%) while
its manganese and carbon contents are similar as in steel HSil. With this chemical
composition, steel LSi is comparable to typical cold-rolled Dual-Phase steels [Spei8lal.
The different investigations carried out in this thesis will in each case compare one of the
conventional TRIP-aided steels (HSil or HSill) with steel LSi. Steel LSi will reveal to
constitute a new type of very effective high-strength formable steel.

HSil 130 | 1420}1500| 13 | 9 | 13 | 20 27 1791 745 | 860
HSill 1290 11420114101 121 20| 3 | 7 | 4 40 | 8 | 740 | 850
LSi 160 {1300| 380 [ 13 | 12 | 19|27 | 19 | 13 | 30 | 6.3 | 721 | 840

(10°wt.%)] C [Mn| Si [P | S |Cr|{Ni|Cu|Nb|Al|N]| ac Acs
0
0

Table 2.1: Chemical compositions (107 wt. %) of the investigated steels.

1.2 Hot-rolling and cold deformation

Steel LSi is an industrially produced alloy. Hot-rolled plates of this steel with 5.5mm
thickness were supplied by Cockerill-Sambre'. Hot-rolling was conducted following
classical practice. Figure 2.1 presents light micrographs of the as hot-rolled microstructure
of steel LSi. Figure 2.1(a) shows that hot-rolling resulted in a fine-grained microstructure
constituted by ferrite and pearlite. On figure 2.1(b), it can be seen that a slightly banded
structure (i.e. pearlite-rich bands aligned along the rolling direction) is visible through the
thickness of the plate.

! Centre R&D du Groupe Cockerill-Sambre, Boulevard de Colonster B57, Sart Tilman, 4000 Liege.
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Figure 2.1: Light micrographs of the as hot-rolled microstructure of steel LSi
(2% Nital etched). Microstructure consists of ferrite and pearlite (a). A slight

banded structure in the rolling direction is visible through the thickness of the
plate (b).
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Because of their high silicon contents, steels HSil and HSill cannot be industrially
produced?, Alloys HSil and HSill were therefore laboratory produced by vacuum melting
and casting as 100kg ingots®. Both ingots were then hot-rolled following conditions near
classical industrial practice®. Each ingot was first reheated to 1250°C for 1 hour. Roughing
was then conducted at temperatures higher than 950°C down to a thickness of 20mm. This
thickness was then reduced to 4mm in 5 passes. Coiling was finally simulated by placing
the hot-rolled plates for lhour in a furnace and by then allowing furnace cooling to room
temperature. The same hot-rolling scheme was conducted on a small piece of steel HSill
with larger thickness at each stage of rolling and a final thickness of 15mm. This plate was
cold-swaged in such a way as to obtain cylinders for dilatometric measurements. Since it is
generally admitted that coiling at relatively high temperature enhances the banded structure
when silicon and manganese contents are large, simulated coiling was conducted at 550°C
and 620°C for steels HSil and HSill, respectively. Figure 2.2 presents the resulting
microstructures. As shown in figures 2.2(a) and 2.2(c), owing to the low coiling
temperature, pearlite has been replaced by upper bainite, bringing about a very fine
distribution of cementite. For steel HSil, the microstructure is therefore constituted by a
mixture of ferrite and upper bainite while for steel HSIIl, the higher carbon content brings
about a fully bainitic microstructure. Furthermore, figures 2.2(b) and 2.2(d) show that no
banding can be found in both steels.

2 These high silicon levels incompatible with the present industrial practice can be considered as the major
drawback for the industrial development of these TRIP-assisted multiphase steels.

3 Ingot of steel HSil was supplied by CRM, Rue E. Solvay 11, B-4000 Lidge, Belgium while ingot of steel
HSIIl was supplied by British Steel, Swinden Technology Centre, Moorgate, Rotherham, South Yorkshire,
England, S60 3AR.

* Hot-rolling was conducted on laboratory installations of CRM, Hall de Métallurgie, Sart Tilman, 4000
Ligge, Belgium.
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Cold-deformation, principally cold-rolling, was finally applied to each hot-rolled plate.
Steel HSilI and HSill were cold-rolled 75% to 1mm in thickness while hot-rolled plates of
steel LSi were cold-rolled 82% to the same thickness of lmm. For the dilatometric
measurements requiring cylindrical hollow samples, cold-swaging was applied on
cylinders machined from the hot-rolled plates. Similar cold-deformation level as for the
cold-rolling was applied on steel HSill while cold deformation was slightly smaller for
steel LSi. These cold-deformed sheets or cylinders of each steel grade constituted the raw
material of the different studies carried out in this thesis.

2. Experimental Procedures

2.1. Thermal processes

After cold-rolling, the specimens had to be heat-treated in order to generate the required
multiphase microstructure. As reminded in figure 2.3, in the case of cold-rolled samples,
the particular microstructure of the TRIP-assisted multiphase steels is obtained at the end
of a 2 isothermal stage heat-treatment. The samples are first reheated between Ac; and Acs.
During this intercritical annealing, part of the microstructure transforms into austenite.
The samples are then rapidly cooled to an intermediate temperature situated in the bainite
transformation temperature range for a second isothermal holding. They are finally
quenched to room temperature. The heat-treatment conditions are defined by several
parameters. Among them, the temperatures and times of the 2 dwells as well as the cooling
rate between the dwells are certainly key factors which must be precisely controlled.

Temperature (°C)
A
Ac3 T, 11
Acl
luidised be
Furnace

T2, 12 /
Lead bath
Furnace

Water\Quench /
TTr—

o
el

Time (sec)

Figure 2.3: Schematic illustration of the heat-freatment needed for the
generation of cold-rolled TRIP-assisted multiphase steels.
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2.1.1 Heat-treatment of cold-rolled steel sheets

Heat-treatments were carried out on large samples by making use of 2 conduction furnaces.
The samples were first intercritically annealed in a fluidised bed furnace. This furnace is
constituted by a resistively heated crucible (¢ 200mm x 350mm) filled up with alumina
powder (g ~ 400pm). Injected air fluidises this powder in such a way that high heating
rates, good temperature homogeneity and stability are insured. For the bainitic tempering, a
high cooling rate from the intercritical range and an adequate temperature stability were
insured by immersion in a lead bath furnace constituted by a crucible (¢ 120mm x 340mm)
filled with lead. In order to avoid lead adhesion, boron nitride was sprayed on the samples
prior to heat-treatment. The samples were finally water quenched. Figure 2.4 presents the
measured temperature as well as the heating and cooling rates obtained with our set-up
during a typical heat-treatment. This installation thus allows setting 4 parameters, i.e. the
temperatures and times of the intercritical annealing and of the bainitic tempering. The
heating and cooling rates were fixed by the heat transfer between the baths and the
samples. For the intercritical annealing, heating rate was around 50°C/s. The mean cooling
rate between the 2 isothermal holding stages was around 70°C/s with a peak value of
140°C/s. These values are in good agreement with published results and it will be shown
that they allow the formation of the desired microstructures. Temperatures fluctuations
during the isothermal holdings were of the order of 2°C.

--&-- Temperature (°C)

Temperature (°C) Heating Rate (°C/s) Heating Rate (°C/s)
800 T —————— 00
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Figure 2.4: Evolution of the temperature during a typical thermal cycle as well

as heating and cooling rates obtained with the experimental installation.
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2.1.2 Simulation of heat-treatment in a quench dilatometer

In order to follow the bainite transformation kinetics, some heat-treatment were simulated
in a quench dilatometer using hollow cylinders,. Two different experimental installations
were used. Heat-treatments were first conducted on a BAHR-Thermo-Analyse quench
dilatometer allowing fast heating and cooling rates thanks to inductive heating and cooling
by high pressure helium gas spray. The cooling rate between the 2 isothermal holding was
set up at 75°C/s. The specimens were 10mm long and presented external and internal
diameters of 4 and 3.75mm respectively. For steel HSilIl, heat-treatments were also
conducted in a modified ADAMEL Ditirc quench dilatometer for holding times at the
bainitic tempering temperature which were sometimes longer than 1 day. In this case,
30mm long samples (with external and internal diameters of 4 and 2.8mm respectively)
were placed inside of a vertical quartz tube. Another quartz tube with the same diameter as
the sample was used to transmit sample elongations to the LVDT. The tube containing the
sample and the LVDT could then be moved rapidly between different lead bath furnaces
for the successive isothermal holdings. The experiments were carried out under helium
atmosphere in order to accelerate the heating and cooling rates of the sample. This system
allowed a mean cooling rate between the 2 isothermal holdings of 35°C/s with a peak value
of 85°C/s. This installation was validated and calibrated on samples of high purity Nickel
and AISI 304L austenitic steel.

2.2 Investigation of the mechanical properties

Different experimental procedures were used in order to test the mechanical properties of
the TRIP-assisted multiphase steels. Uniaxial tensile testing was mainly used but other
tests were also carried out as described hereafter.

2.2.1 Tensile testing

Tensile specimens were prepared according to the European standard EN 10002-1
represented in figure 2.5 with the tensile axis parallel to the rolling direction’. The initial
gauge length was 50 mm and the width was 12.5 mm. Tensile testing was done at a
crosshead speed of 2mm/min®. Measured loads and elongations were converted to true

* This geometry as well as the other geometries described hereafter were machined by spark erosion which
ensures no prior deformation and a perturbed zone size of only a few micrometers.

6 This crosshead speed corresponds to a mean deformation rate of 2.7 10* s on a large part of plastic
straining. Furthermore, tensile testing carried out on the same TRIP-aided steel at crosshead speeds varying

Chapter Il : Materials and Experimental Procedures

1.8



stress - true strain curves. Yield strength (c,), true stress at maximum load (Grs) and true
uniform strain (g,) (i.e. the maximum uniform true strain) were measured from these
tensile curves. The yield strength was defined either as the conventional 0.2% yield
strength (Gp,) or as the true stress corresponding to the Liiders deformation plateau for
samples with continuous or discontinuous yielding behaviours, respectively.

¢ 220
50 . §0 50

12.5 20

Figure 2.5: Geometry of the tensile specimens machined according to the
European standard EN 10002-1.

It is well known that the strain hardening behaviour of Dual Phase steels and TRIP-aided
steels cannot be described by classical expressions such as the Hollomon equation or the
Crussard-Jaoul equation [Jian92, Reed73]. Strain hardening was therefore described using
the incremental strain hardening exponent (fine) proposed by Sachdev [Sach83] for Dual
Phase steels. This exponent corresponds to the slope of the line fitting the logarithmic plot
of the true stress - true strain curve for a given increment of the strain (a strain increment of
0.003 was chosen). An incremental strain hardening exponent curve covering the entire
uniform deformation range is obtained in this way.

2.2.2 Tensile testing at various temperatures

Isothermal tensile tests were performed at temperatures between ~30°C and 120°C’ on
tensile specimens prepared according to the same European standard EN 10002-1 (figure
2.5). The tests were carried out in a closed chamber resistively heated or cooled by
expansion of pressurised CO,. A thermocouple was spot-welded at the end of the
calibrated zone of each specimen in order to monitor temperature during tensile testing.
The chamber was set at the test temperature prior to mounting the sample on the grips in
order to minimise (and to keep constant) the time of exposition of the specimens at each
temperature. Tensile tests were carried out at a crosshead speed of 2mm/min. In this case,

from 0.2mm/min to 200 mm/min showed that the strain rate dependence of the steel properties was not too
large in this range of deformation rate.

" The upper limit of the temperature range for this study corresponds to the beginning of dynamic strain aging
which leads to inhomogeneous deformation (characterised by serrated flow) and therefore shows an extreme
sensitivity to temperature and strain rate.
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the initial gauge length of the analogic extensometer was 25mm. The same parameters as
in the case of the room temperature tests were obtained from the measured loads and
elongations. Flow stresses at different strain offsets prior to the Liiders plateau (from 1.10°*
to 4.10") were measured from the true stress — true strain curves at each temperature by
considering the intercepts of the stress-strain curves with straight lines parallel to the
elastic loading line.

2.2.3 Microindentation Vickers hardness

Microindentation Vickers hardness measurements of the idiomorphic ferrite matrix were
carried out on some samples. Because of the small grain size of ferrite (~5-10pm), loads of
1 and 2g were chosen in order to keep the indentation size small enough in comparison to
the grain size. Prior to these tests, the samples were mechanically polished to 0.25um
diamond paste and then electrolytically polished for 10min in a solution of 5% HCIO,4 and
95% glacial acetic acid in order to remove any work hardened surface layer. They were
finally etched with 2% Nital for revealing the different phases. After indentation, the
diagonals and area of the impressions were accurately measured by scanning electron
microscopy (SEM). These measurements were calibrated by carrying out the same
indentation tests with 1 and 2g load on standards whose hardness under 10g is known.

2.2.4 Characterisation of damage and fracture toughness

In order to characterise the coupling between the TRIP effect and damage/fracture
properties, tensile tests were carried out on notched specimens The geometry is represented
in figure 2.6. Specimens were strained to various levels of average deformation,
Eaver=In(S/Ss) (where Sp and Sy are the initial and final minimum sections, respectively),
and then unloaded for systematic metallographic observations. Sy was obtained by
measuring the final ligament length using a travelling microscope and the final ligament
thickness at various locations along the ligament length using a profilometer.
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Figure 2.6: Geometry of the notched specimens used for the characterisation of
damage and martensitic transformation.

For the evaluation of fracture toughness, the DENT geometry schematically represented in
figure 2.7 was used. The specimens width, w, was 55mm and the thickness, ;, was 1 mm.
Precracking of the specimens was carried out by fatigue using a servo-hydraulic
INSTRON testing machine. The initial notches were machined by spark-erosion followed
by tracing the tip with a razor blade in order to favour rapid initiation of the fatigue
precrack. In order to obtain 2 mm long fatigue cracks on both sides of each specimen and
to conserve a symmetric configuration, we clamped the side at which the fatigue crack
length first attained 2 mm and further carried on cyclic loading until the second fatigue
crack reached also 2 mm length. The maximum applied load was chosen in such a way that
the maximum stress intensity factor during precracking never exceeded 20% of the
expected fracture toughness of the plate (which was verified a posteriori). The ratio a/w
after precracking was always close to 0.5. The width zone along the crack sides where
martensitic transformation had occurred during fatigue precracking was measured by SEM
observation and found to be equal to 30 pm for steel HSill and 40 pm for steel LSi.

Chapter II : Materials and Experimental Procedures

II.11



Figure 2.7: Geometry of the DENT specimens used for the toughness
measurements.

The precracked DENT specimens were loaded in tension. The tests were interrupted at
various load levels (multiple-specimens method). In order to characterise the cracking
resistance by JR curves, the J integral [Rice68] and the crack advance, Aa, are determined
for each specimen. J was computed from the load/displacement curve using the formula of
Rice et al. [Rice73] for the DENT:
= _If_z__*___l__ Z'F}I;(up)du,, -PU,

0

Rice E lo to

J

where K7 is the mode I stress intensity factor, E is the Young's modulus, P is the applied
load, up is the plastic displacement and U, is the maximum plastic displacement. No
correction for crack advance was made. Aa was measured on polished section on both
sides of the specimens. In order to account for tunnelling effect, measurements were
performed on the surface, at quarter thickness and at mid thickness. Aa was averaged on
both sides of the specimens for all the through thickness measurements. The resistance to
crack propagation is characterised by the tearing modulus defined as :
_E di
kT -c;g_ da

where E is the Young’s modulus, oy is the yield strength and a is the crack advance.

Both tests were also numerically simulated by the finite element method®, The particular
numerical procedures are described in chapter VIL

¥ These simulations were carried out by Dr. Th. Pardoen, present address: Division of Engineering and
Applied Sciences, Harvard University, Pierce Hall 314, Cambridge 02138, USA,
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2.3 Characterisation of the microstructure

The drastic influence of microstructure on physical and mechanical properties of steels
makes metallographic examination a necessity for the understanding and enhancement of
properties. We devoted much work to reveal the complex microstructure of the TRIP-
assisted multiphase steels. New metallographic methods have been designed®. On the other
hand, a complete characterisation of retained austenite was found essential. For this
purpose, we made wide use of Mossbauer spectroscopy and x-ray diffraction.

2.3.1 Metallographic methods for revealing the microstructure of TRIP-assisted

multiphase steels

In order to reveal specific microstructural characteristics, numerous etching methods have
been developed in the literature among which chemical etching is certainly the easiest and
the most widely used. This technique consists in a controlled corrosion process driven by
the heterogeneity of the electrochemical potential between surface areas with different
chemical or physical properties [Vand84a]. Etching induces the selective dissolution or
preferential staining of the phases. However, classical etching techniques used for the
investigation of steel microstructures allow the simultaneous observation of only a
restricted number of phases. So far, this limitation was not too detrimental since most low
carbon steel grades possess a relatively simple microstructure.

Beside the general steel etching solutions such as nital (solution of nitric acid in ethyl-
alcohol which outlines ferrite and ferrite-cementite grain boundaries), a large number of
other reagents has been developed [Vand84b, Ray96] for emphasising specific
microstructural features. Examination of nital etched Dual-Phase steels by light
microscopy was generally not found satisfactory since these steels exhibit little post nital
etching contrast. This led to the development of new tint etchants [Vand84c] which
allowed easy distinction by colouring one or both phases.

Observation of the microstructure by scanning electron microscopy (SEM) using
secondary electrons contrast requires first the creation by etching of a topographic contrast
between the different phases. Nital is generally well adapted, since it etches preferentially
ferrite while leaving intact austenite and cementite. The etching of ferrite-based phases

® The development of metallographic methods was carried out in collaboration with E. Girault, Department
of Metallurgy and Materials Science, K.U.Leuven, de Croylaan 2, B-3001 Leuven, Belgium. The results have
already been published: E. Girault, P. Jacques, Ph. Harlet, K. Mols, J. Van Humbeeck, E. Aernoudt and F.
Delannay, Mater. Charact., 1998, vol. 40, pp. 111-118
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such as bainitic ferrite and pearlitic ferrite provides a typical morphology which generally
allows recognition of these phases. The situation becomes more complex when a
microstructure presents simultaneously austenite and martensite as second phases. In this
case, the usual slight nital chemical etching is not selective enough for allowing distinction
between the two phases. On investigation of Dual-Phase steels, this limitation was never

critical since austenite was not considered a major phase of the microstructure.

In summary, the existing etching techniques for light microscopy as well as for SEM were
not found satisfactory. New procedures were therefore developed in order to allow the
simultaneous observation of the 4 phases constituting the fine-grained microstructure of
the TRIP-assisted multiphase steels.

For observations by light microscopy, a colour etching technique was adapted from the
LePera method [Lepe80] and developed to reveal the microstructure of multiphase steels.
The specimen is embedded in an acrylic resin that stiffens at room temperature. The
classical grinding and polishing stages are performed at least down to the use of 1pm
diamond paste. After each sequence of polishing, the specimen is rinsed only with ethanol
in order to avoid any risk of oxidation. It is then dried under a warm air flow.

The etchant is a mixture of two pristine solutions whose compositions are: (i) 1g of
NayS,05 in 100ml distilled water; and (ii) 4g of picric acid in 100ml ethanol. Volumes of
10ml of each reagent are mixed in a small crystallising vessel just before starting etching.
The specimen is immediately immersed horizontally in the mix. It is given a permanent
oscillation during the whole etching time which lasts between 45 and 75 seconds,
depending on the steel composition. After etching, the sample surface is immediately
flushed with water and then ethanol and blown dry under a cool air flow. The sample is
finally observed in a microscope equipped with a high brightness halogen lamp.

SEM samples preparation involved polishing till sub-micron diamond suspension. Specific
care was taken during final cleaning: the use of water-free cleaning media is strongly
recommended in order to avoid any corrosion phenomenon typical of high Si bearing
steels. Specimens were then etched with a 2% nital solution for times ranging from 10 to
15 seconds.

2.3.1.1 As-annealed TRIP-aided steels

The tint etching procedure was applied to each steel grade. The micrograph of figure 2.8
illustrates the microstructure of steel HSill in which ferrite appears in blue, bainite in
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brown and both retained austenite and martensite in white. A comparison of the
micrographs on figures 2.8 and 2.9 (presenting the microstructure of steel LS1) illustrates
how the chemical composition of the steel affects the intensity of the colours. A highly
alloyed steel (figure 2.8) exhibits more contrasted tints. Carbon and silicon contents have a
substantial influence on the colour of the ferritic matrix. It can be observed on these figures
that ferrite turns from blue to brown when decreasing the content of carbon and silicon.
The only drawback of this method is the impossibility of distinguishing retained austenite
from martensite since both appear white.

Figure 2.8: Light micrograph of typical as-annealed steel HSill microstructure
after tint etching adapted from the LePera technique (idiomorphic ferrite in
blue, bainite in brown and martensite/austenite in white).
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Figure 2.9: Light micrograph of typical microstructure of steel LSi after tint
etching adapted from the LePera technique. In this case, idiomorphic ferrite
matrix appears pale brown.

This lack of distinction of retained austenite and martensite remains when TRIP-assisted
steels are examined by SEM. Figure 2.10 exhibits micrograph of a sample processed using
a short ageing time in such a way as to insure the presence of martensite among the
microconstituents, This micrograph clearly shows that the applied etching time allows easy
identification of the microstructure characteristics, except for martensite and retained
austenite which cannot be separately identified. As shown in Figure 2.11, a deeper etching
of 90 seconds may indeed reveal some substructure in martensite but the other phases
become overetched and thus unrecognisable. Hence, it seems that all constituents of the
microstructure cannot be characterised by only the use of chemical etching since a
common time revealing all phases can not be found.
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Figure 2.10: SEM micrograph of nital-etched heat-treated steel HSill.
Retained austenite and martensite exhibit both a smooth and featureless
aspect.

I 1 pm

Figure 2.11: SEM micrograph of overetched heat-treated steel HSill, denoting
a slight substructure on a martensite grain.

2.3.1.2 Tempered TRIP-aided steels

Darkening of martensite by tempering followed by nital etching is a common technique to
facilitate light microscopy examination [Spei81b]. This method is well adapted for simple
microstructures but can lead to erroneous identifications when multiphase TRIP-aided
steels are considered: ferrite and austenite appear bright whereas bainite and martensite are
both dark coloured. However, the proposed tint etching method was attempted on tempered
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specimens in order to check whether a sufficient colour contrast can be obtained to allow
recognition of all involved microconstituents. Figure 2.12 shows the microstructure of
steels LS1 and HSilII tint etched after tempering for 2h at 200°C. The tempering treatment
does not appear to have influenced the original colour range. The ferritic matrix remains
blue-brown whereas retained austenite islands (on which tempering has no effect, as shown
hereafter) remain white. The ferritic bainite, whose morphology is easily distinguishable,
presents a dark brown colour. The new feature is the appearance of an additional light
brown tint visible on coarse second phase grains. Since slight tempering affects neither
ferritic phases [Spei8la] nor retained austenite, these off-white grains are identified as
martensite. This will be confirmed from SEM observations.
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(b)
Figure 2.12: Light micrographs of tempered and tint etched steels HSIIl (a)
and LSi (b). Martensite grains can be recognised by their off-white colour.

Comfortable observation of the multiphase microstructure of the TRIP-aided steels
requires the use of SEM after tempering for 2 hours at 200°C and standard sample
preparation with nital etching. Micrographs of figure 2.13 show that martensite can then be
distinguished from retained austenite as a result of a very fine etching of the martensite
grains. The emergence of the martensite substructure can be interpreted as resulting from
carbide precipitation during tempering [Spei92]. These carbide precipitates are sensitive to
etching. During tempering between 100 and 200°C, e-carbides precipitate in martensite.
Holding in this temperature range (the so-called first stage of tempering T1) results in a
dispersion of coarse particles within low-carbon martensite grains. Since this precipitation
preferentially occurs at interlath or interplate boundaries [Spei92], a subsequent etching
leads finally to the resolution of the martensite substructure.
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(b)
Figure 2.13: SEM micrographs of the heat-treated, tempered and nital etched
samples of steel HSill (a) and LSi (b). Martensite can be easily distinguished
from austenite thanks to the emergence of its substructure.

The 2 hours tempering treatment followed by nital etching was found to lead to a good
resolution of the martensite substructure and therefore to an easy distinction of martensite

and retained austenite. Moreover, it was shown that this tempering treatment has no
influence on the austenite content.

Therefore, it can be concluded that the proposed tempering treatment (200°C for 2h) is a
good procedure to allow the observation of martensite in TRIP-aided steels without leading
to any major alteration of the other phases present in the microstructure.
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2.3.2 Characterisation of the retained austenite of TRIP-assisted multiphase steels

In order to precisely characterise the influence of the thermal treatment on the retention of
austenite and the influence of the mechanically-induced martensitic transformation on the
mechanical properties of the TRIP-aided steels, it was of primary importance to measure
the variation of austenite volume fraction and austenite carbon content during thermal
treatment and during tensile testing. Particular care was thus devoted to the accurate
measurement of these parameters.

2.3.2.1 Measurement of retained austenite volume fraction by Méssbauer
spectroscopy

In the published literature on TRIP-aided steels, x-ray diffraction is commonly used for the
measurement of the retained austenite volume fraction. However, the relationship between
austenite volume fraction and the intensities of the diffracted peaks of ferrite and austenite
is not straightforward when preferential crystallographic orientations exist. In fact, as a
result of hot- and cold-rolling, these steels are textured and the use of x-ray diffraction for
the measurement of phase volume fractions must be considered with particular care. Two
techniques are commonly recommended [Jatc80]: (i) artificial reconstruction of a non-
textured sample by rotating and tilting the sample during measurement; (i) averaging the
intensities by using as many diffraction peaks as possible.

In the present case, we used a technique insensitive to the texture of the samples, i.e. the
Mossbauer spectroscopy. We will first briefly explain the underlying physical principles of
the method and explain afterwards how the method can be used for the determination of
the retained austenite contents.

a) The Mossbauer effect — Recoilless y-ray nuclear transition

The resonance absorption of a radiation is a phenomenon well known in many branches of
physics'’. It might be thought that the same phenomenon should occur for the y-radiation
emitted when nuclei in excited states release their excess energy by emitting a radiation.
However, because of the much higher energy of y-rays, the effect of the recoil momentum
(conservation laws) which can be neglected in other cases of resonance, becomes dominant

19 The scattering of sodium light by sodium vapour or the excitation of a dipole by a radio-frequency
radiation are some familiar examples.
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for y-radiation. As a consequence, recoil energy prevents the observation of nuclear
resonance absorption by free atoms.

The Mssbauer effect arises when emitting atoms are bound in a crystal in such a way that
they are no longer able to recoil individually. In a quantum mechanical description, the
physical origin of the Mossbauer effect, i.e. of the possibility of momentum transfer
without energy transfer, lies in the discrete nature of lattice vibrations. The recoil energy is
lower than the energy of lattice vibrations (phonons). It turns out that the recoil
phenomenon involves the excitation of N atoms together so that the recoil energy to be
absorbed is ‘diluted’ and therefore does not prevent the nuclear resonance absorption.

b) Mbssbauer spectroscopy

The Mossbauer effect thus enables the resonant absorption of y-rays to be observed.
Furthermore, this Mossbauer effect makes possible the observation of small shifts or
splittings of the energy levels of nuclei in solids, the hyperfine interactions. These
interactions may be regarded as resulting from small additional static interactions which
occur between a nucleus and its environment as a consequence of the fact that a nucleus is
not a structureless point charge, but a cluster of moving charges distributed over a finite
volume. The Mdssbauer effect provides a very detailed account of the way in which a
nucleus interacts with its environment. However, if the emitting nucleus is in a different
environment than the receiving nucleus, the resonance may be destroyed. A convenient
way to scan the influence of the extra-nuclear environment of a nucleus exhibiting a
Massbauer effect is to slightly change the energy of the radiation emitted by the source by
using the Doppler effect. A range of energy around the ‘natural’ energy transition is
therefore scanned by imparting known velocities to the source. Three types of hyperfine
interactions can therefore be observed:

- The monopole interaction or isomer shift: This shift is proportional to the difference of
the electron density at the nuclear site between the source and the analysed compound.
Changes of valency, or of electron configuration which involve changes in the total
number of s electrons, will usually be accompanied by significant changes of the
isomer shift. .

- The quadrupole splitting: The quadrupole splitting occurs when the nuclear charge is
not spherically distributed. It results from the interaction between a nuclear quadrupole
and an electric field gradient. An electric field gradient will be generated at the nucleus
whenever the nuclear environment has a charge symmetry lower than cubic. This
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interaction does not affect the ground state but removes the degeneracy of the upper
State.

- The magnetic splitting: When the nucleus contains magnetic dipole moments, these
dipoles will interact with any magnetic field (either internal or external). A Mossbauer
type transition inevitably involves a change in the nuclear spin-state. It therefore
follows that at least one of the nuclear state involved will have non-zero spin. A strong
enough magnetic field will therefore always cause splitting in a Mdssbauer spectrum
(following transition rules, 6 transitions are allowed).

These 3 types of hyperfine interactions are schematically represented in figure 2.14 as well

as the corresponding Mdssbauer spectra.

————

)

Valocity —e

[CH] e e

O
"1
OST
-1
]

5_1__.. =

T
Velocity —a=

{b)

I-'/.

S —— — [
%

-{Eg>

Ve ’
[
“%

Valocily —=

o ik
oE VY

Figure 2.14: Schematic illustration of the hyperfine interactions. On the
extreme left of each diagram are shown the unperturbed nuclear levels, the
1=3/2 state being 14.4KeV above the I=1/2 ground state (from [Cran85]).

3

c) Mossbauer spectroscopy of TRIP-assisted multiphase steels

Several studies [Chri68, Gen68, Abe74, Azev78, Cran85, Ladrg6, Maur86] have shown
that Mossbauer spectroscopy is a powerful tool for the characterisation of some features of
the microstructures of heat-treated steels. The measurement of retained austenite volume
fractions is allowed since ferrite-based phases, i.e. ferrite, bainitic ferrite and martensite,
are ferromagnetic and bring about a magnetic splitting while austenite is paramagnetic.
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The measurements were carried out following a conventional transmission technique’’.
Samples (~ 1.5 x 1.5 mm?) were first chemically thinned to a thickness of 100um by using
a solution made of 14ml of HF and 100ml of 30% H,0, diluted in 100ml distilled water.
They were then electrolytically polished in a solution of 5% HC10, and 95% glacial acetic
acid to a thickness of 30 to 50um. The source was a conventional radioactive °>'Co source.
For sufficient precision, a minimum of 10° hits was measured for each sample. Typical
spectra are presented in figure 2.15. These spectra have been least-square fitted with
Lorentzian peaks. On figure 2.15(a), it can be seen that the fitting of the experimental data
assumes the presence of retained austenite (the central singlet) and 2 different
ferromagnetic configurations. They correspond to environments of iron atoms of ferrite-
based phases with 0 and 1 nearest neighbour different of Fe (i.e. Mn or Si) respectively. In
the case of samples with large amounts of carbon rich austenite (such as in the case of steel
HSiII - figure 2.15(b)), a supplementary doublet was added to the fitting. In this case, the
paramagnetic singlet is associated with iron atoms in austenite remote from carbon atoms
whereas the doublet due to a quadrupole effect, represents absorption by iron atoms in
austenite having 1 carbon atom as nearest neighbour on interstitial sites. Indeed, the carbon
atoms in the austenite destroy the strict cubic symmetry of the FCC structure, and produce
an electric field gradient at their neighbours iron atoms. These atoms therefore show a
doublet superimposed on the singlet of the austenite line.
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' All the measurements have been carried out at UCL, Laboratoire de chimie inorganique et nucléaire,
Chemin du cyclotron 2, B-1348 Louvain-la-Neuve, Belgium. We are grateful to Prof. J. Ladriére for the
provision of the experimental facilities.
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Figure 2.15: Typical Missbauer spectra of TRIP-assisted multiphase steels.
The spectra can be resolved into 2 ferromagnetic sextets (F1 and F2) and a
single peak for retained paramagnetic austenite (A) (a). In the presence of high
amounts of carbon rich austenite, a single peak (Al) and a doublet (A2) are

needed to resolve retained austenite (b).

2.3.2.2 Estimation of the carbon content of retained austenite

The carbon content of retained austenite was estimated from the austenite lattice parameter
measured from the (220)y and (311)y X-ray diffraction peaks using Cu-Kq radiation.
During each set of measurements, the goniometer was calibrated by using peaks of a
silicon standard situated close to the positions of austenite peaks. 3 measurements were
carried out on each sample previously mechanically repolished and then electrolytically
polished in a solution of 5% HclO4 and 95% glacial acetic acid in order to remove any
surface layer possibly modified by mechanical polishing. The lattice parameter was
converted to carbon content using the relationship ay (A) = 3.578 + 0.033 C (wt.%)
modified as suggested by Dyson et. al. [Dyson70], in order to take into account the effect
of manganese and silicon.
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2.3.2.3 Monitoring of the mechanically-induced martensitic transformation of
retained austenite by acoustic emission

Chapters VI and VII will focus on the mechanical stability of retained austenite and on the
TRIP effect. Acoustic emission was used in order to dynamically monitor the martensitic
transformation of retained austenite during tensile testing. The transducer with a bandwidth
of 100-300 kHz was directly attached to the gauge length of the sample using a thin layer
of high vacuum grease as coupling medium. The pre-amplifier gain was fixed at 40 dB.
The continuous emission was measured using the Average Signal Level (ASL). In contrast
to the Root Mean Square (RMS), the ASL is a time-average of the continuous emission,
obtained by integration of the logarithmically (rather than linearly) amplified AE signal.
The ASL therefore allows measurement over a wider dynamic range at the expense of
resolution (which is of 1dB). The background noise level was about 7 dB for all the tests.
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