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CHAPTER I

Design of high strength multiphase steels

I.1 Introduction

There is an increasing need for high strength formable sheet steels for automotive
applications, in order to reduce the body-in-white (BIW) weight. For this reason, a large part
of current sheet steel research is focussed on the development of high strength flat rolled
steels combining a high tensile strength with an adequate elongation. This combination of
tensile strength and elongation is particularly difficult to achieve as most engineering
materials experience a loss of formability at higher strength. The choice of alloying elements
is very important due to their influence on the microstructure and the strength. The largest
contribution of the steel composition is related to the effect of alloying elements on the
microstructure, which determines most of the mechanical properties of the final product. For
example, martensitic tool steels posses a very high strength, but have a brittle behaviour. At
the other end of the strength scale, the soft low alloy ferritic steels can undergo large
deformations, but are not very resistant to rupture. For decades, steelmakers favoured a
pearlitic microstructure when strength was required, in particular for rails, which had also a
reasonable elongation and a good wear resistance. Today, the tendency is to form bainitic
structures that give the best compromise in term of mechanical properties. The choice of the
composition is very important in the development of high strength bainitic steels. Alloying
elements will indeed favour one or the other transformation product by controlling the
kinetics of their formation and can thus lead to markedly different microstructures. Figure 1.1
summarises the methods of investigation used to develop high strength bainitic steels in the
present work. The different steps leading to the industrial implementation of these new steels
was developed separately.

In this introduction, a critical review is made on the choice of a composition leading to the
development of new bainitic sheet steel. First, a survey of the current development in high
strength multiphase steels is made. As this doctoral dissertation focuses on multiphase steels
with bainite as the major constituent, the main characteristics of the bainitic transformation
and in particular the different bainite morphologies are emphasized. Compositions that lead to
microstructures with mainly bainite are selected by means of simulations using empirical
formulae based on the composition. Microstructures are predicted using theoretical TTT
(Time, Temperature, Transformation) and CCT (Continuous Cooling Transformation)
diagrams.

A rough prediction of the tensile strength using empirical models based on the steel
composition is helpful to design new steels. A new empirical formula had to be developed for
high strength bainitic steels. The improved equation for the tensile strength was developed
based on models taking into account the final microstructure. The strength of separate phases
was estimated by taking into account the contributions of the dislocation density, the amount
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Design of high strength multiphase steels

of interstitial and substitutional hardening, and the austenite grain size. Hardness
measurements performed on dilatometer samples gave indications on the ability of the tested
composition to reach the desired strength level.
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Figure L.1: Development of bainitic steels: method of investigation used for the present work.
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A thermomechanical processing was based on the laboratory simulation results. Hot-rolling
simulations, microstructure evaluation and tensile properties were tested before industrial
scale trials were attempted.

Several steels compositions were designed using the proposed method to develop ultra high
strength bainitic steel. Some of the compositions were used for a fundamental approach of the
relevant phase transformations, while others were designed specifically to obtain bainitic
steels with 1000 MPa tensile strength and 10 % total elongation. The latter industrial target
was reached with a number of compositions. One steel composition was chosen and complex
phase steel with a bainite-martensite-austenite microstructure was obtained as both hot-rolled
and cold-rolled sheet.*

1.2 High strength multiphase steels for automotive applications

In recent years, reducing the weight of vehicles to improve the fuel efficiency has become a
priority for the automotive industry. The Ultra Light Steel Auto Body (ULSAB) project was
initiated in 1994 under the leadership of Porsche Engineering Services, Inc. and rapidly
became a consortium regrouping 35 steel companies in 18 countries over 5 continents.* The
ULSAB-AVC (Advanced Vehicle Concept) is the most recent addition to the global steel
industries series of initiatives offering steel solutions to the challenges facing automakers
around the world to increase the fuel efficiency of automobiles, improve safety and
performance and lower costs. The AVC body structures are composed of 100 % high strength
steels (HSS), with ~ 80 % of the steels being advanced high strength steels. These steels
include dual phase (DP), transformation induced plasticity (TRIP), complex phase (CP) and
martensitic steels.

Figure 1.2 shows the properties of different categories of hot-rolled high strength steels being
developed currently at LISm (Laboratory for Iron and Steelmaking of Ghent University).*
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Figure 1.2: Tensile properties of hot-rolled high strength steels.
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Conventional steels include bake hardenable (BH) steels, carbon-manganese (CMn) steels,
micro-alloyed High Strength Low Alloyed (HSLA) steels, which make use of precipitation
hardening, rephosphorized steels and high strength interstitial free (IF) steels, which use solid
solution hardening. Those steels typically offer modest formability at tensile strengths higher
than 450 MPa.> Flat rolled sheet steel products such as DP steels and TRIP steels, which
combine high strength and adequate elongation, are very attractive for the automotive
industry. Both these multiphase steels are known to have an excellent fatigue resistance and
can therefore be used for wheel discs where a high resistance to fatigue is important. TRIP
steels can be used in parts of the body that need to absorb energy in case of a crash, such as
reinforcements, in view of their particular strain hardening behaviour. These high strength
steels have a complex microstructure, which is in all cases a mixture of two or more phases.
Microstructures combining the bainite constituent and other phases such as ferrite (FB steels)
or martensite (Bainite-Martensite steels) can lead to higher levels of strength with adequate
elongation. Ferrite-bainite steels have a high tensile strength and both an adequate elongation
and an excellent hole-expansion performance, which ensure a good formability. Potential
applications for high strength bainitic steels include critical parts related to passenger safety:
anti-intrusion frames of automotive structures. Complex Phase (CP) steels are defined as
steels having a microstructure consisting in ferrite, bainite and martensite, plus possibly a
small amount of retained austenite. It must be noted that to obtain multiphase steels the
precise control of the thermomechanical processing is of fundamental importance. Indeed,
while alloying elements can help to obtain a desired microstructure by the effect they have on
the phase transformations kinetics, their contribution may also be a strengthening effect. The
main characteristics of these advanced high strength steels are described in the next
paragraphs.

1.2.1 Dual Phase (DP) steels

The microstructure of standard DP steels consists of a soft ferrite (o) and about 10 vol.% of
lath martensite (a’). Figure 1.3 shows the microstructure of cold rolled dual phase steel
containing 56 % ferrite (grey) and 44 % martensite (bright phase). The mechanical properties
of this steel are 600 MPa yield strength (YS) and 1200 MPa tensile strength (TS). The very
low YS/TS ratio of 0.5 is the key to the good formability of that steel.

In lower strength dual phase steels, the soft ferrite phase is generally continuous, giving these
steels excellent ductility. When these steels deform, however, strain is concentrated in the
lower strength ferrite phase, creating a high work hardening rate. The DP steels exhibit higher
initial work hardening rate, uniform and total elongation, ultimate tensile strength, and lower
YS/TS ratio than conventional HSLA steels with comparable tensile strength. The bake
hardening effect (BH), which is the increase in yield strength resulting from a combination
prestraining and a low temperature aging can increase the yield strength considerably. This
BH effect is commonly used as automotive sheet steel is always deformed and aged during
the low temperature (< 200 °C) paint baking cycle after the application of the paint layers.

Conventional bake hardening effects, of BH steels for example, remain somewhat constant
after prestrains of about 2 %. The extent of the bake hardening effect in advanced high
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strength steels depends on the specific chemistry and thermal histories of the steels. DP steels
are usually designed to provide ultimate tensile strengths of up to 1000 MPa.

Figure 1.3: LOM Microstructure of dual phase steel. Etchant: LePera. 6

In DP steels, carbon favours the formation of martensite at practical cooling rates. That is, it
increases the hardenability of the steel. Manganese, chromium, molybdenum, vanadium and
nickel added individually or in combination also increase hardenability. Carbon strengthens
the martensite as a ferrite solute strengthener. Silicon and phosphorus are very effective
substitutional solid solution strengthening elements. Silicon also strengthens the martensite by
causing the partitioning of carbon to the austenite thus increasing its hardenability and the
strength of the resulting martensite phase. These additions are carefully balanced, not only to
produce the required mechanical properties, but also to avoid difficulties with resistance spot
welding.

12.2  Transformation Induced Plasticity (TRIP) steels

The TRIP steel microstructure shown in Figure 1.4 consists of a ferrite matrix, o (grey)
containing a dispersion of retained austenite, y (bright) and bainite, o, (dark).

During the deformation of TRIP steels, the retained austenite also transforms to martensite
with increasing strain, which results in an increase of the work hardening rate at higher strain.

Silicon, aluminium or a combination of Si and Al must be present to suppress the carbide
precipitation during the bainitic transformation. The strain level at which retained austenite
begins to transform to martensite is controlled by the carbon content in the retained austenite.
At low carbon levels, the retained austenite transforms almost immediately upon deformation,
increasing work hardening rate and formability during the stamping process. At high carbon
contents, the retained austenite is more stable and begins to transform only at strain levels
beyond those produced during stamping and forming, and the retained austenite is still present
in the final part. It can then transform to martensite during a crash, and thereby provide
greater crash energy absorption. TRIP steels can provide either (a) excellent formability for
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stamping complex parts or (b) exhibit high work hardening during crash deformation and
provide excellent crash energy absorption.

Figure 1.4: Typical microstructure for a TRIP steel. Etchant: LePera.

12.3  Complex Phase (CP) steels

Very high ultimate tensile strengths can be achieved with complex phase steel. CP steel
consists of a fine microstructure of ferrite and a higher volume fraction of hard phases that
can be strengthened by fine precipitates. The same alloying elements found in DP and TRIP
steels are used for CP steels. In addition, small quantities of niobium, titanium and/or
vanadium are used to form small strengthening precipitates. Complex phase steels provide
tensile strengths of at least 800 MPa.

Figure 1.5 shows the microstructure of a hot rolled CP steel consisting of bainite and
martensite. This steel has an ultimate tensile strength superior to 1000 MPa. Complex phase
steels are characterized by formability, high-energy absorption, and high residual deformation
capacity.
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Figure 1.5: Microstructure of a CP steel, mainly bainite/martensite. Etchant: Nital.

Potential applications for CP steels in automotive manufacturing include parts requiring high-
energy absorption capacity in the elastic and low-plastic range, such as bumper and B-pillar
reinforcements.

1.2.4 Martensitic steels

In martensitic steels, the austenite that exists during hot rolling or annealing is transformed
almost entirely into martensite during quenching on the run-out table for hot rolled steels or in
the cooling section of the annealing line in case of cold rolled steel. The microstructure of
martensitic steel contains mostly lath martensite as shown in Figure 1.6. Martensitic sheet
steel provide currently the highest strengths, up to 1500 MPa ultimate tensile strengths.
Martensitic steels are often subjected to post-quench tempering to improve ductility. This
provides formability even at very high strengths. Carbon is added to martensitic steels to
increase hardenability and strengthen the martensite. Manganese, silicon, chromium,
molybdenum, boron, vanadium, and nickel are also used in various combinations to increase
hardenability.
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Figure 1.6: Microstructure of martensitic steel. Etchant: Nital.

1.2.5 Properties and applications

Table 1.1 gives an overview of typical tensile properties of the steel grades proposed in the
ULSAB-AVC body structure concept.

Their potential practical applications are shown in Figure 1.7 for the C-class body.
Approximately 85 % of the steels used are high strength steels. A clear majority of
components was designed using DP steels.



Table 1.1: Sheet steel properties of selected steel grades.
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Steel Grade YS UTS Total EL n-value 7
(MPa) (MPa) (%) (5-15 %)

BH 210/340 210 340 34-39 0.18 1.8
BH 260/370 260 370 29-34 0.13 1.6
DP 280/600 280 600 30-34 0.21 1.0
IF 300/420 300 420 29-36 0.20 1.6
DP 300/500 300 500 30-34 0.16 1.0
HSLA 350/450 350 450 23-27 0.14 1.1
DP 350/600 350 600 24-30 0.14 1.0
DP 400/700 400 700 19-25 0.14 1.0
TRIP 450/800 450 800 26-32 0.24 0.9
DP 500/800 500 800 14-20 0.14 1.0
CP 700/800 700 800 10-15 0.13 1.0
DP 700/1000 700 1000 12-17 0.09 0.9
Mart 950/1200 950 1200 5-7 0.07 0.9
Mart 1250/1520 1250 1520 4-6 0.065 0.9

Dual Phase

BH

Mart

Figure 1.7: Exploded view of final ULSAB-AVC C-Class concept design, showing steel types

selected for individual parts.l
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1.3 The bainite transformation

1.3.1 Main features

In medium and low C steels, the pearlite reaction occurs isothermally between 550 °C and
720 °C. The cooperative growth of ferrite and cementite implies a diffusive transformation
mechanism. At low transformation temperatures, martensite is formed by a displacive
transformation mechanism, as there is insufficient time for the eutectoid diffusion-controlled
decomposition process to occur. The majority of carbon atoms in the fcc (face centered cubic)
v-Fe remain in solution in the a-Fe phase. As a result, the bce (body centered cubic) lattice is
distorted to bet (body centered tetragonal). Between the two, there is a temperature range in
which fine aggregates of ferrite plates (or laths) and cementite particles are formed. These
intermediate structures are called bainite. The bainite has a different morphology as the
transformation temperature changes. The bainitic reaction presents characteristics of both
diffusive and displacive transformations. The proposed mechanisms intervening in the bainite
transformation are still quite controversial. 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) diffusive phase transformation for pearlite, involving a
complete reconstruction of the new crystallographic lattice by the uncoordinated migration of
atoms; or (ii) displacive formation of martensite without any diffusion but only a lattice
change by the coordinated movements of the iron and substitutional atoms’,

Although it is generally accepted that the bainite transformation exhibits many features
common to the martensitic transformation most of the early works felt uneasy about the fact
that the bainite reaction proceeded at an easily observable rate, whereas the martensite growth
rate was known to be limited only by the nucleation rate of martensite nuclei as the very high
mobility of the transformation interface made it virtually growth-rate independent.®? The
bainite formation associates features characteristic of the martensitic transformation and
features similar to the austenite decomposition to pearlite. The latter pearlite reaction is
characterized by carbon diffusion and its redistribution between the ferrite and the 6-carbide
(FesC). The bainite transformation is now generally divided in 2 distinct stages: a stage of
growth of ferrite followed by a stage of C-redistribution, which can lead to the precipitation
of carbides.'
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1.3.2  Morphologies of bainite

Bainite is a complex aggregate of ferrite and carbides with a particular morphology described
as acicular or ‘in sheaves’.!! These sheaves consist of thin lenticular platelets or laths called
“sub-units” of ferrite separated by regions of either untransformed austenite or martensite or
carbide formed after the growth of bainitic ferrite. Furthermore, the platelets tend to adopt
almost the same crystallographic orientation within a given sheaf. The ferrite laths have the
Kurdjumov-Sachs (KS) crystallographic orientation relationship with the parent austenite:
{111},//{011}, and <011>y//<110>a.2 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 usually
smaller than the parent 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, where the local C content is the lowest, and thus the M; temperature is the
highest.

A distinction is usually made between upper bainite and lower bainite depending on the place
where carbide precipitation occurs. The bainite transformation is accompanied by a carbon
redistribution following the formation of bainitic ferrite. At relatively high temperatures,
upper bainite is formed. It 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 that cementite
precipitation occurs adjacently to the ferrite platelets. At a lower temperature, lower bainite is
formed. It also consists of a non-lamellar aggregate of ferrite and carbides. The lower bainite
usually contains a fine dispersion of carbides within the lenticular ferrite plates and carbides
precipitates from the enriched austenite between the bainitic ferrite platelets.

Depending on the thermal treatment, bainite has many different morphologies. This often
leads to confusing microstructural characterizations. Different bainitic microstructures have
been classified in a microstructural atlas for bainitic microstructuresﬁ, and some authors have
proposed their own alternative classification. An elegant classification scheme has been
proposed by Bramfitt and Speer.* The three general classes of bainite microstructure are
represented in Figure 1.8 together with their description.
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Figure 1.8: SEM microstructures showing the 3 Bramﬁ‘[t—SpeerM classes of bainite, By, B, and B;
(from top to bottom).
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The bainite transformation can be considered as a slow transformation involving a number of

successive or competitive events.

I. v v
Plastic deformation
1111
3 7L
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—_—

Supersaturated ferrite lath growth,
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Figure 1.9: Schematic representation of the development of a sheaf of upper bainite.
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Figure 1.9 represents schematically how a sheaf of upper bainite propagates through an
austenite grain. A lenticular platelet of ferrite nucleates at an austenite grain boundary and
lengthens towards the grain interior until its further growth is prevented 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 sub-units.® Note that 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.

The bainitic sub-units are formed by a displacive phase transformation. There is no
redistribution of substitutional or interstitial alloying elements. The temperature at which
bainite transformation occurs allows the excess carbon in the sub-unit to diffuse from ferrite
to the surrounding austenite, because of the much lower solubility of C in a than in y. 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 cementite precipitation
starts. In steels alloyed with sufficient amounts of elements suppressing the carbide
precipitation, such as Si, the bainite consists of ferrite sub-units with high C residual
austenite. That residual austenite may transform to martensite if its C content is such that Mg
> RT.

The distinction between upper bainite and lower bainite can be understood by comparison of
the time required for the C to diffuse out of the bainitic ferrite platelets with the time required
to precipitate cementite.

Figure 1.10 schematically represents both cases. If carbon redistribution is fast because it
occurs at high temperatures, i.e. if the C diffusion process dominates, the cementite does not
precipitate within ferrite platelets and upper bainite is formed.

In the case of a relatively rapid carbide precipitation within ferrite or of a high carbon
supersaturation, all the carbon cannot be easily rejected from ferrite, which leads to the
formation of lower bainite.
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Formation of a supersaturated Sub-Unit

- Carbon diffusion

Carbon diffusion into austenite and
into austenite carbide precipitation
in ferrite

A

Carbide precipitation
From austenite

C—

Upper Bainite Lower Bainite

Figure 1.10: Schematic illustrating the differences between upper bainite and lower bainite.'
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1.3.4 TEM microstructure of bainite in hot-rolled CP steel

Thin foils were prepared from hot-rolled complex phase steel coiled at 550 °C. That Nb-
microalloyed CMnMoCrB steel contained a mixture of bainite (~60 vol.%), martensite (~30
vol.%) and retained austenite. The microstructure was observed using a Philips EM 420
Transmission Electron Microscope (TEM) operating at 120 kV. Figure I.11 is a general view
of a bainitic ferrite lath showing its dimensions. The measured thickness of 0.5 um is in the
range of 0.2 — 2 um reported previously for a Fe-0.22 wt.% C steel. The lath width depends
on its isothermal bainitic transformation temperature.’>

wr 6

Figure I.11: TEM micrograph of a bainitic ferrite lath in hot-rolled CP steel.
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Figure 1.12 shows other bainitic ferrite laths of similar dimensions. It can be clearly seen that
intralath precipitation of carbides occurred during the bainite formation. As suggested in the
schematic representation of Figure 1.9 the presence of many dislocations is observed at the
interface between a bainitic ferrite lath and a second phase, likely martensite. Due to its
chemical composition responsible for low kinetics of phase transformations, the presence of
both upper bainite and lower bainite is possible in the CP steel coiled at 550 °C. In addition, it
can be seen that the bainitic ferrite contains a very high dislocations density.

dislocations

tic ferrite lath -

mni

Bainitic ferrite lath

Ba

Bainitic ferrite lath
‘-1' BainiticA ferrite lath

Figure 1.12: TEM microstructure of lower bainite with intralath precipitation of carbides.
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Figure 1.13a is a general view of ferritic bainite in the hot-rolled CP steel. A very high density
of dislocations is observed, and some carbides are present. It is difficult to determine whether
they precipitated inside a bainitic ferrite lath or between laths, due to the orientation of the
TEM sample. It is remarkable that, as seen in Figure I.13b no interlath carbides were present
between the examined bainitic ferrite laths. It must be noted that the central bainitic ferrite
lath contains many dislocations but was oriented in such a manner that the dislocations were
out of contrast, allowing for an unobstructed view of the interfaces.

«

. M.
S ‘\i ‘b * :
;' ' interface

- y " R ol '
Bainitic ferrite lath i.‘

N 4

Bainitic ferrite lath h. .

0.2um| dislocations
> "l | g "7 R

£ N ¢

w

S —

Bainitic ferrite lath : \\

b)

Figure 1.13: a) TEM micrograph of bainitic ferrite containing dislocations and intralath carbides. Note
the absence of interlath carbides in the enlargement of the rectangular region indicated. The interfaces
between the bainitic ferrite laths are low angle boundaries.
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Figure 1.14, however, shows clear evidence of interlath carbide precipitation in the same TEM
sample. This morphology, typical for upper bainite, was also found in tempered martensite in
which multi-variant carbide precipitation occurred.'®

’
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- g ' Interlath carbide
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L &l \

A

Figure 1.14: TEM micrograph of the upper bainite microstructure showing the presence of interlath
carbide precipitation with 2 different crystallographic variants.

In the hot-rolled CP steel, upper bainite formed in the first period of coiling at 550 °C, then
lower bainite appeared, finally martensite formed in the remaining austenitic regions. In such
regions, TEM observations showed evidence for the presence of high C, twinned martensite
present at the interface between bainitic ferrite laths. The parallel lines observed in Figure
I.15 are due to twin interfaces in the plate martensite. The diffraction pattern obtained from
this microstructure showed clear twin spots. During the bainite formation, the untransformed
austenite enriched in C. Due to the C concentration profile in those regions, not all the
austenite transformed to martensite. At the interphase boundaries, the C content was high
enough to prevent the martensitic transformation of austenite at room temperature, as the Mg
temperature, decreased by the high C content, was below RT. The surrounding phase is thus
retained austenite as illustrated in Figure 1.15.
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AOA) C
C rejection
CaB COLB
CM/A .
Bainite Vret " Martensite EYret Bainite

Figure 1.15: TEM microstructure of CP steel showing the complex bainite-martensite-austenite
mixture (inset: diffraction pattern showing weak twin-related diffraction spots at T) and schematic of
its C concentration profile along the dotted white line on the TEM micrograph.
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1.4 General considerations on micro-alloying elements

L4.1 Global definitions X

The behaviour of the individual micro alloying elements classifies them in two groups: (a) the
mildly carbide-forming elements, or the elements that do not form carbides, and (b) the strong
carbide-forming elements. Generally, the non-carbide forming elements are also y stabilizers,
i.e. they expand the y field, and the carbide-formers are a stabilizers, i.e. they reduce the y
phase field. Any of the elements in solid solution in a strengthen the ferrite matrix in steel.
They contribute differently to hardening, and differ also in the extent to which they reduce
plasticity in adding a certain increment to strength. P, Si, Mn, Ni, Mo, V, W and Cr, by order
of importance, increase hardness of pure Fe. The non-carbide-forming elements in steel are
almost wholly dissolved in the ferrite either in pearlitic steels or in the structures of tempered
martensite. Ni, Si, Al and much of Mn in steel are dissolved in the ferrite regardless of the C
content. The carbide-forming elements are to be found extensively in ferrite only when the C
content is insufficient to combine with them. The excess C required to substantially withdraw
the element from ferrite is less, the stronger the carbide-forming tendency. The mildly
carbide-forming elements Cr and Mn are generally divided between carbide and ferrite, even
with relatively high C content. The principle of partition of these carbide-forming elements
follows the same general trend when the steel is heated to form austenite, except that the
solubility of these elements may be high in austenite and, since the C itself is often largely
dissolved, there is frequently no carbide phase left. Only with the stronger carbide-forming
elements or in high-C steels are persistently insoluble carbide particles left at high heating
temperatures. V, Nb and Ti stabilise C even at relatively low concentration. A classification
of substitutional micro alloying elements according to their carbide-forming tendency and
their effect on the y field is made in Table 1.2.

Table L.2: General trends of substitutional elements in the Fe-C binary system.

o-stabilizers y-stabilizers
Carbide formers Mo, Cr, V, W, Ti, Nb, Zr Mn, Co
Non carbide formers Si, P, Al Ni, Cu

14.2  Influence on the formation of bainite 2

C influences the range of temperatures over which upper and lower bainite occur. The B
temperature is depressed by many alloying elements but C has the most pronounced
influence, as indicated by the following empirical equation for the By temperature: >

B, (°C) = 830 —270C — 90Mn — 37 Ni — 70Cr — 83Mo (L1)

where the alloy concentrations are all in wt.%. C has a much larger solubility in the austenite
than in the ferrite, and is very strong austenite stabilizer.
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This leads to a general retardation of reaction kinetics. The fraction of carbides to be found in
the final microstructure increases in proportion to the C concentration so that the
concentration must be kept below about 0.4 wt.% to ensure reliable mechanical properties.

In plain carbon steels, the bainitic reaction is kinetically shielded by the ferrite and pearlite
reactions, which start at higher temperatures and shorter times, so that in continuously cooled
samples bainitic structures are difficult to obtain. The addition of metallic alloying elements
usually results in the retardation of the ferrite and pearlite reactions. In addition, the bainite
reaction is depressed to lower temperatures. This often leads to a greater separation of the
reactions, and the TTT curves for many alloy steels show much more clearly separate C-
shaped curves for the pearlite and bainitic reactions. However, it is still difficult to obtain a
fully bainitic microstructure because of its proximity to the martensite reaction. A very
effective mean of isolating the bainite reaction in low C steels consists of adding about 0.002
wt.% solute boron to a 0.5 wt.% Mo steel.® In a Mo-added steel the bainite reaction is
promoted. The boron additions markedly retard the ferrite reaction. The effect of B is
probably due to the preferential segregation of B to the prior austenite boundaries. This
permits the bainite reaction to occur at shorter times. At the same time, the bainite C-shaped
curve is hardly affected by the B addition, so that martensite formation is not enhanced. This
B-Mo effect has been clearly observed in a 0.17 wt.% C-1.6 wt.% Mn steel containing 25
ppm soluble B and 0.2 wt.% Mo. The continuous cooling transformation (CCT) diagram of
Figure 1.16 shows that a fully bainitic microstructure is obtained for a wide range of cooling
rates.
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Figure 1.16: CCT diagram for 0.17 C-1.6 Mn-0.2 Mo steel with 25 ppm soluble B.
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A study on bainitic rail steels has shown, using the computer program SteCal 2™ that Mo is
present to cause a distinct bainite nose and the Mn and Cr delay both pearlite and bainite
transformation.?! Increased Si stabilizes untransformed austenite by delaying the precipitation
of carbide from bainite containing regions of metastable austenite. B has no effect on the
transformation temperatures. B does however have an influence on the austenite
decomposition kinetics in that it greatly reduces ferrite nucleation.

A fully bainitic steel having a tensile strength > 750 MPa and an Ag elongation > 10 % was
developed.2 The following principles were taken into considerations to determine the
adequate chemical composition:

-The C concentration must be low enough to avoid martensite formation;

-The Mn concentration must be high enough to avoid ferrite formation. It increases incubation
time and decreases the temperature of y — o transformation;

-Si additions increase the rate of carbon redistribution in austenite and slow the austenite
decomposition. It suppresses carbide formation. It also results in a substitutional
strengthening. The silicon content was fixed to 0.25 wt.% to have an incubation time maximal
for ferrite and minimal for bainite;

-Other alloying elements are needed to increase the strength. B, Ti, Nb and Mo were
considered:

e B segregates to austenitic grain boundaries and interacts with dislocation
networks. The nose of ferrite is thus driven back to the right on CCT diagrams,
i.e. the incubation time is increased. The B effect is only observed when B is
present in solution;

e Ti is added to keep the B in solution by forming TiN and avoiding the
formation of BN precipitates. The Ti content must be at least 3.4 N to fully
stabilise the N. Ti also contributes to the strengthening;

e Nb causes a strengthening due to NbC or Nb(C,N) precipitate formation. It
also retards the recrystallisation and the grain growth by forming fine carbides.
This results in finer grains. In combination with B, the growth of large
Fe,3(CB)g precipitates at y grain boundaries is avoided;

e Mo is a ferrite stabilizer. It reduces the diffusivity of C in y. Mo is responsible
for a pronounced solute drag like effect (SDLE) due to its segregation to the
o—y interface, therefore decreasing the mobility of the o—y interface. Mo
retards the ferrite and pearlite formations greatly but does not influence the
bainite formation. It is also a solid solution strengthening element.

Four compositions summarized in Table 1.3, were chosen to evaluate the influence of these
different alloying elements.
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Table 1.3: Tested steel compositions, in wt.%.

Composition C Mn Nb Ti Si Mo
1.CMn 0.08 1.6 - - - -
2.CMnNb 0.08 1.6 0.02 - - -
3.CMnNbB 0.08 1.6 0.04 0.02 0.002 0.25 -
4.CMnNbBMo 0.08 1.6 0.04 0.02 0.002 0.25 0.2

The target in terms of mechanical properties was reached with composition 4. A fully bainitic

structure with desired properties was obtained for specific thermo-mechanical treatments.
This study showed that adding 200 ppm Nb increased the strength by 80 MPa. A small 20
ppm B addition in combination with 200 ppm Nb gave more than 100 MPa additional
strength. The 0.2 wt.% Mo addition resulted in an 80 MPa higher strength. Whatever the
alloying element, the elongation was always reduced.

Larger amount of alloying elements were used to increase the strength level even further.

Table 1.4 shows some high strength bainitic steel compositions as reported in the recent

literature. The tensile strength levels ranged from 950 — 1250 MPa.

Table 1.4. Nominal compositions of experimental bainitic rail steels. 2

C Mn Si Cr Mo \% Ti B Nb
Krupp 0.07 4.5 - - 0.50 - -
0.30 - - 270 020 - -
Thyssen 040 150 070 1.10 080 0.10 - - -
Stahl
AAR (J6) 025 2.00 1.80 195 045 - 0.035 0.003 -
British steel 050 2.00 1.50 - - - - - -
0.23 130 040 030 030 0.04 0.022 0.002 -
Nippon Steel 031 131 031 132 026 - - - -
029 1.16 035 221 - - - - 0.04
035 074 198 241 - - 0.032 - -
0.32 041 029 281 059 - - - -
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I.5 Microstructure prediction

15.1 Continuous Cooling Transformation (CCT) diagrams

Maynier et al.** developed a model to estimate critical cooling rates to obtain martensite (V,),
bainite (V) or ferrite (V3). These cooling rates depend on an austenitization parameter (P,),
which is calculated on the basis of the time and temperature of the austenitization, and on the
composition of the steel:

-1
R L (1.2)
T AH °1

where T is the temperature in K, ¢ the time, ¢y corresponds to one unit of time, » is a constant
equal to In(10), R is the perfect gas constant (8.3144 J K™ mol™) and AH is the activation
energy for grain growth (~ 460 kJ/mol). This equation is derived from the Arrhenius rate
equation:

rate oc exp(%} (L.3)

In the case of austenite grain growth, it is considered that two thermal cycles 7(%), Ty(ty)
during which only diffusion intervenes will have the same effects if the concentration gradient
along the diffusion line is constant:

Dt = Dy, (L4)

If the activation energy for diffusion AH is constant, one obtains:

- AH - AH
t — =t 1.5
exp( o j 0 exp( - j (L)

The austenitization parameter P, is equal to the temperature 7, and is related to the austenite
grain size, as increasing P, increases the austenitization time and/or temperature, leading to
coarser grains. The equation (I.2) is the logarithmic form of the equation (1.5).

The initial cooling rates are given by:

LogV, =K, =D (K,,P,) (1.6)
with K the constant and K, coefficients with p = C, Mn, Si, N1, Cr, Mo, V in wt.% and P, in
°C.

The different values of coefficients are given in Table 1.5.
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Table 1.5: Constants for cooling rates.

Ko C Mn Ni Cr Mo P.(°C,1h)

log V; 9.81 4.62 1.05 0.54 0.5 0.66 0.00183
log V1 (90) 8.76 4.04 0.96 0.49 0.58 0.97 0.001

log Vi (50) 8.5 4.13 0.86 0.57 0.41 0.94 0.0012
log V, 10.17 3.8 1.07 0.7 0.57 1.58 0.0032
log V, (90) 10.55 3.65 1.08 0.77 0.61 1.49 0.004

log V, (50) 8.74 2.23 0.86 0.56 0.59 1.6 0.0032
log V3 (90) 7.51 1.38 0.35 0.93 0.11 231 0.0033

It was possible, using this model, to estimate the cooling rate ranges for different phases
transformations. V; being the cooling rate, if V; > V|, only martensite is formed. If V| > V, >
V, bainite and martensite are formed. If V, > V, > V; bainite and ferrite/pearlite will be
present in the final microstructure. If V; < V; the steel will contain ferrite and pearlite.

15.2  Time Temperature Transformation (TTT) diagrams

Li et al.® recently improved a model by Kirkaldy?® to predict isothermal reaction incubation
times according to the initial steel composition. The general forms of the TTT diagrams in
this model are described by the following equations:

F(C,Mn,Si, Ni,Cr,Mo,G)

T = T exp(—0 ) RT)

S(X) (L7)

where £ is a function of the steel content in C, Mn, Si, Ni, Cr and Mo in wt.%, G is the prior
austenite grain size (ASTM number), AT is the undercooling, and Q is the activation energy
of the diffusional reaction. The exponent of undercooling »n is an empirical constant
determined by the effective diffusion mechanism. For example n=2 for volume diffusion and
n=3 for boundary diffusion. S(X) is the reaction rate term, which is an approximation to the
sigmoidal time-dependance of phase transformations:

X
dX
S(X) = I X A0 ()0

0

(L8)

In this model, the Ae; and Ae; temperatures are calculated using a thermodynamic model. Aes
can also be calculated using Andrews formula valuable for steels containing less than 0.6
wt.% carbon and a sum of alloys inferior to 5 wt.%:*

Ae,(°C) =910-203C"* —15.2Ni —30Mn +44.7Si + 104V +31.5Mo +13.1W (1.9)
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Physically, Ae; represents the asymptote of pearlite start curve in a TTT diagram. Andrews
has published an empirical equation for Ae;:%

Ae (°C)=727-10.7Mn —16.9Ni + 29.15i +16.9Cr + 6.38W + 290 A4s (1.10)

The asymptote of the bainite start curve in TTT diagrams was used to calculate the
undercooling for bainite reaction. When compared with the data presented in the isothermal
transformation diagrams in the U.S. Steel Atlas, it was found that the original equation for
estimating the bainite start temperature, B, in the Kirkaldy model overestimated the
suppressing effect of Si. Li ef al. thus modified this equation by normalizing the coefficient of
Si at Si = 0.25 wt.%. The modified B equation is given by:*

B (°C)=637—-58C -35Mn—15Ni —-34Cr —41Mo (I.11)
The M; (martensite start) formula proposed by Kung and Rayment® based on a modification

of the original linear formula by Andrews was adopted in this model:

M (°C)=539-423C -30.4Mn—17.7Ni -12.1Cr —7.5Mo +10Co — 7.5Si (1.12)

Figure 1.17 shows the TTT diagram predicted for a 0.15C-1.6Mn-0.5Cr-0.2Mo steel using the
formulas presented before. Ae; and Ae; correspond respectively to the critical temperatures at
which hypoeutectoid steel is fully ferritic and fully austenitic at equilibrium, respectively.

900 -
800 1Ae3
] + /D//'
700 JAe1 Nb + deformatio FERRITE
_ - C, Mn, B,g{ M—//
o (o]
o 6005 Cr. M PEARLITE
© 500
5 ] BAINITE
® 4004 Ms
S
= ]
g. 300 -
o 200 J MARTENSITE
100 -
0 L | T IIII\'"I L | LA | TorTTTTT
1 10 100 1000 10000 100000

Time (s)

Figure 1.17: TTT diagram predicted for 0.15C-1.6Mn-0.5Cr-0.2Mo steel. The effects of some
alloying elements on the different phase transformations are indicated.

Those temperatures are usually affected by the heating or cooling rate. The index “c” stands
for transformations during heating (“chauffage” in French), i.e. between Ac; and Ac; the
o—y transformation occurs, while the index “r” stands for tansformations during cooling
(“refroidissement” in French).
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Carbon is the alloying element that has the stronger influence on the phase transformations

temperatures. Its effect and the effects of other alloying elements on the phase transformations

temperatures are indicated on Figure 1.17. Table 1.6 regroups some of the most often used
empirical formulas to predict the transformation temperatures, applicable to steels with C <
0.6 wt.% (except formulas from Zhao applicable to steels with C > 0.8 wt.%) .

Table 1.6: Empirical formulas to predict transformation temperatures, in °C, based on the steel

composition.
Temperature Authors Formula
Ars, Ac; Andrews”  Ac3(°C) =910 —203C"* - 15.2Ni - 30Mn + 44.7Si +
104V +31.5Mo + 13.1W.

Sekine® Ar;3(°C) = 868 - 396C - 68Mn + 258Si.

Okamoto™ Ar3(°C) =901 - 325C - 92Mn + 33Si + 287P + 40Al.

Leysen Ar3(°C) =901 - 830C - 61Mn + 71Si + 362P.

Acy Andrews*’ Aci(°C) =727 -10.7Mn — 16.9Ni + 29.1Si + 16.9Cr +
6.38W + 290As.
B, Stevens and

Haynes™ B(°C) =830 - 270C - 90Mn - 37Ni - 70Cr - 83Mo.

Lietal® By(°C) = 637 - 58C - 35Mn - 15Ni - 34Cr - 41Mo.
B’ (°C) =720 - 585C + 126C? - 66Ni +6Ni? -32 Cr

Zhao’! +2.17Cr? - 92Mn + 8Mn? - 42Mo — 36Cu.

M Payson and

Savage® M(°C) =499 - 308C - 32.4Mn - 16.2Ni - 27Cr -
10.8Mo - 10.8Si — 10.8W + (10Co).

Carapella® M (°C) =496 x (1 — 0.62C)(1 — 0.092Mn)(1 —
0.033Si)(1 — 0.045Ni)(1 — 0.07Cr)(1 — 0.029Mo)(1 —
0.018W)(1 +0.012).

M(°C) =499 -292C — 32.4Mn — 16.2Ni - 22Cr —
g\jehrenberg 10.8Mo — 10.8Si + 10Co.

Rowland and
Lyle®

Grange and
Stewart>®

Stevens and
Haynesﬁ
Andrews?
Kung and

Raymentﬁ

Zhao*Z

M(°C) = 499 - 324C — 32.4Mn — 16.2Ni - 27Cr —
10.8Mo — 10.8Si — 10.8W + 10Co.

M,(°C) =538 - 350C — 37.7Mn — 18.9Ni — 37.7Cr -
27Mo + 10Co.

M(°C) =561-474C -33Mn - 17Ni- 17Cr - 21Mo +
10Co — 7.5S.1.

M;(°C) =539 - 423C - 30.4Mn - 17.7Ni - 12.1Cr -
7.5Mo - 118i.

M(°C) =539 -423C - 30.4Mn - 17.7Ni - 12.1Cr -
7.5Mo + 10Co - 7.5Si.

M,(°C) =420 - 208.33C — 72.65N — 43.36N? - 16Ni +
0.7817Ni1? - 0.02464 Ni* - 2.473Cr — 33.428Mn +
1.296Mn? - 0.02167Mn?* + 30Mo + 12.86Co —
0.2654Co* + 0.001547Co? - 7.18Cu — 16.28Ru +
1.72Ru? - 0.08117Ru?.

M,(°C) =539 —423C - 30.4Mn - 7.5S1 + 30Al.
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Mahieu®

1.6 Strength prediction

1.6.1 Empirical models based on the steel composition

Alloying elements contribute to the strength of the final product. Many attempts have been
made to link the final product tensile strength to its chemical composition. Many empirical
formulas exist but each equation is adapted to a limited range of composition and does not
take into account the thermal history of the steel. Nevertheless, such formulas are useful to
approximate the final product strength when designing new steel. For bainitic steels, few
formulas exist. For instance, the tensile strength of low carbon (< 0.25 wt.%) bainite formed
by air cooling has been related directly to the chemical composition by Pickering:*>

TS(MPa) = 243 +1900C + 228(Cr + Mn) + 228 Mo

. . (1.13)
+91W 4+ 22Ni +61Cu +380(Ti + V)

Note that no contribution to strength is attributed to silicon. More recently, De Boer et al.
proposed the following relation between the steel composition and its tensile strength for high

strength bainitic steels by means of regression analysis:*”

TS(MPa) =430+ 688C +81Si + 196 Mn + 202Cr + 80Mo + 400V (1.14)

Equation (I.14) was obtained by analysis of steels with approximately 0.4 wt.% C and 1.5
wt.% Si, and by varying alloying element concentrations within specific limits. The influence
of Mn (0.70 to 1.30 wt.%), Cr (0.15 to 1.50 wt.%), Mo (0.20 to 0.80 wt.%) and V (0 to 0.10
wt.%) was tested.

16.2 Improved equation for hot-rolled bainitic steels

Equation (I.14) was applied to hot-rolled bainitic steels using a large range of compositions,
reported by different authors. The calculated tensile strength is plotted in Figure 1.18 as a
function of the measured tensile strength for 164 steels of various compositions.****® The
agreement between the calculated and measured tensile strength was rather poor when
equation (I.14) was used.

It is clear that more elements needed to be considered and the multiplying factors representing
the contributions of each element to strength had to be adjusted. By means of multilinear
regression calculations, we derived the following improved equation:

TS(MPa) =288+ 803C +83Mn +178Si +122Cr + 320Mo

I.15
+ 60Cu +18077 +1326P + 2500Nb + 360008 13)

The application of that equation to the 164 steels is shown in Figure 1.19.
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Figure 1.18: Comparison between calculated (using equation 1.14) and measured tensile strength for
164 steels.
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Figure 1.19: Prediction of the tensile strength with equation (1.15).
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The equation (I.15) is suitable for high strength bainitic steels with C content below 0.8 wt.%
and the following range of compositions: Mn < 2 wt.%, Si < 1.8 wt.%, Cr <2 wt.%, Mo < 0.8
wt.%, Cu < 1.6 wt.%, Ti <500 ppm, P <700 ppm, Nb < 800 ppm and B <30 ppm.

It has been used to design hot-rolled bainitic steels®*, and was found to be also suitable for the
lower strength TRIP steels if the base strength constant of 288 MPa is replaced by 238 MPa.>

1.6.3 Microstructure-based models

In the previous paragraph, the tensile strength of steels was estimated using empirical models
based only on composition. Some models that predict the strength o; of each phase according
to grain size, dislocation density, substitutional and interstitial elements content are also
available.

The total strength o, can be estimated if the volume fractions V; and strengths o; of each
phase is known:

G total = Z o iI/i =0 ferrite errrite +Go pearlite Vpearlite +0 bainite Vbaim’te +o martensite Vmartensite (I 16)

1

The strength of separate phases o, can be estimated by means of Swift’s equation®® describing
the shape of stress (o) — strain (gp) curves in the continuum plastic theory:

Gizai(bi+8pi)Ni,8i=8pi+% (1.17)

Hiiper ef al> reported the materials constants a, b and N of Swift’s equation for ferrite,
pearlite, bainite and martensite in function of their composition, the ASTM grain size, d, and
the lamellar spacing of pearlite in um, Sp. Those constants are summarized in Table 1.7.

Table 1.7: Summary of materials constants (a,b,N) of Swift’s equation in unit microstructures.>

a (MPa) b N
Microstructur
(¢
Ferrite 109Si + 54.9P 0.002
+62.7Mn+10.84 ">
+373 —0.037Si +0.35P
—0.024Mn +1.07x5/(10+d "*)-0.12
Pearlite 189S,"% +1140 0.002  _—2.795x107Si—1.11x107*Mn
+0.219d7"% +0.202
Bainite 2560C +311Mn+271  0.002  0.109C +0.0133Mn +0.072
Martensite 8590C + 1830 0.0001 0.763C +0.153
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Other approaches to calculate the strength of separate phases are described below.

16.3.1 Strength of ferrite

The yield strength of pure iron is temperature dependent and the intrinsic strength of ferrite is
typically 64 MPa at 273 K, as measured by e.g. Kimura.>® Substitutional alloying elements
have a strengthening effect. According to Pickering (alloy contents in wt.%):>’

G (MPa) = 680P +83Si +32Mn +38Cu + 33 Nj (I.18)

Interstitial elements C and N have both a strengthening effect of 5000 MPa/wt.%. In
microalloyed steels, the maximum C solubility in ferrite is 0.02 wt.%, which gives C a
contribution of 100 MPa to strengthening in ferrite.

The ferritic grain size has also a strengthening effect. This effect is described by the Hall-

Petch equation:>*>

K
O 2(50+ﬁ (I1.19)

In commercial quality steels, the values of oy and K have been determined to 30 MPa and
21.8 MPa.mm'?, respectively.®’ With e.g. a grain of diameter d = 20 pm, the strengthening is
184 MPa.

The total strength of ferrite is usually between 300 and 600 MPa.

16.3.2 Strength of bainite

The strength of bainite consists of a number of strengthening mechanisms:

G=GFQ+le.GSSi+GC+KL(Z)’1+Kng5 (1.20)

where x; is the concentration of a substitutional solute which is represented by a subscript i.
K; coefficient for strengthening due to lath size, 115 MN m’!

Kp coefficient for strengthening due to dislocations, 7.34 x 10° MN m™"

Gre strength of pure, annealed iron, 219 MN m2 at 300 K

Ossi  substitutional solute (i) strengthening

cc solid solution strengthening due to carbon

PD dislocation density, typically 10'® m™

L measure of ferrite lath apparent thickness, typically 0.2 pm

The strength increment due to dissolved carbon should vary with the square root of the carbon
concentration according to solid-solution theory:

o, =1722.5C"* (1.21)

where the strength is in MN m™ and the C concentration is in wt.%.
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Honeycombe and Bhadeshia assume that the maximum carbon content in ferritic bainite is
0.02 wt.%.% This value is currently subject of many discussions and some researchers
recently reported 0.2 wt.% carbon in bainite using convergent beam Kikuchi line diffraction
patterns.®2 The very high dislocation density (~10"° ¢cm™) in the bainitic phase in TRIP steels
was assumed to effectively trap high levels of interstitial C, and up to 0.24 wt.% C was
measured in the bainitic phase.®® For the present example, however, a value of 0.02 wt.% was
used.

Alloying elements also contribute to the strength of the final microstructure. Substitutional
solutes do not partition during the displacive growth of either martensite or bainite, so that
their concentrations are fixed by the composition of steel as a whole. Solid solution
strengthening contributions, o5y can be estimated as a function of temperature and strain rate
from published data.

Table 1.8: Strength (MN m™) of pure iron as a function of temperature and solid solution
strengthening terms for ferrite, for 1wt.% of solute. The data are for a strain rate of 0.0025 s™.

200°C 100°C Room T -40°C -60°C
(23°0C)

Fe 215 215 219 355 534
Si 78 95 105 70 -44
Mn 37 41 45 8 -57
Ni 19 23 37 -2 -41
Mo - - 18 - -
Cr 7.8 59 5.8 7.4 15.5
\ - - 4.5 - -
Co 1.0 1.8 49 9.1 5.8

Table 1.8 shows that whereas the strength of pure iron increases as the temperature is reduced,
strengthening due to substitutional solutes often goes through a maximum as a function of
temperature. Indeed, there is some solution softening at low temperatures because the
presence of a foreign atom locally assists a dislocation to overcome the Peierls barrier at low
temperatures.

When martensite or bainite form at high temperatures, the shape change due to shear
transformation causes plastic deformation, and hence the accumulation of dislocations in both
the parent and product phases. The extent of the plasticity depends on the yield strength, and
hence on the temperature. Takahashi and Bhadeshia have therefore suggested that the
dislocation density of both martensite and bainite can be represented empirically as a function
of temperature alone, for the temperature range 570-920 K:*

6881 1780360
—

log,,{pp } =9.2840 + (1.22)

where T is the transformation temperature in Kelvin, and pp is stated in units of m™.
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The strengthening o, (MN m) due to dislocations is given by:

o, =0.38ub(p,)™ =7.34x10°(p,)" (1.23)

where p is the shear modulus and b is the magnitude of the Burgers vector. Figure 1.20 shows
a plot of equation (1.23).
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Figure 1.20: Contribution of dislocation density to the strength of bainite and martensite, as a function
of transformation temperature.

Martensite and bainite grow in the form of very fine plates or laths. The resulting grain size
strengthening is defined as:

o, =115L" MNm” (1.24)

where [ is the mean intercept measured on random sections. In such sections, the ferrite
plates appear approximately parallel-side, and the thickness is then measured in a direction
normal to the long edges of the plates. The average value of the measurements is taken to
represent a “grain size”, which is really an apparent plate thickness. The procedure is useful
in characterizing any quantitative trends in microstructure but obviously ignore stereological
considerations. For example, if a platelet is represented as a disc of radius r, and thickness t,
with r>>t, then the mean intercept length is given by L =2¢, and the mean intercept area is
given by 4 = 2rt.

There is some uncertainty about the influence of carbon on the grain size of bainite. The
apparent thickness of bainite is, in general, found to increase with transformation temperature
from about 0.2 to 2 um when the transformation temperature changes from 425 °C to 570 °C,
respectively, for a Fe-0.22 wt.% C commercial steel.
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16.3.3 Strength of martensite

The main contribution to the strength of martensite is due to the solid solution strengthening
by carbon. As other phases are formed before the martensite, the carbon content in
untransformed austenite has increased. To estimate the carbon content a simple mass balance
equation is used:

x=xV, +xV, +x,V, (1.25)

where x is the carbon content of the steel,
x; are the carbon content in austenite, ferrite and bainite,
V; are the volume fraction of respective phases.

The new carbon content in austenite has an influence on martensite start temperature. Its new
value is calculated using the following equation derived from the equation (1.12):

M,'= M, -539(x, —x,) (1.26)

With M, the initial temperature of martensitic transformation,
x, the carbon content in austenite just before martensitic transformation,
xp the initial carbon content in austenite.

Dislocations contribution is calculated at this new temperature using the equations (1.22) and
(1.23).

The lath size contribution is estimated to be 75 MPa, as in the case of bainite.

16.3.4 Strength of austenite

The yield strength of residual austenite in Si-TRIP steels is expressed by Young and
Bhadeshia as:®

6, (MPa)=(1-0.26.10"T, +0.47.10° T —0.26.10 T, ) x 15.4

(1.27)
x (4.4 +23C +1.38i +0.24Cr + 0.94Mo + 32N)

where 7, = T - 25, T being the temperature in °C. Concentrations are in wt.%.

16.3.5 Application

A number of complex phase steels with a bainite-martensite-austenite microstructure were
studied in the course of the present work. One composition in particular was chosen for a
more in depth study of the phase transformations. This Nb-B-Mo-Cr microalloyed CMn steel
contained 0.16 wt.% C, 1.6 wt.% Mn, 0.25 wt.% Si, 0.5 wt.% Cr, 0.2 wt.% Mo and B, Ti and
Nb additions. The tensile strength calculated by means of the improved equation (I.15) is 995
MPa. According to dilatometric measurements and metallographic observations, the
microstructure of that steel cooled at the rate 5 °C/s from 1200 °C consists of about 60 vol.%
bainite and 30 vol.% martensite, leaving 10 vol.% of untransformed austenite.
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The contributions to strength of separate phases were calculated and the results are shown in
Table 1.9. The results of the empirical strength calculation and the microstructure-based
method are remarkably close to the actual, measured strength.

Table 1.9: Strength prediction for 0.6Bainite-0.3Martensite-0.1 Austenite CP steel (in MPa).

Iron contribution 64
Carbon contribution 244 with 0.02 wt.%
C
BAINITE Substitutional strengthening 106
Dislocations 236 at 550 °C
Lath size 75
Total strength of bainite 725
Iron contribution 64
Carbon contribution 1051  with 0.37 wt.%
C
MARTENSITE Substitutional strengthening 106
Dislocations 653 at 284 °C
Lath size 75
Total strength of martensite 1950
AUSTENITE Total strength of austenite 131 at 25 °C
0.6B+ 0.3M+ 0.1A Total strength of steel 1033
Calculated strength using (1.15) 995
Measured strength 1060

The steel was laboratory hot rolled and coiled at 550 °C to produce the required CP
microstructure. The tensile strength was 1060 MPa, which is close to the predicted tensile
strength. Note that in the previous calculation the possible strengthening resulting from the Ti
and Nb microalloying was not taken into account. The additional strengthening may be of the
order of 100 Mpa, i.e. increasing the total strength of about 10 % in a fully ferritic steel. There
is currently no theory for the effect of Nb microalloying addition on the mechanical properties
of bainite and martensite.

1.6.4 Hardness

The hardness of the steel may be divided into hardness of different phases using the rule of
mixture:

Hv=X,Hv,+ X Hv,+(X,+X )Hv,, (1.28)

where Hv is the hardness in Vickers; X,,, X, Xy and X, are the volume fraction of martensite,
bainite, ferrite and pearlite, respectively; and Hv,,, Hv,, Hvs, are the hardness of martensite,
bainite, and the mixture of ferrite and pearlite, respectively.
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Empirically based formulas developed by Maynier et al. were used for the calculation of Hv,,,
Hvy, and Hvy, taking into account the steel composition and the cooling rate:%

Hyv, =127+949C +27S8i +11Mn + 8Ni +16Cr + 21logV, (1.29)

Hv, =-323+185C +3308i +153Mn + 65Ni +144Cr +191Mo

1.30
+(89+ 53C — 558i — 22Mn — 10Ni — 20Cr — 33Mo) log V. (1.30)

Hv, ,=42+223C+53S8i+30Mn+12.6Ni +7Cr +19Mo

(131)
+(10 = 198i + 4Ni + 8Cr + 130V ) log ¥,

where V. is the cooling rate at 700 °C in °C/h.

Knowing the volume fraction of different phases, determined by dilatometry and
metallographic observations, or estimated by means of proposed models, the hardness may be
predicted. The hardness value can be converted to tensile strength in MPa using the following
empirical relationship:®’

TS(MPa) =80+ 2.57 Hv (1.32)

1.7 Processing of complex phase steels

In previous paragraphs, it was shown that alloying elements contribute to the strength of the
final product, and can also play a crucial role in determining the final microstructure. In
paragraph 1.2, it was shown that very different kinds of microstructures could be obtained
when starting from the same steel composition. Therefore, it is necessary to control the
microstructure formation by means of the appropriate thermal cycles.

1.7.1 Hotrolled complex phase steels

Complex Phase (CP) steels are defined as steels having a microstructure consisting in ferrite,
bainite and martensite, plus eventually a small amount of retained austenite. In comparison to
Dual Phase (DP) steels, the presence of the microconstituent bainite in CP steels provides
higher strength levels. Using small additions of elements retarding the austenite to ferrite
transformation, hot rolled steels with a Bainite-Martensite-Austenite microstructure were
produced. These steels had a continuous stress-strain curve similar to that of dual phase steel,
a strength level of 1200 MPa and an elongation of 10 %. The hot rolling scheme used to
produce hot rolled CP steels from a Nb-alloyed CMnMoCrB steel composition is shown in
Figure [.21a.
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Figure 1.21. a) Hot-rolling scheme and b) schematic TTT diagram for the studied steel composition.

The most important parameter is the coiling temperature (CT), which determines the type of
transformation that will occur. The schematic Time-Temperature-Transformation (TTT)
diagram of Figure 1.21b illustrates clearly that coiling at different temperatures will result in
different transformation products.
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1.7.2  Cold rolled complex phase steels

Annealing cycles consisting of a reheating to an intercritical temperature between Ac; and
Acs followed by a cooling and an isothermal holding at a temperature above the martensite
start temperature (M), were performed to produce a CP microstructure after cold rolling. It
can be seen on the pseudo Fe-C diagram of Figure 1.22 that the ferrite volume fraction and its
carbon content is controlled by the intercritical annealing (IA) temperature and time of
annealing. During the cooling and holding, part of the intercritical austenite transforms to
bainite. The volume fraction of bainite is a function of the IA temperature, which determines
the carbon content in the austenite and hence the bainite start (Bs) temperature, and of the
isothermal bainite transformation (IBT) temperature and time. During the subsequent cooling
to room temperature, martensite is formed, and some austenite may remain untransformed.
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Figure 1.22: Pseudo Fe-C diagram showing the variation of C in the austenite during an IA cycle.

The annealing cycles are schematically shown in Figure 1.23a, and the time-temperature-
transformation (TTT) diagram in Figure 1.23b illustrates what is happening during the cooling
following the annealing. Continuous annealing simulations were done on cold rolled sheet
steels. Complex phase microstructures consisting in ferrite, bainite and martensite were
obtained.

39



Design of high strength multiphase steels

3
o
o
1S
2
o
e
Q
Q.
€
(]
[
a)
900 -
800
700 ]
O 600
o -
g 500
: 4
T 400
| .
5 ]
2  300-
= ]
= 200 -
100 - \
0 T LA | T L | T LA | T LA |
1 10 100 1000 10000
Time, s
b)

Figure 1.23: a) Annealing cycles and b) corresponding TTT diagram.
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1.8 Aims and scope of the present work

The scope of the current work was to develop hot rolled and cold rolled high strength
complex phase steel using a physical metallurgy approach. The present work is divided in 10
chapters. After the introduction in Chapter I, the experimental details are described in
Chapter II. In Chapter III a model accounting for the carbon partitioning during the
austenite decomposition is developed for multiphase transformations. The practical
application of the model to various phase transformations in CMn steels is presented in
Chapter IV. The effects of small additions of soluble Boron on the austenite decomposition in
a CMn steel are reported in detail in Chapter V. Chapter VI reviews the effects of micro
alloying with combinations of Mo, Cr and soluble B in CMn steels on the austenite
decomposition. Chapter VII involves the texture measurements of a hot rolled complex phase
steel coiled at different coiling temperatures. The effect of the austenite deformation state is
shown to affect the crystallographic orientation of the product phases. Chapter VIII is a
review on the effects of microalloying elements Cr, Mo, B and Nb on the microstructure
formation in hot rolled multiphase high strength steels. A classification of the final
mechanical properties is done in function of the microstructure. In Chapter IX the intercritical
annealing process after cold rolling complex phase steel is studied in detail to predict the final
microstructure. The process parameters were varied to produce different multiphase
microstructures and link those microstructures and their tensile properties. Finally, Chapter X
summarizes the main conclusions of this work and contains suggestions for further work.
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CHAPTER II

Experimental procedure

II.1 Introduction

This chapter gives an overview of the materials, equipment and characterization techniques
used in the cause of the research work reported in the present doctoral dissertation. For the
sake of clarity, some experimental details may also be present at the start of each chapter.

I1.2 Material preparation

The laboratory castings were prepared at the Laboratory for Iron and Steelmaking (LISm) as
100 kg ingots in a Pfeiffer VSG100 induction furnace operating under argon gas protective
atmosphere. Varied steel compositions were cast for different purposes. At first, based on
microstructure and tensile predictions presented in chapter I, different steels aiming at high
tensile strength and adequate elongation were cast in order to select the best appropriate
composition for industrial development. Only part of those steels designed for rolling
simulation was used for the present work. The compositions used for the present research
work are given in Table II.1. Those steels are all CMn steels, microalloyed. The tensile
strength predicted by means of the empirical equation (I.12) is also indicated. The steel
composition 6, microalloyed with Cr, Mo and B was first cast in laboratory. That composition
was chosen for industrial development and a new casting was made with the composition 7.
The industrial steel was cast at SIDMAR N.V., Ghent, Belgium. After cutting, the industrial
material was further processed at the laboratory (LISm) in the same manner as the laboratory-
cast material.

Table I1.1: High strength microalloyed steels used for rolling simulation and investigation of the
tensile properties, compositions in wt.%.

Casting C Mn Mo Si Cr Nb P Ti B(ppm) N(ppm) TS, MPa

1.low C 0.039 136 - 0.150 - 0.032 0.013 0.100 - 73 674
2.Nb 0.155 1.75 - - - 0.106 0.013 0.082 - 20 937
3. Mo 0.145 1.66 0.21 - - 0.083 0.012 0.069 - 10 914
4. MoBlow C 0.066 192 0.24 0.14 - 0.047 0.014 0.023 16 50 823
5. MoB 0.163 1.61 0.19 025 - 0.072 0.013 0.054 18 50 947
6. MoCrB 0.161 1.60 0.20 0.26 0.43 0.061 0.020 0.023 21 42 971
7. Industrial 0.160 1.60 0.18 0.28 0.50 0.050 0.030 0.030 20 90 954
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Figure I1.1: Elongation versus Tensile Strength plot for some of the steels investigated.

It was found that B additions led to significant better tensile properties. Nb additions
produced precipitation strengthening, leading to higher strength levels for the similar
elongation. Finally, a combined effect between B and Nb was observed. A slower kinetics of
phase transformations associated with a strengthening effect allowed the development of
sheet steels having high strength levels with adequate elongation, as shown in Figure II.1. In
this figure, a distinction is made between precipitation-strengthened steels containing Ti and
Nb, and steels containing substitutional strengthening elements Cr and/or Mo in the presence
of soluble B.

A more fundamental approach was made to study phase transformations in CMn steels and
understand the effects of alloying elements B, Cr and Mo on the kinetics of phase
transformations. New compositions were cast especially for this aim. The Interstitial Free (IF)
steel was used as a reference for dilatometry because its slow cooling from the austenitic
region to room temperature implies only one phase transformation. The CMn steel was used
to validate a model for determining Continuous Cooling Transformation (CCT) diagrams by
means of dilatometry. From this base steel, the effect of soluble B, protected from
precipitation with N by Ti additions was investigated. Finally, the effects of Cr and Mo in
combination with soluble B were investigated in CMn steels. The compositions of the steels
used for the fundamental study of phase transformations are listed in Table I1.2.
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Table I1.2: Compositions of the steels used for the study of phase transformations, in wt.%.

Steel C Mn Mo Si Cr Nb P Ti B N
(ppm)  (ppm)

8.IF 0.0034 0.97 - 0.007 - 0.025 0.073 0.010 10 27

9.CMn 0.190 1.64 - - - - 0.015 - - 50
10.CMnB 0.140 1.72 - - - - 0.018 0.029 35 50
11.CMnBCr 0.174 1.66 - - 0.48 - 0.017 0.019 24 36
12.CMnBMo 0.174 1.62 0.21 - - - 0.017 0.018 25 30
13.CMnBCrMo 0.166 1.63 0.19 - 0.47 - 0.017 0.018 22 40

II.3 Rolling and annealing simulations

Both hot rolling and cold rolling were performed using a 3000 kN Carl Wezel laboratory
reversing mill.

The ingots were cut into blocks with 25 mm thickness and, after reheating at 1250 °C for 1
hour, were rolled in 6 passes to the final thickness of 2 mm. The final reduction of 30 % was
in most cases carried out above 850 °C. This last temperature was chosen to be higher than
Arj, the start temperature of the y—a transformation.

The fully computerised data acquisition during rolling allows for the determination of the
mean flow stress (MFS), calculated by means of the formulas published by Maccagno et al:*

1/2 1/2
r:H—_h, T, :E(EJ ln(l—r), T, :%Arctan( A J
y—

8\ R

1/2
o = tan(T, +T2{%j , Y=2R(1-cos)+h

T,=2nT,, T, = (%)m h{(%jz(l - r)}

MFS = P/ (\/25 w(R(H - h))”sz. (IL.1)

where P is the rolling force, w the plate width, R the roll radius, H the plate thickness before
the pass and / the plate thickness after the pass.
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The dimensions of a rolling mill are schematically shown in Figure I1.2. The diameter of the
rolls used at the laboratory is 320 mm, the rolling width is 125 mm.

Y = thickness at neutral point
: 7 /’ ¢ = neutral point angle

Figure I1.2: Dimensions of a rolling mill.t

Table I1.3 regroups hot rolling data for the industrial composition hot rolled in laboratory. The
MEFS values are plotted versus the temperature (before the rolling pass) in Figure I1.3.

Table I1.3: Typical measured rolling data and calculated MFS for the industrial composition rolled in

laboratory.
pass 1 2 3 4 5 6
T before, °C 1133 1097 1042 985 918 837

rolling reduction 0.35 0.35 0.36 0.33 0.33 0.32

end thickness, mm 16.25 10.56 6.81 4.58 3.06 2.07

effective strain  0.50 0.50 0.51 0.46 0.47 0.45

strain rate, s 7.78 9.66 1211 1421 1750  21.02

rolling force, tons 103 125 145 168 187 212

MFS, Mpa 157 214 274 377 451 565

Hot rolling was followed by accelerated cooling at a rate of 30 °C/s to the coiling
temperature, which was varied in the range 720 °C - 300 °C.

After a coiling simulation for 5 hours with an average cooling rate of 50 °C/h, the plates were
air cooled to room temperature. The schematic of hot rolling route is shown in Figure I1.4.

Some blocks were hot rolled to a final thickness of 2.5 mm. The hot rolled plates were then
cold rolled with 60 % reduction to the final thickness of 1.5 mm.
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Figure I1.4: Hot rolling cycles.

The non-recrystallisation temperature of austenite, T, was calculated by means of the
following equation for steels 1 to 7:2

T =887 +464C +8907i + 363 Al —357Si + 6445Nb — 644~/ Nb + 732V — 230V (I1.2)

This parameter was to be considered in high strength steels as rolling below that temperature
produced fine pancaked grains that did not further recrystallize during the cooling. In the
industrial composition, Ty was calculated using equation (II.2) to be 1066 °C. However, the
equation (I1.2) does not take into account the possible effects of the elements B, Cr, Mo on
the recrystallisation of'y.
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Hot torsion tests were performed in order to simulate the hot rolling and determine the actual
Thr. Cylindrical samples with 6 mm diameter were reheated to 1200 °C, twisted at a strain rate
1 s™" with 0.3 strain each 20 °C during cooling at 1 °C/s, with an interpass time of 10 s. Figure
I1.5 shows the effective stress-effective strain curves obtained with the industrial composition.
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Figure I1.5: Stress vs. strain for a torsion test of industrial composition.

The MEFS is the area under each c—¢ curve divided by the total deformation. It was calculated
by:

1 b
Ic.ds (IL.3)
Sb —Su a

MFS =

220 -
200
180
160
140
120
100

MFS, MPa

1000/T, K™
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Figure I1.6: MFS vs. 1000/T plot for the industrial composition.

Figure 1.6 is a MFS vs. 1000/T plot. The two breaks in the curve indicate T, and Ars,
respectively.

Cold rolled sheets with dimensions 125-250 mm x 750-800 mm were reheated in a high
power (46 kVA) continuous annealing simulator (CASIM). Typical annealing cycles are
shown in chapter I, Figure 1.23.

I1.4 Dilatometry

11.4.1 Study of phase transformations

The phase transformations were experimentally studied by means of dilatometry. The
technique is based on the monitoring of the change in length of a sample during heating,
cooling or isothermal holding. The lattice parameter for both ferrite and austenite of a given
composition varies linearly with temperature in the temperature range 300-1200 °C. The
ferrite lattice (bcc) contains 2 atoms in a cubic unit cell with a lattice parameter of 0.28965
nm in pure iron at 727 °C3; the austenite lattice (fcc) contains 4 atoms in a cubic unit cell with
a lattice parameter of 0.36309 nm in pure iron at 727 °C>. Hence the specific volume (nm/at)
is therefore higher for ferrite than for austenite. At the transformation temperature Ar; at
which the austenitic phase transforms to ferritic phases, the steel exhibits a dilatation, due to
its volume expansion. The thermal expansion coefficients, typically 1.61x10™ and 2.25x10”
°C™! for ferrite and austenite respectively, were measured for the IF steel with composition
given in Table I1.2.2

Cylindrical samples with 5 mm length and 3.5 mm diameter were used in a Tetha Dilatronic
IIIS quench dilatometer, shown in Figure I1.7.

Induction coil

Deformation unit

Figure I1.7: Theta Dilatronic IIS quench dilatometer.

The linear variable displacement transducer (LVDT) transforms the displacement due to the
length change of the sample to an electric signal, which is recorded by a computer.
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Figure II.8 shows the continuous cooling cycles used in the dilatometer. Samples were
reheated at the rate 600 °C/min to 1200 °C, maintained at that temperature for 2 minutes,
cooled at the rate 300 °C/min to 950 °C for 1 minute and finally cooled at a constant rate.
This procedure has two advantages: (1) Enough time is allowed for austenite grains to grow
and thus the risk of heterogeneity of the austenite after several cycles are performed on the
same sample is reduced; (2) A constant cooling rate in the austenitic range allows a
comparison of its thermal expansion coefficient for all experiments, since this parameter may
be affected by the cooling rate. To study isothermal transformations, samples were reheated
using the same procedure, quenched from 950 °C to the transformation temperature by
spraying He gas, kept at that temperature one hour, then quenched to room temperature.
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Figure I1.8: Thermal cycles used during the dilatometric tests.

The graphical method or the “lever rule” is generally used to determine the transformation
start and finish temperatures, as illustrated Figure I1.9 for a single-phase transformation. The
linear part of the thermal contraction curve is extrapolated before and after transformation.
The y—a transformation start is defined as the temperature at which the thermal contraction
first deviates from linearity.> In practice, that point is often subject to measurement errors due
to some degree of curvature in the cooling curve since the thermal contraction before and
after transformation is sometimes not linear. This deviation to linearity usually appears when
carbides have formed during a pearlitic or a bainitic transformation. The thermal expansion
coefficient for carbides is then a function of the temperature.® Changes in the cooling rate,
especially at low temperatures where the cooling efficiency decreases, can also affect the
dilatation curves. In order to avoid measurement errors due to these difficulties, the
transformation temperatures were determined after respectively 2 % and 98 % of
transformation. At any temperature, a vertical line may be drawn to intersect the dilatation vs.
temperature curve as shown in Figure I1.9.
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f = Al(A+B)
f,=1-f = B/(A+B)

ky=23.10"3°0'1

dL/Lo

Temperature

Figure I1.9: Schematic dilatation-temperature curve during an austenite to ferrite phase transformation
and the lever rule used to determine the volume fraction of phases. k, and k, are the linear thermal
expansion coefficients for o and vy, respectively.

From the lever rule, the volume fraction of austenite transformed to ferrite (1-f,) at the
temperature T is expressed by:

1=/, (T)= £.(T) = A—fB (114)

In the next chapter, an improved method to calculate the volume fraction of phases formed
during either continuous cooling or isothermal transformations is introduced. Its practical
application to CMn steels 1s made in chapters III to VI.

11.4.2  Magnetic transitions detected by Induction Power Monitoring (IPM)

Other types of transitions are related to the magnetic properties of Fe. Pure Fe is
ferromagnetic below its Curie temperature T, of 1043 K. Above T, Fe is paramagnetic. Using
the feedback signal to the power supply of the induction heater of the dilatometer, any
conventional dilatometer can be operated in the IPMT (Induction Power Monitoring
Technique) mode, which is sensitive to second order transformations related to magnetic
transitions in steels.

There are three types of magnetism states that are relevant for steels: paramagnetism,
ferromagnetism and antiferromagnetism. Figure I1.10 shows the different spin arrangements
in a domain in pure Fe for paramagnetic, ferromagnetic and antiferromagnetic structures,
respectively.
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Figure 11.10: Spin arrangement in a crystal or domain illustrating a) paramagnetism, b)
ferromagnetism and c) antiferromagnetism.

Pure Fe at temperature above the Curie temperature T. exhibits a magnetization that is
proportional to the applied magnetic field in which the material is placed. The susceptibility
of paramagnetic Fe obeys about a power law:

1 C (IL.5)

L T-T)"7

where C is Curie’s constant.

In Fe, the atoms have inherent sources of magnetism because electron spin contributes a
magnetic moment and electron orbits act as current loops that produce a magnetic field. In Fe
at T > T, the magnetic moments of the electrons do not completely cancel each other.

Fe below T, exhibits a long-range magnetic ordering phenomenon, which causes the unpaired
electron spins to line up parallel with each other in regions called domains, within which the
magnetic field is intense. The many domains are randomly oriented with respect to one
another and ferromagnetism manifests itself when an external magnetic field causes the
magnetic domains to line up with each other and magnetize the material. The driving
magnetic field will then be increased by a large factor, which is expressed as a relative
permeability for the material, p,.. The magnetically ordered state of Fe disappears abruptly at
the Curie temperature, 1043 K.

v-Fe is antiferromagnetic below the Néel temperature, Ty, which depends on the alloy
content. In this state the unpaired electron spin spontaneously align in an antiparallel fashion.
Antiferromagnetic materials are paramagnetic above Ty, that is, they obey there a linear T =
f(1/y) law, with y the magnetic susceptibility of the material. Below Ty, however, the inverse
of the susceptibility may rise with decreasing temperature.

In dilatometry the heating is often achieved by means of induction. Electromagnetic induction
refers to the phenomenon by which electric current is generated in a closed circuit by the
fluctuation of current in another circuit placed next to it. In induction heating three basic
elements are of importance: the laws of electromagnetic induction, the skin effect, and heat
transfer. Figure II.11illustrates induction-heating system, consisting of an inductive heating
coil and a sample that is inductively heated.
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induction current
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Figure I1.11: basics of induction heating.

As shown in Figure II.11, when the AC current circulates in the coil, the magnetic field
induced by the induction coil of the dilatometer is:

B = “Ourni (116)

where uy = 4m1.10”7 T/amp.m is the intrinsic permeability, u, is the relative permeability, about
200 T/amp.m in ferritic iron, and n is the number of turns divided by the core length, i.e. 5
mm for the dilatometer sample. The magnetic flux @ is equal to the magnetic field multiplied
by the sample section A:

® = BA (IL.7)
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A small cylindrical steel sample put in the interior magnetic field causes a change in the
velocity of the magnetic flux. According to Farraday’s Law, an eddy current is generated on
the surface of the conductive steel sample that has an inverse relationship with the current in
the inducting circuit. The current on the surface of the object generates an eddy current E:

£= NI (IL.8)
di

where N is the number of turns in the coil. As a result, the electric energy caused by the
induced current is converted to heat energy according to:

The resistance R is determined by the resistivity (p) and permeability («) of the conductive
object. The current i is determined by the intensity of the magnetic field. Heat energy is an
inverse relationship with skin depth. The higher the frequency of the current administered to
the coil, the more intensive is the induced current flowing around the surface of the load. The
density of the induced current diminishes when flowing closer to the center. This is called the
skin effect or Kelvin effect. From this effect, one can easily infer that the heat energy
converted from electric energy is concentrated on the skin depth (surface of the object).

i, =ije " (I1.10)

where i, is the current density at the distance x from the skin (surface) of the object, iy is the
current density on skin depth (x = 0) and d is a constant determined by the frequency (current
penetration depth or skin depth) such as:

d = |22 (IL11)
o)

where o is the frequency of the current flowing through the object. The equation (I1.11) states
that the skin thickness is determined by the resistivity, permeability, and frequency of the
object.

The induced electro motive force (e.m.f.) is calculated by means of equation (I1.8). The heat
energy P is calculated by means of equation (I1.9). For steels, the resistance R can be written:

=P (IL.12)

where / is the sample length, 4 the section and p the resistivity. For ferritic iron, p = 9.71.10®
Qm.

The relative magnetic permeability p, is about 200 T/amp.m in ferromagnetic iron, and it
drops to about 1 T/amp.m in paramagnetic iron.
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According to the equation (II.12), the electrical resistance of the dilatometer sample depends
on the sample dimensions, its resistivity, and its magnetic permeability. As a consequence, if
no phase transformation occurs, the ferromagnetic-paramagnetic transition can be followed in
the a phase by plotting R = f(7). In practice, R cannot be measured directly; neither can be the
heat energy P. However, the signal of the device controlling the power necessary to reheat the
sample can be measured. This electrical signal varies between 0 and +5 V (100 % of the
power capability). It gives a very good indication on the heat energy, and is dependant on the
resistivity and the magnetic permeability of the studied steel.
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Figure I1.12: Resistivity vs. temperature plot for steels, showing the effects of alloying and ordering.

II.S Mechanical properties

Tensile specimens were tested with an Instron 5569 tensile testing machine. The mechanical
properties were characterized by means of the yield stress (YS), the tensile strength (TS), the

uniform elongation (UE) and the total elongation (TE). Two strain rates were used before and

"and € =20s5"", respectively. Agy traction

after a 3.4 % uniform elongation, € =25~
specimens were 20 mm wide, and had an 80 mm strain gauge reference length. As traction
specimens were also used. Those specimens were 12.5 mm wide and had a 50 mm strain
gauge reference length. A comparison between several Agy and Asy specimen obtained from
the industrial steel processed under different conditions was made. Figure 11.13 shows that the
yield and tensile strengths as well as the uniform and total elongations measured with both

kinds of specimens are comparable.
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Figure I1.13: Comparison between tensile results obtained with Agy and Asy specimens.

In order to evaluate the steel behaviour at high strain rates, an impact tension testing machine
was developed in laboratory. Tensile specimens with 25 mm gauge length and 5 mm width
were mounted on a specially adapted Charpy impact testing machine, equipped with a force
measurement cell, and a type K (Ni-CrNi) thermocouple to measure the temperature increase
due to impact energy. The maximum strain rate was 130 s'. Figure II.14 shows the equipment
and an example of temperature measurement during the test.
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Figure I1.14: Impact testing machine and example of temperature increase due to impact energy.

II.6 Microstructural investigation

The microstructure was investigated by light optical microscopy (LOM) on a ZEISS
JENAVERT and scanning electron microscopy (SEM) on a ZEISS DSM 962. After
mechanical polishing, the specimens used for LOM and SEM investigation were color etched
using both the LePera method * or a 2 % nital solution. The LePera etchant is a mixture of
two solutions whose compositions are given in Table II.4. The solutions are prepared
separately and just before the etching is started, they are mixed in equal quantities.
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Phase fractions were determined experimentally based on the LOM micrographs by means of
a grid counting method and by means of a digital image analyzing software system (LUCIA
Screen Measurement supplied by Laboratory Imaging Ltd.).

Table I1.4: Composition of solutions for LePera etchant.

Reagent 1 Reagent 2
1 g Na,S,0s5 4 g dry picric acid
100 ml distilled H,O 100 ml ethanol

The volume fraction of retained austenite, V,, was determined by X Ray Diffraction (XRD) on
a Siemens D5000 Diffractometer with Mo K, radiation using the Direct Comparison
Method.® This method uses the integrated intensity of the (200), and (211), peaks and the
(220), and (311), peaks, according to the equation:

220 220 311 311
IV IV IV IV

+ + +
1.4212%° + 1;20 0.7112" + 1520 1.6212%° + 1;“ 0.817" + 1;“
Y =
4

(IL.13)

The positions of the peaks with Mo K,, radiation are given in Table II.5.

Table I1.5: Calculated peak positions for Mo radiation.

Peak o (200) o (211) v (220) v (311)

20 (°) 28.72 35.36 32.42 38.22

In addition, the lattice parameter of the austenite phase was used to calculate the carbon
content of the retained austenite by means of:

a, (nm) = (0.36309 +0.00075C) x (1 + (24.9 = 0.6C) x10* (T ~1000)) (IL.14)

I1.7 TEM analysis

A JEOL 2010 Transmission Electron Microscope (TEM) with an acceleration voltage of 200
kV, equipped with an energy dispersive X-ray spectrometer (EDX) was used for the detection
and analysis of precipitates after extraction replica.

Thin TEM foils were prepared to study the complex microstructure in cold rolled complex
phase steels. The microstructural observations were made at the LISm using a Philips EM 420
TEM operating at 120 kV.
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I1.8 Texture measurements

Local texture measurements were made using the OIM-EBSD (Orientation Imaging
Microscopy — Electron Back Scattering Diffraction) technique. The TSL OIM-EBSD
attachment was mounted on a Philips XL30 environmental scanning electron microscope
equipped with a LaBg filament and operating at 30 kV. The specimen tilt was 70° during OIM
measurements. The samples were prepared for these measurements using mechanical
polishing, electro polishing and a light etching with 2% Nital. The OIM-scans were carried
out with a step-size of 0.5 pm. Further investigation of phases was done using the Image
Quality (IQ) and the Confidence Index (CI) of the measurements provided by the commercial
TSL OIM software. The IQ parameter describes the quality, i.e. the “sharpness” of an electron
backscatter diffraction pattern. The factor affecting the quality of diffraction patterns is the
perfection of the crystal lattice in the diffraction volume. Any distortions of the crystal lattice
within the diffracting volume will produce more diffuse diffraction patterns. This enables the
IQ parameter to be used to give a qualitative description of the strain distribution in a
microstructure. However, the IQ parameter has some dependence on orientation. Thus, it
cannot be used to distinguish small differences in strain from grain to grain. The CI parameter
quantifies the reliability of the pattern indexing. For a given diffraction pattern, several
possible orientations may be found when indexing the diffraction bands detected by the image
analysis routines. The software ranks these orientations according to a voting scheme. The
confidence index ranges from 0 to 1. In a multiphase situation, CI is calculated separately for
each phase. Orientation Distribution Functions (ODFs) were calculated using a numerical
software ' and were transformed into ODFs of the product phase using orientation
relationships as Kurdjumov-Sachs ™' (KS: {111}, // {011}, and <011>,// <111>,), Bain 12
(B: {001},// {001}, and <001>,//<110>,) and Nishiyama-Wasserman LI Nw:
{111}, // {011}, and <211>, // <011>,).
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CHAPTER III

Improved method to study multistep phase transformations
kinetics from dilatometric data

III.1 Introduction

Steels exhibit a significant volume variation during a heating or cooling or an isothermal
holding due to thermal expansion and phase transformation. This phenomenon can in
principle be used to investigate phase transformation kinetics if the relation between the
fraction of phases, the composition of phases, the temperature and the dilatation is known.
Efforts have been made to analyze the dilatation during an isothermal transformation™ or to
calculate the dilatation during the heating of plain carbon steels using the thermodynamic
function.? The existing models are, however, not applicable to the calculation of the phase
transformation kinetics indicated by a dilatation curve.? In the literature, the relation between
the amount of the product phase at a certain stage of a transformation and the associated
volume change is often assumed to be linear and the volume fraction of the parent phase is
determined from a curve of relative length change as a function of temperature by using the
lever rule demonstrated in chapter II for the y—a transformation in low C-steels.

The lever rule is, however, only applicable in the case of a process which involves only one
phase transformation. In addition, it does not give any information about the composition of
phases. This has set a limitation for the application of the dilatometric technique for the
investigation of the phase transformation kinetics. A model was, therefore, developed based
on thermal expansion coefficient to calculate the phase transformation kinetics from a
dilatation curve. The model was first validated by comparing its results with the experimental
results for a interstitial-free steel which involved only one phase transformation during a
cooling from the austenite phase region. The model was then applied to investigate the bainite
phase transformation process using the dilatation curves obtained from a bainitic grade steel.

II1.2 Physical and mathematical analyses

Considering that it is relatively easy to determine the thermal expansion coefficient of a
phase, the model is based on this parameter. The density p of a phase can be related to its

thermal expansion coefficient by:

11 dp;(T,C) (1I1.1)
3 p(T,C) dT

kI (T,C)=-
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where k] is the linear thermal expansion coefficient of a phase i, T is the temperature and C is

the carbon concentration of phases.

Many experiments with pure iron were carried out to investigate the effect of temperature on
the lattice parameter of ferrite and austenite.>’® The results demonstrate that the lattice
parameter of austenite increases linearly with temperature up to 1200 °C, although small
differences exist between the thermal expansion coefficients given by different authors.® The
results also indicate that above 300 °C the lattice parameter of ferrite increases approximately

linearly with temperature, as can be seen in Table III.1.

Table III.1: Thermal expansion coefficient of « -iron.

T (°C) 300 400 500 600 700 800 Ref.
kl x107 oc™! 14.87 14.85 14.83 14.81 14.78 1476  Straumanis’
kL x107¢ ™! 15.50 1620 16.25 15.80 15.80 15.40 Sounders®
kT %107 oC! 17.55 (527-927 °C) Onink®

Generally, the addition of alloying elements does not affect the linear temperature dependence
of the lattice parameter.®” It is a common observation that a low carbon steel contracts with
temperature approximately linearly during cooling in a temperature range above 300 °C if no
phase transformations occur. If the lattice parameter for both ferrite and austenite of a given
composition varies linearly with temperature in the temperature range 300 - 1200 °C, the
density of the two phases may be obtained by integrating the equation (IIL.1):

p.(T.C) = p,(T,,C)e 1) (II1.2)

where 7, is an arbitrarily selected temperature higher than 300 °C. In the case of steels, the

subscript i refers to the possible phases: austenite, ferrite, carbide and martensite. The ferrite
includes the primary ferrite, the ferrite formed during the pearlite decomposition and the
bainitic ferrite.

Previous work on the effect of carbon content on the lattice parameter of austenite'*!* and

ferrite™® showed that the density of austenite and ferrite varied linearly with carbon content for
a constant temperature. The linear relation was given as:*

pAT,.C)= p,(T,.C = 0)g,(C) (IIL3)

where g,(C)=1-0.0146 wt.% C for austenite and g,(C) =1 - 0.0262 wt.% C for ferrite.

One can find by substituting the equations (II1.2) and (II1.3) into the equation (III.1) that the
carbon content of a phase does not affect the thermal expansion of the phase. This means that
the equilibrium ferrite and the bainitic ferrite should have a same thermal expansion
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coefficient. This has also been observed for experiments with a bainitic grade steel, as shown
in Figure III.1 where, in the temperature range below 440 °C, the dilatation-temperature curve
for the continuously cooled sample which consists mainly of equilibrium ferrite has the same
slope as that for the isothermally transformed sample which consists mainly of bainitic ferrite.

Time, s
0 2000 4000 6000 8000
0.013 : : : : : : :

0.011

0.009

0.007 4 '~

(L-L,)/L,

0.005

0.003 -

held at 530 °C

0.001 coolled at rate qf 6 C/Imln

T T T T T T
0 200 400 600 800 1000
T, °C

Figure II1.1: Relative length change of the samples as a function of temperature for the sample cooled
at a rate of 6 °C/min and samples isothermally transformed at 550 and 530 °C. Note that the slopes
below 440 °C are parallel.

Figure II1.2 shows the thermal expansion coefficients calculated from the dilatation curves.

The dilatation can be divided into three parts: the dilatation of phases due to the change in
temperature, AL’ , the dilatation due to the changes of the composition of phases, AL’ , and the

dilatation due to the phase transformation AL, . The thermal dilatation in a time interval is
given by:
AL! = f,(O)k] (t)LyAT (111.4)

where f;(¢) is the volume fraction of phase i at time t, L, is the length of the sample at the

reference temperature, and AT is the temperature change during the time interval At.

Considering the fact that generally the diffusion coefficient for substitutional alloying
elements is small compared to that for carbon, their redistribution between phases during a
bainitic phase transformation is negligible. Further, considering the kinetic characteristics of
each kind of transformations, it is generally assumed that the austenite and the primary ferrite
experience only changes in their carbon contents during the bainitic transformation (i.e. para-
equilibrium conditions). The dilatation due to the change in the carbon content of a phase can
be calculated by:
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AL = f,(t)k{ L,AC, (IL.5)
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oo ttdp 1 1 dg(C) (IIL.6)
i 3p dc€ 39.(C) dc€
p;dc g.(C) dc

where kf is the solute expansion coefficient, AC; is the change of the carbon content of phase
i in a time interval Af.

The dilatation due to the phase transformation in a time interval Az can be calculated by:

AL, iy (1) = kS5 (O)f, (0 = f, (£ + AD) | L (IL7)

where kf "Site () 1s the expansion coefficient of the phase transformation y — i(+)) .

S ]
@
e 104 Isothermal 548°C
—~ Cont. cooling
T
- S - 6 °C/min
S~
K4
04
'5 T T T T T T T T T T 1
300 400 500 600 700 800 900

Temperature, °C

Figure I11.2: Thermal expansion coefficient calculated using the derivative of the dilatation from
dilatation curve for a continuous cooling (solid line) and a isothermal transformation (dotted line).

The phase transformations during a cooling of a hypo-eutectoid austenite can be divided into
three groups: (1) The nucleation and growth type transformations which include the formation
of primary ferrite and the formation of bainitic ferrite during the first period of a upper
bainitic transformation; (2) The pearlite type transformations which include the pearlite
decomposition and the last period of upper bainitic phase transformation when the carbon
content of the residual austenite reaches the B line, B being the temperature for the start of
the bainitic transformation, which is a function of the carbon content in austenite and, when
the carbon-enriched residual austenite transforms into a mixture of bainitic ferrite and
cementite (the expansion may be calculated just as if the austenite decomposed into a mixture
of ferrite and cementite, although in reality the cementite precipitates from the austenite); (3)
The martensitic transformation which does not involve any redistribution of alloying
elements, including carbon. The martensitic transformation is not discussed in this doctoral
dissertation because it takes place very often below 300 °C, where the ferrite does not expand
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linearly with temperature. The lower bainitic transformation is not mentioned because more
experimental data are needed to estimate accurately the carbon content in the bainitic ferrite.

For a nucleation and growth type transformation, it is proposed that the transformation is
completed in two stages: First a small region of austenite adjusts its carbon content to C,,,

which equals the equilibrium carbon content of ferrite, C,, , for the precipitation of primary
ferrite and/or the carbon content of bainitic ferrite, C,,, for the precipitation of bainitic

ferrite, through the rejection of the excess carbon, C, -C,,; this region then transforms to

xa o’

Trans
y>xa

primary ferrite or bainitic ferrite. Therefore, & and AC, are given by:

kTrans — kTranS' +k;/c(cxa _ C;,) (IIIS)

yoxa yoxa

_ 3k](T,~T)
kTrans' =3 p7 (Ta > C B O) 3 c . g7 (CX‘Z) _1 (1119)
N P (T, C=0)\ M Dg (C

(C, ~Co |, (01, 4 A0~ ACp, Frupra ! 2,
aC, = f, (t+A0)

(11L.10)

where the subscript P, indicates the primary ferrite, the subscript £, the equilibrium ferrite
which includes the primary ferrite and/or the ferrite formed during a pearlite decomposition,
the subscript B, the bainitic ferrite.

The two-step transformation model can be applied to a phase transformation of the pearlite
type, too. In this case it is assumed that the carbon content of the residual austenite always
follows the phase diagram for the austenite decomposition to pearlite and/or the Bg line for the
late stage of the bainitic transformation. That is, a small region of austenite adjusts first its
carbon content to C** to allow the residual austenite to vary its concentration according to

the phase diagram. This region then decomposes into ferrite and cementite at a mass ratio of
a, which depends on the composition of the small region and the temperature. «,can be

determined by using the phase diagram based on carbon conservation relation. The density of
the mixture of the ferrite and cementite is given by:

Pxa pFe3C

= II.11
Pt alpFe3(r +(1_a1)pxa ( )

where the subscript x is E for the austenite decomposition to pearlite and B for the bainitic
transformation and pp, . is the density of cementite.

The dilatation coefficient of the phase transformation can be calculated by using the following
equation:

ey e = ) S + Ky (CM =€) (111.12)
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: T,,C=0) |a +(1-a e Mg (oM
g K/py( , ) |@Proc + (1= @)P _ Tgy( ) | (111.13)
P..(T,,C =0) Prec e e (C.,)

where CY* is the carbon content of the mixture of ferrite and cementite.

Taking into account the change of the carbon content of the primary ferrite and austenite
during the transformation, C¢** is given by:

CML‘C C AC;/f;/ ([+ At) +ACEafPapEa /p;/
= +
' Sy (t+ A= f,(2)

(111.14)

where C. is the carbon content in residual austenite.

It should be mentioned that the enrichment of the residual austenite with carbon starts at the
transformation interface. This may lead to a carbon concentration profile across the austenite
grain. However, as a two-stage transformation assumption is made for the detail of the phase
transformation, this does not affect the calculated value of the expansion coefficient of phase
transformation. As g, (C) is close to unity, the inhomogeneity in carbon distribution in the

grains has only a negligible effect on k°. Therefore, instead of calculating the carbon

concentration profile across the grain, the average concentration of carbon in austenite is
used.

Taking all three terms of dilatation into account, the total relative length change in a time
interval At is:

Ae= Z [ Ok AT+ k78 f, (0= f, (t+ A |+ kS f, (t+ADAC, + kg £, ()AC, (II1.15)

where Ae=(L-L,)/L, i1s the relative length change measured experimentally by

dilatometry.

Note that the theoretical derivation is only correct for very small volume fraction of carbides
and in the absence of difference in the elastic modulus between the phases present during the
transformation. These conditions are met in the present case.

This relation holds no matter whether the phase transformation takes place during an
isothermal hold or during a continuous cooling. It also holds for both equilibrium and non-
equilibrium transformations.

II1.3 Experimental verification of the model

Experiments were first carried out using an interstitial-free steel. The chemical composition of
the steel is given in Table II1.2.
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Table II1.2: Chemical composition of the interstitial-free steel and the bainitic grade steel (ppm).

Grade C Si  Mn P S N Al Ti Nb B Cr Ni

9.IF 34 70 9700 730 38 27 430 100 250 10

2.BG 1550 240 17500 128 15 20 410 821 1060 230 230

The steel was heated to 1200 °C, held at this temperature for 2 min and then cooled at the rate
of 12 °C /min. Figure III.3 shows the dilatation as a function of temperature during the
cooling. It demonstrates clearly a dilatation in three stages. The first stage corresponds to the
period of cooling in the austenite phase field without a phase transformation taking place. It
shows a perfect linear dilatation with temperature. In the second stage the austenite
transforms to ferrite. The specific shape of the dilatation curve results from the thermal
contraction of phases and the volume expansion due to the y—a phase transformation. The
third stage begins when the phase transformation is finished. The composition of the steel and
the cooling rate determine that this cooling process involves with only one phase
transformation, as demonstrated in Figure II.3. The whole austenite transforms to ferrite
during the cooling. In addition, the analysis of the dilatation curve indicates that the phase
transformation begins at 878 °C where the solubility of carbon in ferrite is close to the carbon
content of the steel. This means that the carbon redistribution during the formation of ferrite is
negligible. The volume fraction of phases can, therefore, be accurately predicted with the
lever rule shown schematically in chapter II, Figure I1.9. The calculated results using both the
lever rule and the proposed analysis model are shown in Figure III.3.

1.1 . , . , . , . 0.005
DN ANA A.A-A-A-A-A.%
A
0.8 - a
A —40.002
. i
= 0.5- 7
- -
- -0.00T
0.2 -
A
B BN A BB
-0.1 . , . , . , . -0.004
300 500 700 900 1100

Figure I11.3: The dilatation (solid line) and the volume fraction of the transformed austenite
calculated from the dilatation with the model developed (doted line) and with the lever rule (triangles)
as a function of temperature during the cooling of the interstitial free steel.
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The thermal expansion coefficients were taken from the dilatation curve to be 1.61x10” and
2.25x107 °C™" for the ferrite and the austenite, respectively. The temperature T was taken as

727 °C. At this temperature the lattice parameters of ferrite and austenite for pure iron are
0.28965 and 0.36309 nm, respectively.® The minor effect of the main alloying element Mn on
the lattice parameter was taken into account by using the equation (II.16a) for the austenite™®
and the equation (II1.16b) for the ferrite. 2

a,(A)=3.6309(1+2.7x10™* at%Mn) (I11.16a)

a,(A) = 2.8965 + 0.00067 at%Mn (I11.16b)

The densities p,(7,,C=0) and pg,(7,,C=0) calculated from the lattice parameters are 7735

and 7625 kg/m’, respectively. The volume fraction of the transformed austenite calculated
with the present model is also shown in Figure III.3. It can be seen that the results have a
perfect coincidence with the results of the lever rule analysis.

The above calculations demonstrate that the thermal expansion coefficient k' and the
density p, (T,,C =0) for the phases present in the microstructure are the kinetic parameters
needed for the calculation. It should be mentioned that p,(7,,C = 0) should essentially be the

true density of the phases. Its calculation is difficult especially because generally there are
defects, i.e. dislocations, in steels. In fact, the density functions constructed are used only for
the calculation of the dilatation due to the phase transformations. The equations (II1.9) and
(IT1.13) indicate that this dilatation depends mainly on the ratio p,(7,,C=0)/p,,(7,,C=0). It

may, therefore, be practical to substitute the austenite density calculated from its lattice
parameter for p, (7,,C=0) and take the density p,,(7,,C=0)as the value that allows the best

match between the model and the experiments. Also, although the thermal expansion
coefficient of austenite can be determined from the dilatation versus temperature curve in the
austenite phase field, the calculation of the thermal expansion coefficient of ferrite may not be
straightforward due to the fact that a steel is generally a mixture of several phases at a
temperature around 300 °C. But if only there is on the dilatation curve a temperature range
above 300 °C where there is no phase transformation and where the ferrite is one of the main
components of the microstructure, the thermal expansion coefficient of ferrite can be
determined by calculating the phase transformation kinetics with this as a restriction.
Therefore, to investigate the phase transformation kinetics of a steel of a given composition
by using the dilatometric technique with the help of this model, one or two specially designed
experiments have to been carried out first to determined the kinetic parameters needed by
fitting the calculation results with the experimental ones. The whole procedure is
demonstrated in paragraph II1.4.
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Figure I11.4: Volume fraction of phases and C concentration of the residual austenite as a function of
temperature for the sample cooled at the rate of a) 6 °C/min, b) 100 °C/min and ¢) 300 °C/min.
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II1.4 Practical application of the model to the bainitic transformation

Experiments were done with the experimental bainitic grade steel with the chemical
composition given in Table III.2. The equilibrium phase diagram of this steel was calculated

using the Thermo-Calc™ software. Part of the phase diagram (A, and A3) is shown in Figure
I11.4.

The bainitic transformation start temperature, B, was estimated with the equation (II1.17):2

B (°C)=830-270C -90Mn —37Ni—-70Cr —83Mo (1I1.17)

The steel was heated to 1200 °C, held at this temperature for 2 min and then either cooled
down at a rate of 6, 100 or 300 °C/min. The relative length change of the samples is shown in
Figure II1.5 as a function of temperature. The microstructure examination indicated that the

sample continuously cooled at 6 °C/min consisted of primary ferrite, pearlite and bainite. It
was free of residual austenite.

0.012

0.010
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= 0.008
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350 450 550 650 750 850 950
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Figure II1.5: Relative length change of the samples as a function of temperature for the sample cooled
at a rate of 6 °C/min (solid line), 100 °C/min (dashed line) and 300 °C/min (dotted line).

According to the dilatation versus temperature curve in the austenite phase field the thermal
expansion coefficient for the austenite is 2.25x10” °C™". The temperature T, was taken as 727

°C. The lattice parameter of the austenite at 7, was calculated using:2®

a,(A)=3.6309(1+2.7x10™ ar%Mn + 7.8 x 10 at%Al + 2.21x 107 at%Nb +1.7x 10 at%Cr
—~5.6x107 at%Ni +8.9x 107" at%Ti) (II1.18)
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The density p,(7,,C=0), as calculated from the lattice parameters, was taken to be 7725

kg/m’. The density of cementite was calculated using:'?
Prec(Tin °C) =7686.45—6.63 10°T-3.12x107*T? (II1.19)

The experimental data of the sample cooled continuously at 6 and 300 °C/min were used to
determine the kinetic parameters needed for the calculation. Considering that the bainite was
formed at a relatively high temperature, it was assumed that the carbon content of the bainitic
ferrite follows the 4, line, as the primary ferrite does. The calculations yielded the thermal

expansion coefficient of the ferrite, the density pg,(7,,C=0) and pg,(7,,C=0). They are
1.50x10° °C™, 7640 and 7632 kg/m’, respectively.

Figure II1.4 shows the calculated volume fraction of phases and the carbon content of the
austenite as a function of temperature using the model. Figure II1.4a clearly demonstrates that
the precipitation of primary ferrite beginning at 705 °C was companied by the enrichment of
carbon in the residual austenite. The calculated volume fraction of the primary ferrite, fp_ is 68
vol.%, which is very close to the measured volume fraction of 67 + 2 vol.%. Austenite
decomposition to pearlite took place at 628 °C when the carbon content of the residual
austenite reached the A., line and the bainitic transformation started at 558 °C when the
carbon content of the residual austenite reached the B line. The volume fraction of the
transformed austenite calculated using the lever rule is also shown in Figure I11.4a. The large
difference between the results of the model and the lever rule indicates that the lever rule is
not applicable to the interpretation of a dilatation curve that involves more than one phase
transformation. For the sample continuously cooled at 300 °C/min, Figure IIl.4c shows that
less than 4 vol.% primary ferrite precipitated before the carbon content of the residual
austenite reached the value limited by the B line at 626 °C. At that point the bainitic
transformation started. The volume fraction of bainite found in the microstructure was 95
vol.%.

Using the thermal expansion coefficients and the densities of phases determined above, the
transformation kinetics indicated by the dilatation curve of the sample continuously cooled at
100 °C/min could then be calculated. The volume fraction of phases and the carbon content of
the residual austenite are shown in Figure II1.4b. The primary ferrite started to precipitate at
662 °C. Compared with the sample continuously cooled at 6 °C/min, the temperature for the
start of the primary ferrite formation was lowered by the fast cooling. 17 vol.% primary ferrite
formed before the carbon content of the residual austenite reached the value limited by the B
line at 619 °C. At that point the bainitic transformation started. The volume fraction of bainite
in the microstructure was 82 vol.%. The results are in agreement with the metallographic
observations, shown in Figure I11.6.
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Primary Ferrite

Bainite

Pearlite

Primary Ferrite

Bainite

Figure I11.6: Optical micrograph showing the microstructure for the samples cooled at a rate of 6
°C/min (upper) and 100 °C/min (lower). The specimens were etched with the LePera etchant. 2

II1.5 Conclusions

The dilatation of a steel during a phase transformation has been analyzed by using the density
function of the phases. The model that has been developed to calculate the transformation
kinetics from a dilatation curve of a hypo-eutectoid steel may be used for a multistep
transformation process. After validation of the model by comparing its results with
experiments obtained for an interstitial free steel which involves with only one phase
transformation during a cooling through the austenite phase region, the model was applied to
the calculation of the transformation kinetics indicated by the dilatation curves of a bainitic
grade steel. Excellent agreement between the model and the experiments was found.
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CHAPTER IV

Experimental study of multistep phase transformations
kinetics during continuous cooling C-Mn steels

IV.1 Introduction

The kinetics of the decomposition of austenite and the volume fractions of product phases
formed are fundamental in understanding the microstructures and mechanical properties of
steels. Dilatometry is an efficient technique to obtain information about the transformation
behaviour of steels.t The technique is based on the monitoring of the change in length of a
sample during heating, cooling or isothermal holding. Although dilatometry can be used to
determine the beginning and the end temperatures of transformations, the standard data
analysis based on the lever rule is usually not appropriate to determine accurately the different
volume fractions of phases when several phases are formed. In that case only the start
temperature of the first transformation and the end of the last transformation are relevant, as
the transformations usually overlap and thus, it is not possible to detect at which temperature
they actually begin and end. Up to now, a complete Continuous Cooling Transformation
(CCT) diagram could therefore only be determined after several experiments, supplemented
with microstructural observation and hardness measurements. Even then, an uncertainty
remained for the starting temperature for the formation of the secondary phases pearlite and
bainite. In the previous chapter, an improved method for determining phase transformation
kinetics for a multistep solid-state transformation from a dilatation curve has been
proposed.>** In addition to the well-known lever rule method, this new method is applied to
transformations in a 0.2C-1.6Mn steel. Calculated volume fractions of phases are compared
with microstructural observations and supplemented with hardness measurements. It is shown
that a detailed CCT diagram can be obtained for C-Mn steels.

IV.2 Experimental procedure

Dilatometer samples were prepared from a steel with 0.19 wt.% C and 1.6 wt.% Mn (steel
composition 9 in table I1.2). A first set of cycles with increasing cooling rates from 6 to 840
°C/min was used on the same dilatometer sample. Separate samples were prepared for each
thermal cycle for microstructural evaluation. An additional sample was heated separately in a
furnace 30 min at 950 °C and water quenched to form martensite. The cooling curve was
measured with a thermocouple placed inside the sample. The cooling rate obtained was 7300
°C/min. The different phases were observed by light optical microscopy (LOM) and scanning
electron microscopy (SEM) after etching with nital. Vickers hardness measurements were
done using a 5 kg load. Two methods, respectively the lever rule and the method proposed in
chapter III, were used to analyse the dilatometer curves and obtain the CCT diagram.
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IV.3 Construction of the CCT diagram

1V.3.1 Lever rule

The method described in chapter II as the lever rule was applied to the cooling curves
obtained from dilatometry. Except for the high cooling rates, where the bainite and the
martensite start temperatures could clearly be detected, only one beginning and one ending
temperatures could clearly be detected from the dilatometric curves. Iso-transformation lines
were represented on the CCT diagram to have an idea of the transformation kinetics.
Hardness values give also an indication on the phases formed. The final CCT diagram based
on lever rule results is shown in Figure IV.1. The diagram, based only on the lever rule, is not
sufficient to predict the microstructure because of the unknown microstructural phase
fractions and carbon content. Microstructure observations were performed to quantify the
volume fractions of the different phases, but it was impossible to determine at what
temperature the second and third phases appeared. It is necessary to cool different samples at
the same rate and to interrupt the cooling by a severe quench in order to freeze the
microstructure at different stages of the transformation to obtain this information. The
drawback of this method is that it requires a large number of experiments on different
samples. Additional equipments can be used to reduce the number of experiments. For
instance, Kop et al. have stressed the potential of a combined dilatometric-calorimetric
analysis, showing especially that Differential Thermal Analysis (DTA) is very effective in
indicating the pearlite formation.
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Figure I'V.1: Experimental CCT diagram for the 0.19C 1.64Mn steel composition. The volume
fractions of transformed austenite indicated were determined using the lever rule.
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1V.3.2 Improved model

It was shown in the previous chapter, that the total dilatation could be divided into three parts:
The dilatation of the phases due to the change in temperature, AL”, the dilatation due to the

changes of the composition of phases, ALS, and the dilatation due to the phase transformation
AL iy

Taking all three terms of dilatation into account, the total relative length change in a time
interval is:

Ae = FOKTAT + k™ | (6) = f, (1 + A) |+ K £, (¢ + ADAC, +KE £, ()AC, (IV.1)

Y —i(

where Ae =(L-L,)/L, is the relative length change measured experimentally by

dilatometry and f;(?) are the different phases volume fractions.

This relation holds no matter whether the phase transformation takes place during an
isothermal hold*?, during a continuous cooling®* or whether it includes equilibrium phases or
non-equilibrium constituents.

A computer program was developed to relate the total relative length change measured at
each time interval into these three possible contributions to the sample dilatation. The
dilatation of phases due to the change in temperatures is determined using the linear regions
of the dilatometer curves. The dilatation due to the changes of the composition of phases is
calculated assuming the lower diffusion coefficient for substitutional alloying elements in
comparison with those for interstitial atoms. During a continuous cooling from the austenite
region with increasing cooling rate, the possible phases that can be encountered are ferrite,
pearlite, bainite and martensite. During a phase transformation, the carbon content of the
residual austenite is modified. If the first phase formed is ferrite, then the carbon
concentration in ferrite cannot be higher than the solubility limit given by the equilibrium Fe-
C diagram. The carbon concentration in austenite thus increases until it reaches the Ay line
predicting the precipitation of cementite. The equilibrium A; and A, lines used in the
program were calculated using the ThermoCalc™ software. In the case of the bainitic
transformation, it was assumed that the transformation starts when the carbon concentration in
residual austenite reaches the Bs line. Empirical formulae exist to predict the beginning of the
bainitic transformation as a function of the mass contents of alloying elements. The bainitic
transformation start temperature, B, was first estimated with the equation from Stevens and
Haynes:é

B, (°C) = 830 —270C — 90Mn — 37Ni — 70Cr — 83Mo (IV.2)
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This formula is very often used to determine B; for isothermal transformations, but it was not
applicable to the studied steel during continuous cooling. During continuous cooling
experiments, the kinetics of transformation is different. In particular, a certain amount of
under-cooling is often needed before transformations start. It was observed that the equation
(IV.2) overestimated the B, temperature.

Li et al. recently proposed a new empirical formula:’

B (°C)=637-58C -35Mn—15Ni —-34Cr —41Mo (Iv.3)

The values obtained with the equation (IV.3) for the beginning of the bainitic transformation
corresponded well with measured transformation temperatures.

In order to test the model, several samples were analysed by optical microscopy after each
thermal treatment. The initial as-cast microstructure consisted in 60 % in volume of equiaxed

ferrite and 40 % of pearlite, as shown Figure IV.2.

Figure I'V.2: The as-cast microstructure of the studied C-Mn steel. PF = Primary Ferrite, P = Pearlite.

Part of the calculated equilibrium diagram (Ajz and A.y,) is plotted on Figure IV.3 to IV.6. The
respective volume fractions of ferrite and pearlite expected at each equilibrium temperature
are also indicated in Figure IV.3 in dashed lines. It can be seen that under equilibrium
conditions, the ferrite precipitation is expected to start at 790 °C, and the pearlite would form
at 715 °C with the eutectoid composition. In the dilatometer, despite the lowest cooling rate
used (6 °C/min), the phase transformations occurred far from equilibrium.
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According to the calculations, at the rate 6 °C/min, the ferrite formed at 710 °C. It can be seen
on the micrographs shown in Figure IV.3, that it first formed at the grain boundaries, and,
because of the low temperature, part of the ferrite also grew into the austenite as
Widmanstitten side-plates and acicular ferrite. The carbon concentration in residual austenite
reached the extrapolated A line at 615 °C, where the pearlite transformation occurred. The
austenite was fully transformed into ferrite and pearlite before reaching the B line. The
calculation gave the respective volume fractions of ferrite and pearlite equal to 62 % and 37
%. These results are in good agreement with the image analysis measurements of the
observed microstructures, which gave a ferrite fraction of 60 % + 5 %.
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Figure IV.3: Volume fraction of phases, carbon concentration of the residual austenite as a function of

temperature and final microstructure for the sample cooled at the rate of 6 °C/min. PF = Primary
Ferrite, W = Widmanstitten, AC = Acicular Ferrite, P = Pearlite.
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Figure I'V.4: Volume fraction of phases, carbon concentration of the residual austenite as a function of
temperature and final microstructure for the sample cooled at the rate of 30 °C/min. PF = Primary
Ferrite, AC = Acicular Ferrite, P = Pearlite, B = Bainite.

At the cooling rate of 30 °C/min (Figure IV .4), the ferrite transformation started at 660 °C and
55 % of ferrite was formed. The pearlite transformation started at 585 °C, but not enough time
was available for the austenite to decompose entirely into pearlite, due to the faster cooling
rate. At 560 °C, the bainitic transformation occurred. The curve shows that the volume
fraction of transformed austenite increases at 415 °C, due to the formation of martensite.
Microstructure observation using the LePéra® etching method revealed the presence of
martensite in the sample. The temperature at which martensite appeared corresponds with the
martensite start temperature predicted by the equation for M; of Steven and Haynes:®

M (°C)=561-474C -33Mn—17Ni—-17Cr - 21Mo (Iv.4)
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This implies that the carbon content in the austenite at 415 °C was the original carbon
content, i.e. there was no carbon enrichment of the residual austenite. Hence, the bainite
formed must have had the original carbon content. It was concluded that, at the cooling rate
30 °C/min, the carbon in the bainite, i.e. present as interstitial C in the ferritic bainite and as
carbides, was close to the initial carbon content of the steel, i.e. 0.19 wt.%.
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Figure I'V.5: Volume fraction of phases, carbon concentration of the residual austenite as a function of
temperature and final microstructure for the sample cooled at the rate of 120 °C/min. PF = Primary
Ferrite, AC = Acicular Ferrite, P = Pearlite, B = Bainite.

Increasing the cooling rate to 120 °C/min (Figure 1V.5) lead to a microstructure consisting in
50 % of ferrite, 12 % of pearlite, 35 % of bainite and 3 % of martensite. The measured Mg
temperature was equal to 340 °C. This decrease in Mg means that the residual austenite was
enriched in carbon prior to its transformation to martensite. Using the equation (IV.4), one
finds that, at the temperature M, the carbon content in residual austenite was 0.37 wt.%.
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Using the balance mass equation:
Co=C.V,+C,JV,+ClV, +CV, (IV.5)

where C is the initial carbon content, C; and V; the carbon content and volume fraction of the
phase i (ferrite, pearlite, bainite or austenite), the carbon contained in upper bainite, i.e. in the
ferrite and between the bainite laths, was estimated to be 0.187 wt.%.
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Figure IV.6: Volume fraction of phases, carbon concentration of the residual austenite as a function of
temperature and final microstructure for the sample cooled at CR =300 °C/min.

At the rate 300 °C/min (Figure IV.6), only 6 % of ferrite was formed, the formation of pearlite
was entirely suppressed. The bainite was the main constituent (88 %). The martensitic
transformation started at 340 °C, due to a carbon content in the residual austenite, calculated
by means of equation (IV.4) to be 0.3 wt.%. The carbon in bainite was again found to be 0.19

wt.%.
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A new sample was submitted to increasing cooling rates from 6 °C/min to 840 °C/min. For
cooling rates of 580 °C/min and 840 °C/min, a mixture of bainite and martensite was formed.
The volume fractions of phases formed are shown as a function of temperature in Figure IV.7
for the cooling rate of 580 °C/min. The Koistinen exponential equation was used to determine
accurately the M, temperature:”

S =1=exp(=k(Ms =T)) (IV.6)

where f,, is the fraction of martensite formed. The k coefficient was estimated to 0.025 from
the experimental curves.

At the cooling rates 580 °C/min and 840 °C/min, the M temperatures were 385 and 390 °C,
respectively. The volume fractions of bainite formed were 36 % and 24 %, respectively.
Calculations led to carbon content in bainite of 0.05 wt.%. This implies that no interlath
carbide precipitation took place during the bainitic transformation.

Martensite

f =1-exp(-0.025*(385-T))

Martensite
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Figure IV.7: Volume fraction of phases bainite and martensite as a function of temperature
determined for the sample cooled at the rate of 580 °C/min.

Indeed, it was reported'® that during the formation of bainitic ferrite at high temperatures, the
amount of carbide formed is proportional to the amount of bainitic ferrite at any stage of the
reaction. On the other hand, for lower transformation temperatures, the carbide precipitation
is found to lag significantly behind the formation of bainitic ferrite. It is very likely that a
critical cooling rate exists, at which the carbide precipitation in austenite is suppressed during
or after the bainite formation. The final CCT diagram is presented in Figure IV.8, with the
phase domains and iso-transformation lines.
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Figure 1V.8: Improved CCT diagram for the studied steel showing the phase formation domains.
Numbers indicate the volume fractions of the phases formed during the decomposition of the austenite.

IV.4 Discussion

The CCT diagram of Figure IV.8 was obtained after several thermal cycles were performed
on one single dilatometric sample. The transformation temperatures Ac; and Acs measured
during the reheating of that sample were the same after each cycle. This implies that the
austenite composition did not vary. In contrast, when new samples were used for each cycle,
the reheating transformation temperatures Ac; and Ac; were slightly affected, meaning that
small differences in the initial carbon content may exist between different samples, due to the
heterogeneity of the carbon distribution in the original casting.

With the sample submitted to different cycles, the thermal expansion coefficient measured for
the austenite increased slightly after the first cycle, and remained constant at 23.10° °C™.
Before the first cycle, the sample contained undesirable point defects and dislocations due to
its machining. After one cycle, most of these defects were removed due to the creep effect at
high temperature. It is thus advantageous to perform many cycles on the same sample, to
avoid any difference in chemical composition and reduce the defects due to machining.

The use of the improved model also allowed for the determination of the density of ferritic
bainite in the studied steel. For the samples cooled at 30 °C/min to 300 °C/min, the density of
the bainitic ferrite was determined from the dilatometric curves to be 7632 kg/m* and 7635
kg/m?, respectively, which was consistent with the value of 7635 kg/m? found for the bainitic
grade steel of chapter I11.2#
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The density of ferrite was lower than that of bainitic ferrite: 7625 kg/m? for the sample fully
transformed at 6 °C/min. It was shown that the carbon content in bainitic ferrite was higher
than the maximum solubility of carbon in ferrite, which is 0.019 wt.% at 727 °C. Hence, for
the same volume, the density of bainitic ferrite must be higher than that of ferrite. The higher
density of the bainitic ferrite is mainly due to the presence of the interstitial carbon at the core
of the dislocations.

According to the microstructural observations, the predictions of ferrite and pearlite volume
fractions obtained using the extended equilibrium lines As; and A, were correct. The
microstructure analysis showed that the model predicts the volume fractions of the phases.
The estimations of microstructure were used to predict the hardness of the steel after
transformation. The hardness can be calculated, based on the hardness of different phases, by
means of the rule of mixture:

Hv=X,Hv, + X ,Hv,+(X,+X )Hv, av.m

where Hv is the hardness in Vickers; X,,, X, Xy and X, are the volume fraction of martensite,
bainite, ferrite and pearlite, respectively; and Hv,,, Hvy, Hvy:, are the hardness of martensite,
bainite, and the mixture of ferrite and pearlite, respectively.

Empirically based formulas developed by Maynier et al.™' and presented in chapter I,
equations (1.29) to (1.31), were used for the calculation of Hv,,, Hvs, and Hv, as functions of
steel composition and cooling rate.
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Figure IV.9: Comparison between measured and calculated hardness in samples cooled at
different cooling rates.
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The total hardness was measured at each cooling rate. The hardness of phases was estimated
at each cooling rate using equations (1.29) to (I.31). The fractions determined using the model
on dilatometric curves were introduced in the equation (IV.7). The sample cooled at 7300
°C/min was fully martensitic. The measured hardness and the calculated hardness are
compared in Figure IV.9. The results show, albeit indirectly, that the estimated volume
fractions of phases are in good agreement with the volume fractions obtained experimentally.

The model developed to extract quantitative information on phase transformations from
dilatometric data was applicable to the C-Mn steel. The densities of ferrite and bainitic ferrite
were determined in different samples and for different cooling rates. The results obtained
showed that a single sample can be used to cover a large range of cooling rates. An accurate
CCT diagram was produced with this single sample without a need for microstructure
observations. The advantages of the model developed above are the accuracy of the analysis
of the phase transformations. Indeed, scattering due to sampling is suppressed. Once the
equilibrium diagram of the steel under consideration is calculated, the present method allows
a detailed study of the austenite decomposition using a wide range of cooling rates.

IV.5 Conclusions

The transformation behaviour of a 0.2C-1.6Mn steel during cooling from the austenite region
was studied by means of dilatometry. Two methods were used to analyse the cooling curves.
In contrast to the lever rule, which can only predict the volume fraction of transformed
austenite if more than one phase is formed, the improved method yields the transformation
temperatures and the volume fractions of every formed phase. This model is in principle
applicable to other steels, provided that the equilibrium diagram is known. Detailed CCT
diagrams can be produced using a single dilatometric sample, reducing considerably the
number of experiments. The method is believed to be well suited to study the effects of
alloying elements on the austenite decomposition. The bainitic transformation can be
analysed in detail as the model takes into account the carbon partitioning and its considerable
enrichment in the bainite. The existence of a critical cooling rate, at which the carbide
precipitation is suppressed after the bainite formation, was emphasized.
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CHAPTER V

Dilatometric study of the effect of soluble boron on the
continuous and isothermal austenite decomposition in 0.15C-
1.6Mn Steel

V.1 Introduction

The control of properties and microstructure is fundamental for the development of flat-rolled
high strength sheet steel. Very high levels of strength and adequate elongations can be
obtained in steels with a bainitic microstructure. Small additions of alloying elements having
a strong effect on the hardenability are often used to control the microstructure with respect to
industrial and economical constraints. Boron has a very strong effect on steel hardenability.

Many studies have been carried out in boron-bearing steel to explain the hardenability
1-5.7-9.13

mechanism. Boron has a significant influence on the hardenability of low alloy
engineering steels, with 0.003 wt.% soluble boron producing an increase of hardenability
equivalent to about 0.5 wt.% of elements such as manganese, chromium, and molybdenum.
However, the use of boron as a hardenability agent is generally confined to steels containing
less than 0.4 wt.% C and the effect decreases markedly as the carbon content is increased. At
carbon contents beyond the eutectoid composition of the base steel, boron additions reduce
the hardenability and this has implications for e.g. the case hardened regions of carburised
components.® The presence of boron clearly increases the incubation time for the formation of
ferrite and substantially lowers the nucleation rate after the onset of ferrite formation. The
presence of grain-boundary borocarbides precipitates during cooling has been reported as
clear evidence of grain boundary boron enrichment.? It is likely that the boron enrichment was
due to grain boundary segregation and precipitation of borocarbides. Observations made on
austenitic stainless steels containing boron confirmed the tendency of boron atoms to migrate
to austenite grain boundaries, and this behaviour has been linked to boron-vacancies
interactions.> No high temperature boron segregation exists and segregation and precipitation
occur during the cooling from the solution temperatures.* It has been shown using particle
tracking autoradiography, that boron segregation took place mainly during cooling. Two

segregation mechanisms during the y—a transformation have been identified:

- non equilibrium segregation occurring during cooling after soaking at high
temperature (1260 °C);

- equilibrium segregation during holding at low temperature (870 °C).>
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Since the nucleation of ferrite occurs at y grain boundaries, particular attention must be
devoted to the possible role of the grain-boundary M»3(B,C)s borocarbides. These precipitates
formed during cooling with a face centered cubic (FCC) lattice, nucleate in austenite with a
parallel cube // cube orientation relationship with the parent y grain on one side of the
boundary. This result was found assuming that austenite and martensite are related by the
Kurdjumov-Sachs relationship.® Selected area diffraction patterns have revealed the following
orientation relationship between martensite and Fe,3(B,C)e: ~

(111 )Fe23 (B.C)s //(110) martensite
[1 1 0] Fe,; (B,C)g /! [1 1 1] martensite

The interface between the precipitates and the parent y grain has a substantially reduced
energy compared to the energy of the y grain boundary. It is expected that the nucleation of
ferrite should be inhibited on that side of the y grain boundary. The other interface of the
precipitate bordering to the neighboring y grain is fully incoherent and can be considered as
having energy of the order of the y grain boundary energy, i.e. about 0.5 J/m?. Therefore, if
the precipitates are small enough so that they do not provide large extra areas of incoherent
boundaries, the net result is the inhibition of the ferrite nucleation rate. As discussed by
Morral®, a similar reasoning can be made concerning the possible influence of atomic boron
segregation at the y grain boundaries. It appears quite possible that both boron segregation
and the early stages of M»3(B,C)s precipitation should be taken into account to explain the
effect of boron. It is clear that for low austenitizing temperatures, many undissolved
borocarbides are distributed in the microstructure. Since they may form during the thermal
history of the steel, they are usually not in any specific crystallographic relationship with the
austenite lattice. Hence, they can provide nucleation sites for ferrite formation during the
subsequent cooling. This results in an increase in nucleation rate when boron content goes
beyond the optimum 10 to 30 ppm.

The consensus is that soluble boron segregates to the austenite grain boundaries, where it
reduces the strain energy in these regions, retarding the nucleation of ferrite and increasing
the hardenabiliy of the steel.*

Boron must be in solid solution and therefore be protected against precipitation by reaction
with nitrogen to BN to obtain the maximal effect. It is well known that nitrogen can poison
the boron hardenability. In the absence of nitride forming, boron combines with nitrogen to
form BN. Titanium is a potent nitride-forming element. It is frequently used to protect boron
from nitrogen. TiN forms in the liquid state prior to solidification and it is a very stable
compound in the solid state. Hence, it does not dissociate during heat treatments. When added
in proper quantity, Ti efficiently stabilizes all nitrogen.*

Complete protection of the boron hardenability effect in a 0.18C-1.2Mn-0.002B steel was
reported for Ti/N ratios > 2.9; this ratio is slightly below the stoichiometric Ti/N ratio of 3.4.2

92



Chapter V

Boron is added to strip steels at the stoichiometric ratio B/N (wt.%) of 0.8 to remove nitrogen
from solid solution and avoid the need for a high temperature coiling in low carbon steels
destined for cold reduction and continuous annealing at a later stage. This practice leads to
high values of 1, the mean normal plastic strain ratio, and increases the formability, the creep
ductility and the hot workability of strips.!

Little information is reported on the effects of boron on the bainitic transformation. Boron
retards the heterogeneous nucleation of allotriomorphic ferrite at the austenite grain surfaces,
to a greater degree than that of bainite.' It was found that the combination of 0.5 wt.% Mo
with soluble boron in low carbon steels led to fully bainitic microstructures with improved
properties.'t However, the use of soluble boron to produce hot rolled bainitic sheet steels is
relatively recent, and is linked to the emergence of high strength complex phase steels.'*

Soluble boron affects differently the ferrite and the bainite formation. Hence, the mechanism
of transformation, diffusive or displacive, determines how the nucleation rate is affected by
soluble boron.

The growth process of ferrite may be slowed down by a solute drag like effect (SDLE) due to
the partitioning of alloying elements. It has been shown, by means of calculations using the
DICTRA software, that the rapid reaction is controlled by rapid interstitial diffusion allowing
no partitioning of the substitutional elements during the early stages of ferrite growth. The
growth rate is then controlled by very sluggish substitutional diffusion, after the activity
gradients of the interstitial elements are leveled out. The growth then continues with the much
slower rate until the full metastable ferrite + austenite equilibrium, where cementite is not
allowed to form, is finally approached.:

This chapter studies the effects of small additions of soluble boron on the austenite
decomposition in a 0.15C-1.6Mn wt.% steel. Continuous cooling from the austenitic region
with different cooling rates and isothermal transformation cycles were performed in a
dilatometer in order to produce controlled microstructures. The kinetics of austenite
decomposition was studied in detail for the different decomposition reactions, with an
emphasis on the bainitic transformation.

V.2 Experimental procedure

The compositions of the two CMn steels used for the study are given in Table V.1. In both
steels, less than 50 ppm N was present. In the boron bearing steel, the Ti/N ratio higher than 5
prevents the BN precipitation completely and ensures the observation of the hardenability
effect due to soluble boron only.

Table V.1: Chemical compositions of the studied steels, in ppm.

Steel grade C Mn Ti B N
9. CMn 1900 16400 - - 40
10.CMnB 1400 17200 285 35 50
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The decomposition of austenite was studied by means of dilatometry during both continuous
cooling and isothermal holding, using the reheating procedure described in chapter II. The
samples were cooled to a temperature in the range of 950 °C-20 °C at a constant cooling rate.
The cooling rates were varied between 6 and 840 °C/min during the continuous cooling
experiments. Some samples were quenched to a isothermal transformation temperature
between 450 °C and 660 °C, kept at this temperature one hour and quenched to room
temperature. Samples were prepared for microstructure evaluation after each thermal cycle.
The different phases were observed by light optical microscopy (LOM) and scanning electron
microscopy (SEM) after etching with nital.

V.3 Results and Discussion

The kinetics of austenite decomposition was studied by means of dilatometry during
isothermal holding and continuous cooling. A model accounting for the carbon partitioning
effects was developed in chapter III to estimate the volume fractions of the phases formed
during either the isothermal holding or the continuous cooling of a hypo-eutectoid steel from
the austenitic region. 31

This model was shown to be applicable to low carbon CMn steels
in chapter IV "7

The equilibrium phase diagrams were calculated using the ThermoCalc™ software. Figure
V.1 shows the calculated equilibrium fractions of ferrite and pearlite for both steels. Due to
the lower initial carbon content in the CMnB steel, more ferrite was formed in equilibrium
conditions, and the y—a transformation started at a temperature slightly higher than in the
CMn steel.

1.0 5 1-1
0.9
1 f
083 .].CF.e.rr.ne MCMB. N
b Ferrite in CMn T CMnB
o 0.7 —: »’ ’
"':L ] " CMn
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- 0.4-
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0.24.. .f.Pearme NCMOB. . . oo
0.1
0.0 +—
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400 450 500 550 600 650 700 750 800 850
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Figure V.1: Calculated equilibrium phases volume fractions as a function of the temperature.
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The bainitic phase transformation start temperature (Bs) was calculated using the equation

from Li et al.:*

B.(°C) = 637 —58C —35Mn—15Ni — 34Cr — 41Mo (V.1)

Note that equation (V.1) does not account for the element B. This is due to the fact that B
does not influence the By temperature. The calculated By temperature depends only on the C
and Mn contents and is equal to 569 °C in both CMn and CMnB steels.

The as-cast microstructures are shown in Figure V.2. In both steels it consisted in ferrite and
pearlite with the equilibrium volume fractions calculated and shown Figure V.1. The
remarkable effect of boron on the ferrite nucleation is clearly observed. Indeed, while in the
CMn steel (Figure V.2a) grain boundary nucleation of ferrite was observed, no trace of grain
boundary ferrite was found in the CMnB steel (Figure V.2b). In contrast to the usual mode of
ferrite nucleation in proeutectoid steels, the ferrite nucleated in the interior of the austenite
grains in the CMnB steel. The enrichment of the austenite in carbon during ferrite formation
occurred at the edge of the austenite grains, and the pearlite has formed when the austenite
reached the eutectoid composition.

Figure V.2: Microstructure of the as-cast steel a) CMn, b) CMnB.
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V.3.1 Isothermal transformation

Seven isothermal transformation temperatures were chosen (660 °C, 615 °C, 565 °C, 530 °C,
500 °C, 475 °C and 450 °C) to trace the decomposition of austenite into ferrite, pearlite and
bainite.

The volume fraction of transformed austenite y(?) was calculated from the dilatation curves at
each time 7 using the relation:

1)1,

1, ~1,

W=1-f, = (vV2)

where [(t), [y and [r correspond to the sample length at time ¢, at the beginning of the
transformation and at the end of the transformation, respectively. In the temperature range
600 - 475 °C, the austenite decomposition was complete, i.e. there was no evidence for the
presence of retained austenite.

At each transformation temperature, the Johnson-Mehl-Avrami (JMA) analysis was carried
out by fitting the experimental data to the JMA equation:™®

y(t) = 1—expl-k(t-1,)"] (V.3)
where
k(T)=A exp[%j (V.4)

and y(?) is the fraction of austenite transformed, ¢, the time, 7, the temperature, 4, the
frequency factor, O, the activation energy, k(7), the temperature-dependent rate constant and
n, the Avrami exponent. R is the gas constant, 8.314 JK'mol™. n and k were determined
experimentally by modifying equation (V.3) to:

h{h{l—;(z‘)ﬂ =Ink+nln(t—t¢,) (V.5)

The time for the start of the austenite decomposition, 7y, was determined from the best linear
correlation between [n(In(1/(1-y(t))) and In(t-t5) in the range 0.05 < y(z) < 0.95. The n and k
values obtained experimentally at each transformation temperature are plotted in Figure V.3a
and 3b, respectively.
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The Avrami exponent n is temperature dependant as it is a function of (a) the nucleation
mode, which is temperature dependant, and (b) the growth mode, i.e. the shape of the growing
nuclei. Considering the case of spherical bodies growing with a constant rate v and a random

nucleation in space with a constant nucleation rate N , the Avrami law is:

(1) :1—exp(—%Nv3t4) (V.6)
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Figure V.3: n and k values obtained experimentally after fitting the data with the JMA equation.
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The Avrami exponent n varies between 1 and 4, with the following distribution:
- n=1 for the constant growth rate: the number of new nuclei is proportional to ¢;

- n = 3 for the three-dimensional growth with constant rate: the transformed volume is
proportional to .

For a constant growth rate, n depends on the shape of the growing phase. For a two-
dimensional growth (plates), n is equal to 3, and for the growth in one direction (needles), n is
2. The case n = 2 is generally observed for the growth of bainite laths.

The exponential growth law summarized in Avrami equation (V.3) is valid for linear growth
under most circumstances, and approximately valid for the early stages of diffusion-
controlled growth. Different values of the Avrami exponent n have been linked to the
conditions of diffusion-controlled growth by Christian®® and are reported in Figure V.3a.

In the CMn steel, the exponent » increases from 1.3 - 1.5 in the ferrite-pearlite transformation
temperature range to a maximum of 2.4 at the B temperature, corresponding to the maximum
nucleation rate in that steel. At this temperature, the nucleation rate is maximal, but the
growth rate is low, as it is the early beginning of the bainite transformation. The exponent »
decreases then with temperature, because the rate of transformation is controlled by the
growth of bainite laths. It is very clear on Figure V.3a, that the soluble boron has a strong
effect on the nucleation rate of ferrite. In the ferrite-pearlite temperature range, the Avrami
exponent n lower than 1 means that no new nuclei are formed and the growth is limited. It
increases at temperatures below 550 °C to reach a maximum for 1.5 between 500 °C and 530
°C. It finally decreases at temperatures below 500 °C following the same curve than that for
the CMn steel. In the CMnB steel, two peaks are observed for the n value, corresponding to
the respective noses of the C curves for ferrite and bainite in the TTT diagram.

The classical theory of nucleation explains why those peaks are observed. The number of
nuclei can be estimated with the law of Arrhenius, as it is a thermally activated phenomenon:

n =n, exp[— %} (V.7)

where n, is the total number of particles of new phase, AG" the activation energy for
nucleation, 7 the temperature and & = 1.3806.10 JK! the Boltzmann constant.

The nuclei grow by addition of atoms, the final step in nucleation. The rate of addition is
proportional to the frequency of motion v into the nucleus for a single atom, multiplied by the
number of atoms m~ which actually do so, i.e. the immediate neighbors to the nucleus.

Consequently:

N =n"om’ (V.8)

where N is the rate of nucleation measured in units of nuclei per second. The motion of atoms
into the nucleus is diffusive and therefore:
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L o exp(— AGDJ (V.9)
kT '

where AGp is the activation energy for diffusion. m’ is geometrical and depends on the shape
and size of the nucleus.

The nucleation rate is a function of the form:

Nom' exp—[Mj (V.10)

kT

As temperature drops, AG” falls violently and the nucleation rate increases. Soon, however,

AG” becomes negligible compared to AGp. AGp thus dominates equation (V.10), and N then
decreases with temperature. Consequently, there is a maximum in the homogeneous
nucleation rate.

The k coefficient is temperature dependant and increases with decreasing temperature, in
particular below B;. The activation energy can be calculated by making the following
derivative:

olnk O
3 _ (V.11)
6(1j R
T

In the temperature range 450 °C - 660 °C, the activation energy was calculated to be 150
kJ/mol for both steels. The rate controlling process of upper bainite formation is the diffusion
of carbon in the austenite.! Using the equation proposed by Kaufman et al. for the activation
energy of diffusion of carbon in the austenite:**

Ol (cal / mol) = 38300 —1.9.10°x,. +5.5.10° x> (V.12)

with x¢ the C concentration in at.%, one finds 153.5 kJ/mol for the CMn steel and 155.3
kJ/mol for the CMnB steel. These values for the activation energy for the nucleation of upper
bainite are comparable to the present experimental value.

Iso-transformation lines are plotted in Figure V.4 for the CMn steel (solid lines) and the
CMnB steel (dotted lines). In contrast to the CMn steel, the CMnB steel exhibits two separate
C curves, corresponding to the ferrite and the bainite transformations, respectively. The ferrite
transformation was found to start at a slightly higher Ar; temperature in the CMnB steel as
expected considering its lower carbon content. The temperature for the beginning of ferrite
formation, Ars;, was measured during cooling at the rate 6 °C/min to be 710 °C for the CMn
steel and 725 °C for the CMnB steel.
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Figure V.4: Time Temperature Transformation (TTT) diagram for a) the CMn steel (solid lines) and
b) the CMnB steel (dotted lines). The arrows indicate the effects of boron on the phase
transformations.

At temperatures between 615 °C and 550 °C, the incubation times for 2 % transformation
were up to 60 s longer in the CMnB steel, showing clearly that soluble boron is responsible
for the retardation of the ferrite formation. The pearlite formation was also strongly
suppressed in the CMnB steel. The start of pearlite precipitation was clearly observed on the

dilatometric curves measured for the CMn steel in the transformation temperatures range 615
°C-530°C.
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In the CMnB steel, pearlite was formed only in the sample transformed isothermally at 615
°C. Below 530 °C, the incubation time for the bainite transformation was similar in both
steels.

Microstructures obtained after isothermal holding for one hour at a temperature between 660
°C and 500 °C are shown in Figure V.5. The phase volume fractions were calculated from
dilatometric data and compared with microstructures.

It can be seen Figure V.5a, that after holding the CMn steel one hour at 660 °C, only 50 % of
the austenite was transformed to polygonal ferrite. A microstructure containing 50 % ferrite
and 50 % martensite was obtained after cooling. Indeed, as the solubility limit of carbon in
ferrite was 0.005 wt.% in the CMn steel at 659 °C, according to ThermoCalc calculations, the

austenite was enriched in carbon to 0.375 wt.%. According to the Steven and Haynes equation
for MS:E

M _(°C)=561-474C — 33Mn —17Ni —17Cr — 21Mo (V.13)

the martensite start (M) temperature was 329 °C. This temperature was close to the
temperature of 335 °C measured by means of dilatometry. The decomposition of austenite to
martensite was therefore possible during the cooling.

It can be seen in Figure V.5b, that more ferrite was formed in the CMnB steel than in the
CMn steel during holding at 660 °C. This was due to the lower initial carbon content in the
steel. The solubility of C was calculated to be 0.012 wt.% at 657 °C in the CMnB steel. 60 %
ferrite was formed and the carbon content in the austenite was calculated to be 0.33 wt.%
before cooling. Using the equation (V.13), the M; temperature was 348 °C. However, M was
measured at 320 °C, indicating that the actual carbon content in the austenite was higher. A
microstructure consisting of 60 % ferrite and 40 % martensite was produced.

Isothermal holding at 615 °C produced a microstructure containing 73 % ferrite and 5 %
pearlite in the CMn steel (Figure V.5¢). The 23 % remaining austenite decomposed into
martensite during the subsequent cooling at the measured M; temperature of 305 °C. At the
transformation temperature 615 °C, the kinetics of austenite decomposition was much lower
in the CMnB steel than in the CMn steel. At first, a large incubation time was needed before
the nucleation of ferrite. It can be clearly seen Figure V.5d, that at the difference with the
CMn steel, the ferrite nucleated inside the austenite grains instead of the grain boundaries in
the CMnB steel. The pearlite concentration at the grain boundaries shows that the carbon was
rejected from the ferrite grains to the exterior of parent austenite grains. 77 % ferrite was
formed and 2 % pearlite precipitated during the isothermal holding. More pearlite was formed
during the cooling.

Holding the CMn steel at 565 °C led to the formation of 80 % upper bainite (Figure V.5e).
The dilatometric results showed that pearlite precipitation occurred after the bainite
formation. The remaining austenite decomposed into lower bainite and martensite during
cooling.
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g) h)

Figure V.5: Final microstructures for the CMn steel (left) and CMnB steel (right). From top to
bottom: IT = 660 °C, 615 °C, 565 °C and 500 °C.
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No bainite was formed during holding the CMnB steel at 565 °C (Figure V.5f). The
microstructure consisted in ferrite and martensite formed during cooling. As no pearlite was
formed, carbide precipitation was fully suppressed.

Finally, the holding at 500 °C led to the formation of 90 % bainite in the CMn steel (Figure
V.5g). It can be seen on the micrograph Figure V.5e that, at 565 °C, bainite consists in ferrite
laths with carbides formed simultaneously between the laths. Figure V.5g shows that, at 500
°C, carbon supersaturated ferrite laths formed first.

The bainitic transformation was very fast at 500 °C in the CMnB steel, and led to a
microstructure with a particular morphology (Figure V.5h). The prior austenite grain
boundaries were still clearly visible. The bainitic ferrite formed from nuclei inside the initial
austenite grains, and can be compared to acicular ferrite. However, clear orientation of the
ferrite laths is seen in some grains. Residual austenite was observed in the microstructure
between bainitic ferrite laths, using the LePera etching method.** It is very likely that
austenite was enriched in C and Mn during the bainitic transformation. As a result, the
residual austenite was more stable, and the carbide precipitation was suppressed.

V.3.2 Continuous cooling

In most industrial processing lines, isothermal treatments at high temperatures are never used
as such. If isothermal or semi isothermal (coiling) processes are used, they are obligatory
preceded by a cooling from the austenite region. Continuous Cooling Transformation (CCT)
diagrams are used to predict the microstructure after cooling a steel from the austenite region,
but their characteristics are strongly dependent on the size and state (recrystallized or
deformed) of the prior austenite grains. For the present study, the conditions were quite
different from those used in industrial processes. Indeed, large recrystallized austenite grains
were produced to make the observations of phase transformations during cooling easier. The
austenite grains formed in the CMn steel were larger than those formed in the B bearing steel
in the same conditions. The mean grain size was 150 pum in the CMn steel and 80 um in the
CMnB steel.

The dilatometer curves obtained during cooling the CMn steel and the CMnB steel are shown
in Figure V.6a and 6b, respectively. It can be seen that although the austenite decomposition
started at slightly higher temperatures in the CMnB steel, due to its lower C content, the
austenite decomposition was slower, especially for cooling rates 6 °C/min and 30 °C/min. At
these cooling rates, the pearlite formation was clearly delayed. At higher cooling rates,
however, the kinetics of austenite decomposition was similar. The analyses of the dilatometric
curves yielded the different phases fractions. The volume fractions of ferrite and pearlite
obtained after cooling at 6 °C/min were close to the equilibrium volume fractions (Figure
V.1). In the CMnB steel the pearlite formation was clearly retarded. Cooling at 30 °C/min led
to the formation of less pearlite and more bainite in the boron bearing steel. At the cooling
rate 120 °C/min the pearlite formation was suppressed in the CMnB steel and the final
microstructure was a mixture of ferrite (44 %), bainite (52 %) plus martensite (4 %). During
cooling at the rate 300 °C/min, both steels transformed mainly to bainite, with the same
kinetics, independently on their initial carbon content.
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Figure V.6: Dilatometric cooling curves for a) the CMn steel and b) the CMnB steel. The numbers are
the cooling rates in °C/min.

Figure V.7 shows the volume fraction of transformed austenite as a function of the cooling
time from 800 °C for different cooling rates. Figure V.7b is a plot of the rate of
transformation as a function of the cooling time for 4 different cooling rates. The rate of
transformation is similar in both CMn and CMnB steels at cooling rates 300 °C/min and 120
°C/min. At lower cooling rates, the CMnB steel shows two distinct peaks of maximal
transformation rate corresponding to the formations of polygonal ferrite and acicular ferrite,
respectively. It is clearly seen, that the formation of primary ferrite retards the formation of
acicular ferrite.
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"y

At the fixed fractions of austenite transformed, f°, corresponding to the maximal rate of
transformation, the temperature 7, was determined.

It has been shown, that the non-isothermal transformations kinetics could be analyzed by
means of the equation:%>

1n¢%=—+1ni+1n B (V.14)

where Ty is the temperature at which the formation of the fixed fraction f” of ferrite was

achieved, and @ is the cooling rate. B is a state variable.
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Figure V.7: a) Volume fraction of transformed austenite and b) rate of transformation as a function of
the cooling time from 800 °C, for the CMn steel (solid lines) and the CMnB steel (dotted lines).
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The activation energy for the formation of ferrite could be determined from the slope of the
straight line obtained by plotting /n(T” /@) vs. 1/Tp. From the plot of Figure V.8 the activation
energies were determined from the linear region corresponding to the cooling rates 120
°C/min and 300 °C/min in both steels. The activation energies were 130 kJ/mol in the CMn
steel and 142 kJ/mol in the CMnB steel. These values are close to the value of 150 kJ
measured in isothermal conditions. Note that for low cooling rates, the plot of Figure V.8 is
not linear anymore. The activation energy increases strongly with decreasing cooling rate, i.e.
increasing transformation temperature. That effect is particularly important in the CMnB
steel, meaning that the ferrite formation is strongly suppressed.
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Figure V.8: Determination of the activation energy during cooling using the Ln (T%/®) vs. 1/T plot.

The final microstructures of the two different steels differed strongly in morphology after
cooling in all cases. Microstructures corresponding to increasing cooling rates are shown in
Figure V.9. The major difference between the CMn steel (Figure V.9a,c,e,g) and the CMnB
steel (Figure V.9b,d,f,h) is the phase morphology. In equilibrium conditions or very low
cooling rates, like during continuous casting, time is let for nucleation to occur at small under
cooling on grain corners edges and boundaries (Figure V.2a). As these nuclei grow the carbon
rejected in the austenite has time to diffuse over large distances and the austenite grain should
maintain a uniform composition given by the equilibrium phase diagram. Finally the austenite
reaches the eutectoid composition and transforms to pearlite.

The microstructure that results from more rapid cooling depends on the y grain size and the
cooling rate. If the rate is moderately high the specimen will not remain long enough at high
temperature for nucleation to occur. Thus nuclei will not be formed until higher
supersaturation is reached. The nucleation rate will then be rapid and large areas of grain
boundary will become covered by nuclei.
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If the temperature is below Ty, the start temperature of Widmanstétten ferrite formation, the
ferrite will grow into the austenite as Widmanstétten side plates with a spacing that becomes
finer with decreasing temperature.® Such morphology of ferrite is seen in Figure V.9a.

Figure V.9: Final microstructures after cooling at CR = 6°C/min, 30°C/min, 120°C/min and
300°C/min (from top to bottom) the CMn steel (left) and the CMnB steel (right).
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In the boron bearing steel, ferrite nucleated from the interior of prior austenite grains, leading
to the enrichment of austenite in carbon at the edge of austenite grains. Moreover, less carbide
was formed during the cooling at cooling rates superior to 30 °C/min. At low cooling rates, no
Widmanstitten ferrite was formed. It is very likely that boron effectively segregated to grains
boundaries during the cooling from the austenite region, suppressing heterogeneous grain
boundary nucleation sites. In the CMn steel, increasing the cooling rate led to microstructures
containing primary ferrite at prior austenite grain boundaries and acicular ferrite inside the
initial grains (Figure V.9c, e).

It has been observed, especially in chromium- and molybdenum-containing steels, that
allotriomorphic ferrite influenced the development of acicular ferrite in mixed
microstructure.*” In the CMn steel, this effect is observed until the cooling rate is high enough
to avoid the primary ferrite formation. Upper bainite nucleated at austenite grain boundaries is
then formed (Figure V.9g).

In the CMnB steel, the primary ferrite formation is delayed. Acicular ferrite is the main
constituent at cooling rates above 30 °C/min (Figure V.9d,f)h). It is very likely that the
presence of Ti, added to protect boron from nitrogen by forming TiN provides thus
heterogeneous nucleation sites for the ferrite nucleation. At high cooling rates, acicular ferrite
is formed in the CMnB steel whereas upper bainite, i.e. ferrite subunits with carbides between
the subunits, is formed in the CMn steel, with however a very similar kinetics.

The final CCT diagrams are plotted in Figure V.10 for both steels. Boron was found to delay
the pearlite formation. The ferrite growth rate was slightly reduced as less ferrite was formed
at cooling rates 1 °C/s and 2 °C/s and an extended ferritic domain was formed in a larger
temperature range. The lower carbon content in the CMnB steel was responsible for the
higher Ar; transformation temperature in that steel. The kinetics of bainite formation was
slightly decreased as less bainite (acicular ferrite) was formed in the CMnB steel at cooling
rates higher than 5 °C/s.
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Figure V.10: Continuous Cooling Transformation (CCT) diagrams for a) CMn steel and b) CMnB
steel.

V.3.3 Continuous heating

As boron segregates to grain boundaries, it is likely that the partitioning of Mn during the
austenite decomposition is affected in the CMnB steel. Samples of CMn and CMnB steels
were continuously cooled in the dilatometer at different rates to produce different
microstructures, i.e. ferrite, bainite and martensite, to check this assumption. The samples
were then reheated at the rate 60 °C/min to 1200 °C, and the transformation temperatures Ac
and Acs were measured. It can be seen in Figure V.11a, that the microstructure had very little
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influence on Ac; and Ac; in the CMn steel. In the CMnB steel, the initial microstructure had a
strong effect on Ac;. Indeed, increasing the cooling rate produced microstructures that were
reaustenitized at lower temperatures when reheated. In particular, the Ac; temperature for the
bainitic sample was 70 °C lower than the Ac; temperature for the ferritic sample. However,
martensite transformed to austenite at the same Ac; temperature of 720 °C than the as-cast

microstructure.
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Figure V.11: Heating curves for a) CMn steel and b) CMnB steel with different starting
microstructures. 1: As-cast (Fe-P); 2: After cooling 6 °C/min (Fe-P); 3: Bainite; 4: Martensite.
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In the Fe-C system, C has no effect on Ae;. In Fe-Mn-C alloys, Mn decreases the Ae;
temperature.

According to Andrews:%

Ae (°C)=727-10.7Mn —16.9Ni + 29.15i +16.9Cr + 6.38W +290A4s (V.15)
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Figure V.12: Linear relation between Ac; and Mn content in CMn steels containing 0.1-0.2
wt.% C.

Using the value Ac; = 725 °C measured in the CMn steel and other values for Ac; measured
in similar steels with lower Mn content”, the following linear relation between the Mn
content and Ac; plotted Figure V.12 was obtained:

Aci (°C) =752.4— 16.6Mn (V.16)

If Mn is assumed responsible for the decrease of Ac; in the CMnB sample containing bainite,
some regions of the microstructure should contain more than 6 wt.% Mn according to the
extrapolation of the equation (V.16). SEM observation of the microstructure in the sample
cooled at 300 °C/min showed the presence of the Martensite/Austenite (M/A) constituent. At
the interface between these M/A constituents and bainite, up to 5 wt.% Mn was measured by
Energy Dispersive X Ray Spectrometry (EDS) as shown Figure V.13. The Mn-rich M/A
constituents acted as nucleation sites for the austenite formation and transformed first to
austenite during the reheating of the sample. Ac; was thus decreased. In the martensitic
sample, the martensite had the original austenite content. Hence, Ac; was not lowered in that
case. Finally, it is known that Mn partitions preferentially to cementite in the pro-eutectoid
ferrite-pearlite mixture.®® In the CMn steel, this partitioning certainly occured but the Ac;
temperature was not lower. It is very likely that in the CMnB sample cooled slowly to room
temperature, small amounts of martensite or austenite with a high Mn content were present.
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These can act as nucleation sites for the austenite formation during heating, thereby
decreasing Ac;.
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Figure V.13: SEM image and EDS scan showing the Mn partitioning in the CMnB steel cooled at 300
°C/min.

V.4 Conclusions

The effects of soluble boron on the austenite decomposition during isothermal holding and
during continuous cooling have been investigated by means of dilatometry. The kinetics of
ferrite formation during an isothermal holding and a continuous cooling was clearly slowed
down by the boron addition. It was observed that no grain boundary nucleation of ferrite
occurred in the boron bearing steel. The carbide precipitation was also found to be retarded in
the steel containing boron. The kinetics of bainite formation was not influenced by boron
additions. The segregation of boron to y-grain boundaries effectively suppressed the grain
boundary nucleation of the ferrite. Ferrite and bainite likely nucleated from TiN precipitates
inside the austenite grains. As a result, the microstructures obtained after any heat treatment
were morphologically different than the microstructure of the boron free reference steel.
Indeed, in the CMnB steel, the formation of the primary ferrite was suppressed, and the upper
bainite was acicular ferrite. The interaction between Mn and boron resulted in the enrichment
of the austenite in Mn. As a result, after cooling at cooling rates between 6 °C/min and 840
°C/min, the Mn-rich residual austenite zones acted as nucleation sites for the reverse a—y
transformation and resulted in the decrease of the Ac; temperature in the CMnB steel. The
present study showed that, the combination of soluble boron with small amounts of
substitutional alloying elements may lead to mixed microstructures with large compositional
differences, in particular due to the solute drag effect and the stabilization of the austenite.
This may imply new potentials in terms of mechanical properties.
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CHAPTER VI

Effects of combinations of Mo, Cr and B on phase
transformations during continuous cooling

VI.1 Introduction

Alloying elements are added to steels in order to achieve high levels of strength and
elongation. It was shown in chapter I, that alloying elements added in proper quantity
influenced the phase transformations kinetics. It was thus possible to control the
microstructure. Mo and Cr are often used to increase the steel hardenability. The effects of Cr
and Mo on phase transformations have been studied in Fe-C alloys. Cr and Mo are o-
stabilizers. They raise the y—a transformation temperature and are soluble in cementite.
Their diffusivity in y limits the growth of pearlite. After the pearlite formation, Cr and Mo can
partition between the o and the cementite. The type and composition of the carbides obtained
is therefore affected, as Cr may replace up to 20 % and Mo up to 4 % of the Fe atoms in Fe;C.
During the decomposition of the austenite in CMn steels, both the alloying elements and the
carbon must be redistributed or “partition” between the different phases. Cr and Mo usually
form alloy carbides while Mn is soluble in cementite.

The growth of ferrite is in general slower in Fe-C-X alloys than in binary Fe-C alloys. This is
partly because alloying elements affect the thermodynamic stability of the y relative to the a.

When partitioning of the alloying element between o and y is required for the growth of
ferrite, the ferrite growth rate is determined by the diffusion of the alloying element in y. Mn
has a tendency to partition to the y phase while Mo and Cr do not partition. The known effects
of Mo and Cr on the phase transformations in Fe-C alloys are summarized below.
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VI1.1 Effects of Mo

In steels, Mo is found both in solid solution and in carbides. The molybdenum content in
proeutectoid ferrite is the same than in prior austenite. In carbide, Mo can be dissolved in
orthorhombic iron carbide (Fe;C-cementite), or it can enter into a iron-molybdenum carbide,
fce ((Fe,Mo)3Cg-kappa).t

It has been reported that in a 0.4 wt.% C steel, after transformation between 510 and 675 °C,
the ferrite constituent appeared almost totally at grain boundaries. While adding as low as 0.2
wt.% Mo, the pearlite formation was highly retarded, so that the volume fraction of ferrite
formed increased considerably. Ferrite formed both at prior austenite grain boundaries and
inside these grains. This effect increased with the molybdenum content up to 0.75 wt.% at
least. Molybdenum was also found to increase the acicular character of ferrite.t

The ferrite lattice parameter was reported to be affected by the Mo content as follows:

1000Mo = 0.03624((a, —2.86)x10%)* —2.691(a, —2.86)x10° +26.11 (VL1)

where the Mo content is in wt.% and a,, is the ferrite lattice parameter in Angstrom units.

A detailed study of the effects of Mo on the kinetics of phase transformations above the By
temperature showed that the ferrite phase morphology was predominantly grain boundary
allotriomorph. Mo,C carbides were found in ferrite in both a fibrous and an interphase
boundary form. Their growth kinetics was found to be controlled by volume diffusion of
carbon in austenite. A strong Solute Drag Like Effect (SDLE) was produced by the
segregation of Mo to austenite-ferrite boundaries. Despite the fact that no transformation
stasis (incomplete transformation) was observed in any of the 19 studied alloys, growth stasis
(slow down of the ferrite growth rate) occurred just above By in alloys with higher C and Mo
concentrations.?

While Mo accelerates ferrite nucleation in Fe-C binary alloys at high transformation
temperatures, it was shown to reduce the nucleation rate as the transformation temperature
decreased toward B, due to its segregation to austenite grain boundaries.*

The study of the bainitic phase transformation in Fe-C-Mo alloys showed that the SDLE due
to Mo segregation to the austenite-ferrite boundaries varied in magnitude with the C and Mo
contents. Transformation stasis occurred when the sympathetic nucleation of carbide-free
ferrite ceased due to carbon enrichment of the remaining austenite.
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VI1.2 Effects of Cr

It was reported that during the transformation of austenite to pearlite in a eutectoid steel
containing 1.29 wt.% Cr, the Cr partitioned preferentially to the cementite phase at the
interface above the no-partition temperature, T,, which was measured as 703 °C. Cr continued
to segregate to cementite behind the austenite-pearlite interface, at all transformation
temperatures, while pearlite formation was still occurring, and after it was complete. Cr
additions to eutectoid steel decreased the growth rate of pearlite. Calculations assuming C
volume diffusion control suggested that interfacial C diffusion may also be involved in
pearlite growth.®

Transformation stasis was observed during the study of the austenite decomposition kinetics
in a hypo eutectoid Fe-C-Cr alloy containing 3 wt.% Cr. As in Fe-C-Mo alloys, this effect
was due to the SDLE, based upon the gradual sweeping up of a non-equilibrium concentration
of Cr which markedly decreased the activity of C in austenite at the mobile areas of
advancing o-y boundaries. However, the smaller size difference between Cr and Fe than
between Mo and Fe was very likely the reason for the less pronounced SDLE in the Fe-C-Cr
system.”

VI.1.3 Effects of Mo and Cr in presence of soluble B

From Reynolds et al®, individual alloying elements may selectively alter ferrite growth or
carbide precipitation and lead to synergetic effects when added in the proper combinations.
However, combinations of two carbide formers such as Cr and Mo can discourage
transformation stasis if carbides form too quickly.

In chapter V, it was shown that soluble B was very effective in suppressing ferrite formation
and carbide precipitation by segregating to austenite grain boundaries. It is thus very likely
that the strong effect of soluble B in combination with Cr and Mo enhances the SDLE, which
would lead to transformation stasis in low C steels with low Mo and Cr contents.

It has been reported that B could affect the growth rate of pro-eutectoid ferrite essentially
through synergetic effects with Mo and Nb.2

Moreover, a very effective mean of isolating the bainite reaction in low carbon steels has been
found by adding about 0.002 wt.% solute boron to a 0.5 wt.% Mo steel.'2 While the
molybdenum steel encouraged the bainite reaction, the boron markedly retarded the ferrite
reaction, by preferential segregation to the prior austenite boundaries. This permitted the
bainite reaction to occur at shorter times. At the same time, the bainite C-shaped curve was
hardly affected by the boron addition, so that martensite formation was not enhanced.
Consequently, by the use of a range of cooling rates, fully bainitic steels could be obtained.™*

This chapter studies the influence of Cr and Mo in the presence of soluble B on the austenite
decomposition during continuous cooling. Experimental CCT diagrams were obtained using
the method described in chapter III. Extraction replica obtained from dilatometer samples
allowed the identification of the carbides formed during the cooling at different rates. Dictra
simulations were performed in order to clarify the different nucleation and growth
mechanisms and predict the local partitioning of alloying elements during the austenite
decomposition.
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VI.2 Experimental procedure

The compositions of the steels used for the present study are given in Table VI.1. In all steels,
less than 50 ppm N was present. In the boron bearing steels, the Ti/N ratio higher than 5
prevents the BN precipitation completely.

Table VI.1: Chemical compositions of the studied steels, in ppm.

C(%) Mn(%) Cr(%) Mo(%) B (ppm) Ti N

(ppm)  (ppm)
9. CMn 0.19 1.64 0.023 - - - 40
10.CMnB 0.14 1.72 0.026 - 35 285 50
11.CrB 0.17 1.66 0.48 - 24 190 36
12.MoB 0.17 1.62 0.06 0.21 25 177 30
13.CrMoB  0.17 1.63 0.47 0.19 22 179 40

The decomposition of austenite was studied by means of dilatometry during continuous
cooling, using the reheating procedure described in chapter II. The cooling rates were varied
between 6 and 840 °C/min during the continuous cooling experiments. Samples were
prepared for microstructure evaluation after each thermal cycle. The different phases were
observed by light optical microscopy (LOM) and scanning electron microscopy (SEM) after
etching with nital. A JEOL 2010 Transmission Electron Microscope (TEM) with an
acceleration voltage of 200 kV, equipped with an energy dispersive X-ray spectrometer
(EDX) was used for the detection and analysis of precipitates using extraction replicas.

V1.3 Experimental results

VI3.1 CCT diagrams

The kinetics of austenite decomposition was studied by means of dilatometry during
continuous cooling. A model accounting for the carbon partitioning effects was developed in

chapter III to estimate the volume fractions of the phases formed during either the isothermal
12.13.14

holding or the continuous cooling of a hypo-eutectoid steel from the austenitic region.
This model was shown to be applicable to low carbon CMn steels in chapter IV." Detailed
CCT diagrams were obtained by combining dilatometry and microstructure observations by
optical microscopy. The CCT diagrams for the CMn steels containing Cr + B, Mo + B, and Cr
+ Mo + B respectively are plotted in Figure VI.1. The temperatures Ar; and Ar;, measured at
CR = 6 °C/min, as well as B; measured at CR = 120 °C/min and M; measured at the highest
CR, i.e. 1200 °C/min, are reported in Table VI.2.
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Figure VL.1: Experimental CCT diagrams obtained for the a) CMnCrB, b) CMnMoB and c)
CMnCrMoB steel compositions, respectively.
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Table VI.2: Measured transformation temperatures in °C. The CR are indicated into brackets.

Steel Ars (6 °C/min)  Ar; (6 °C/min) B, (120 °C/min) M (> 1200 °C/min)
CMn 710 615 560 400
CMnB 724 600 560 440
CrB 695 627 550 410
MoB 630 565 560 412
CrMoB 630 556 545 400

In the steel alloyed with Cr and B, the ferrite formation was retarded, while the pearlite
formation was enhanced, compared to the CCT diagram of the CMnB steel shown in chapter
V, Figure V.10. In the same cooling conditions, less ferrite was formed in the CrB alloyed
steel, as Cr caused carbides to precipitate earlier. At the cooling rate 6 °C/min, Ar; was
decreased from 724 °C in the CMnB steel to 695 °C in the CrB steel. However, the pearlite
started earlier, at 627 °C, in the CrB steel than in the CMnB steel where it formed at 600 °C.
The bainite start temperature, Bg, was 550 °C in the CrB steel, which was 10 °C lower than in
the steels without Cr.

The effect of 0.2 wt.% Mo combined with soluble B was more pronounced, as both the ferrite
and pearlite formation were suppressed for cooling rates > 6 °C/min. The present steel was
fully bainitic after cooling in a wide range of cooling rates. The Bs temperature was 560 °C,
i.e. it was not affected by the presence of Mo.

In the steel containing Cr, Mo and B, Ar; and Ar; were strongly decreased to 630 °C and 556
°C, respectively, at the cooling rate 6 °C/min. However, while in the MoB steel no
proeutectoid ferrite was found before the bainite transformation at cooling rates < 6 °C/min,
some ferrite was formed at cooling rates up to 60 °C/min in the steel alloyed with Cr and Mo.
The B temperature was measured to be 545 °C. Finally, it was observed that the bainitic
transformation was not complete during continuous cooling, i.e. transformation stasis did
occur. From these results it was clear that transformation stasis could be observed in steel
containing low Cr and low Mo contents, probably because their synergistic effect was
enhanced by the presence of soluble B.

The non-isothermal transformation kinetics were studied by means of the method discussed in
chapter V. For each steel composition, the activation energies for the formation of ferrite and
bainite were determined from the slopes of the straight lines obtained by plotting /n(7” /D) vs.
/T, f‘.m In the Cr containing steels, the ferritic and bainitic transformations were distinct
enough to determine the activation energies for ferrite and bainite formation. New analyses
were done on the cooling curves of the CMn and CMnB steels. The results of calculations are
reported in the Table VI.3.
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Table VI.3: Activation energies calculated for ferrite and bainite formation during continuous

cooling.
Activation energy,
Steel Microconstituent kJ/mol
CMn Ferrite 533
CMn Bainite 172
CMnB Ferrite 533
CMnB Bainite 163
CrB Ferrite 517
CrB Bainite 186
MoB Bainite 187
CrMoB Ferrite 576
CrMoB Bainite 162

It can be seen that the activation energies for bainite increased in the steels alloyed with Cr +
B and Mo + B, due to the possible accumulation of substitutional solute at the interphase
boundary. However, the lower activation energy calculated for the CrMoB steel was close to
150 kJ/mol. This implies that the carbon diffusion was the rate controlling process. According
to the Table VI.3, the presence of Cr decreased the activation energy of ferrite formation,
while the addition of Cr and Mo resulted in an increased activation energy.

VI.3.2 Microstructures

Figure VI.2 to V1.4 show the microstructures of the steels alloyed with Cr + B, Mo + B and
Cr + Mo + B, respectively, obtained for various cooling rates. As in the case of the CMnB
steel, the microstructures of which were presented in chapter V Figure V.9, it appears that
ferrite nucleated from the interior of prior austenite grains rather than from austenite grain
boundaries, meaning that the prior segregation of soluble B to y grain boundaries was still
effective.

At low cooling rates (< 30 °C/min), the primary ferrite grew under the form of polygonal
ferrite in the CrB steel, while in steels alloyed with Mo, it grew with a more pronounced
acicular morphology. Moreover, carbides precipitated clearly between ferrite grains in the
CrB steel, while in Mo containing steels, carbide precipitation clearly occurred also inside
ferrite grains.

At higher cooling rates (> 30 °C/min), acicular ferrite was formed in all studied steels. It
nucleated on precipitates, very likely TiN, inside prior austenite grains rather than from grain
boundaries. Prior austenite grains can even be observed on microstructures of Figure VI.2 to
V1.4, d) to f).

Figure VI.3d shows that the MoB steel cooled at 120 °C/min was fully bainitic. In the CrMoB
steel cooled at the same CR, the microstructure was a mixture of bainite and martensite, both
phases being well separated, as can be seen in Figure VI.4d. This shows clearly that
transformation stasis occurred in that steel. At the cooling rate 840 °C/min, all steels were
mainly martensitic. Some large precipitates, likely TiN, could be clearly seen by optical
microscopy at the prior austenite grain boundaries and inside those grains.
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Figure VI.2: Microstructure of the CrB steel a) as-cast and after cooling at b) 6 °C/min, ¢) 30 °C/min,
d) 120 °C/min, ¢) 300 °C/min and f) 840 °C/min.
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Figure VI1.3: Microstructure of the MoB steel a) as-cast and after cooling at b) 6 °C/min, c¢) 30
°C/min, d) 120 °C/min, ¢) 300 °C/min and f) 840 °C/min.
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Figure VI1.4: Microstructure of the CrMoB steel a) as-cast and after cooling at b) 6 °C/min, c) 30
°C/min, d) 120 °C/min, e¢) 300 °C/min and f) 840 °C/min.
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VI.3.3 Extraction replica

Extraction replica were prepared from dilatometer samples of the steels containing Cr and/or
Mo, cooled at CR = 6 °C/min and 300 °C/min. The detection and analysis of precipitates was
done by means of EDX.

The CrB steel, cooled at CR = 6 °C/min contained many Fe-C-Cr-Mn rich precipitates, which
had a needle-like structure in Figure VI.5a. They were similar to the ribbon-type carbides
found previously in a Fe-0.13C-2.99Cr steel.” TiCN, TiN and TiC were also found. In some
parts of TICN Cr was also detected. CuMnS precipitates were present sporadically.

The MoB steel cooled at CR = 6 °C/min contained many Fe, C, O, Cu, Si, Mn rich
precipitates, varying strongly in dimensions (Figure V1.5¢). TiCN and TiN were also found.
Mo was detected in some of those precipitates. CuS was found sporadically.

TiCN and TiN precipitates formed the main precipitates in the CrMoB steel cooled at CR = 6
°C/min. As can be seen in Figure VI.5e, their diameter was between 20 and 100 nm. Small
TiC precipitates were detected. In TiCN, TiN and TiC, Mo was incorporated. Mo-C rich areas
were also observed. These were very likely Mo,C. CuMnS was present sporadically.

It can be seen in Figure VI.5b, that in the CrB steel cooled at CR = 300 °C/min, precipitates
rich in Fe, C, O, Cr and Mn were found, varying in size and having different shapes. TiC
precipitates were detected, rounded and oval shapes, with diameter < 20 nm. TiN precipitates
were also clearly found with diameter between 50 and 200 nm.

In the MoB steel cooled at CR = 300 °C/min, many TiCN, TiC and TiN precipitates were
found. In most precipitates Mo was present. CuMnS precipitates were also detected.

Finally, in the CrMoB steel cooled at CR = 300 °C/min, TiCN and TiN represented the main
fraction of the precipitates. Their size-order varied between 20 and 150 nm. Small TiC
precipitates were found. In TiCN, TiN and TiC precipitates Mo was present, however in low
concentrations. Cu, O, Si, CI, Cr and Mo rich areas were detected. MnS and CuMnS were
sporadically remarked.

From these results it was clear that Cr influenced the shape of precipitates but not their
composition, while Mo was soluble in the precipitates. The presence of large amounts of
titanium nitrides and carbides in all samples confirmed that the precipitation of BN was
effectively suppressed.
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Figure VL.5: Extraction replica of CMn steels alloyed with Cr + B, Mo + B, Cr + Mo + B (from top to
bottom), cooled at CR = 6 °C/min (left) and 300 °C/min (right).
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V1.3.4 Effects of Cr, Mo and B on Ac;

Samples of CrB, MoB and CrMoB steels were continuously cooled in the dilatometer at
different rates and different microstructures were produced. The samples were then reheated
at the rate 60 °C/min to 1200 °C, and the transformation temperatures Ac; and Ac; were
measured. Acs was not affected by the initial microstructure. It was shown in chapter V, that
in the CMnB steel the Ac; temperature for the bainitic sample was 70 °C lower than the Ac,
temperature for the ferritic sample. However, martensite transformed to austenite at the same
Ac; temperature of 720 °C than the as-cast microstructure. The measured Ac; temperatures
for the CrB, MoB and CrMoB steels are reported in Figure VI.6 as functions of the preceding
cooling rate.
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Figure VL6: Ac, temperatures measured after reheating Cr and Mo alloyed steels previously cooled at
different CR.

It can be clearly seen that the presence of Cr suppressed the effect observed in the CMnB
steel. Cr however increased the mean value of Ac;, to about 10 °C more than in the CMn
steel, which is in accordance with the coefficient affected to Cr in the Ae; equation of
Andrews:

Ae (°C)=727-10.7Mn —-16.9Ni + 29.15i +16.9Cr + 6.38W +290A4s (VL.2)

It is very likely that in the MoB sample cooled at 30 °C/min and 60 °C/min, small amounts of
martensite or austenite with a high Mn content were present, due to the retardation of carbides
formation thanks to Mo and B segregation to grain boundaries. These can act as nucleation
sites for the austenite formation during heating, thereby decreasing Ac;.
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It is likely that the Mn partitioning to austenite is affected by the presence of Cr as Cr
provokes carbides precipitation.

V1.3.5 Isothermal bainitic transformation

Though continuous cooling experiments showed the evidence of transformation stasis in the
CrMoB steel, extra dilatometer cycles were performed to check whether this phenomenon
occurred during isothermal holding. Cycles with isothermal bainitic transformation at 500 °C
were performed on the steels alloyed with Cr and/or Mo. The relative length change vs. time
plot of Figure V1.7 shows clearly that the kinetics of the bainitic transformation was very
similar in the MoB and CrB steels, while in the CrMoB steel the reaction was clearly retarded
and incomplete. Transformation stasis clearly occurred in the steel alloyed with Cr and Mo,
due to a synergism between Cr, Mo and B.

0.6

relative length change, %

Figure VL.7: Isothermal bainitic transformation at 500 °C of the Cr and/or Mo alloyed steels.
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V1.4 Dictra simulations

From the results of continuous cooling experiments, 2 types of nucleation mode have been
identified:

- from grain edges in the CMn steel without soluble B;

- from TiN, TiC precipitates or impurities inside the grains in B-bearing steels.
From these nuclei, 2 types of growth mode were possible:

- spherical growth at low cooling rates, for e.g. primary ferrite;

- planar growth at high cooling rates for acicular ferrite and bainite.

Those mechanisms are represented schematically in Figure VI.8.

a b
o Low|CR Y
o nucleation on y grain boundary, o nucleation inside y grain boundary
spherical growth. (from e.g. TiN), spherical growth.
C d
High|CR
o Y
a nucleation on y grain boundary, a nucleation inside y grain boundary,
planar growth (bainite). planar growth (acicular ferrite).

Figure VL.8: Schematic representation of ferrite nucleation and growth from spherical austenite
grains.

Dictra simulations were first carried out using the CMn steel composition and a fixed cooling
rate 6 °C/min. The ferrite formation in the CMn steel was simulated assuming the nucleation
of ferrite on austenite grain boundaries in spherical cells, i.e. the case schematically
represented in Figure VI.8a. By comparing the results with experimental data the cell size was
evaluated to be approximately 40 um. Simulations were then performed using the same
parameters, but with the nucleation and growth modes represented in Figure VI.8b and VI.8d.
Evidently, the kinetics of ferrite planar growth was the same independently on the nucleation
mode. The results of calculations are shown in Figure VIL.9.
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Figure VL.9: Dictra simulation of different nucleation and growth modes.

Comparing those predictions with experimental results obtained from dilatometry showed that
the assumption of nucleation inside the grains to simulate the effect of B was consistent. The
planar growth mode described well the acicular ferrite formation in the MoB steel. Moreover,
the calculated ferrite fractions corresponded quite well to the fractions of ferrite measured by
means of dilatometry, considering that either the initial cell size and the initial C
concentration were kept constant for the different calculations and that the model is very
simple. More in depth Dictra simulations of the effect of B on the ferrite nucleation were done
previously and showed that B lowered the number of active grain corners for nucleation.'®

The mobilities for C, Mn, Cr and Mo were taken from the mobility database in Dictra. The
effect of B was simulated considering nucleation from precipitates inside the grains rather
than from grain boundaries.

Depending on the partitioning mode of substitutional elements, different thermodynamic
situations, e.g. orthoequilibrium and paraequilibrium, may be established at the o—y interface.
In orthoequilibrium, both C and substitutional elements redistribute between ferrite and
austenite whereas in paraequilibrium carbon redistributes without any partitioning of
substitutional elements. Between those two situations, local equilibrium non-partitioning
involves the carbon redistribution between ferrite and austenite and a local concentration of
substitutional at the interphase boundary. This last situation has been suggested to reasonably
reflect experimental growth rates.? Recently, a mixed-mode approach has been adopted to
incorporate solute drag explicitly and was successfully applied to the study of continuous
cooling transformations of a TRIP steel.2
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To simulate the effect of soluble B on the nucleation of ferrite during low cooling rate (CR =
6 °C/min), spherical cells represented the prior austenite grain. Ferrite growth was simulated
starting from grain boundaries and from the centre of the grain. Using both approaches, the
Mn concentration was calculated at different cooling times (t = 0 s at 950 °C).
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Figure VI.10: Mn profile at the o—y interphase boundary after different cooling times for a) sphere
boundary nucleation and b) nucleation from the center of a sphere. CR = 6 °C/min.
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Figure VI.10 shows the calculated Mn concentration at the moving o—y interphase boundary
during cooling (a) the CMn and (b) the CMnB steel with CR = 6 °C/min. It can be clearly
seen that the nucleation mode, from grain boundaries or from inside the initial austenite grain
has a strong effect on the local Mn concentration. While in the CMn steel, the Mn
concentration locally increased from 1.6 to 1.8 wt.% at the moving interphase, in the CMnB
steel, the local concentration of Mn was 4 wt.%. Mn followed the local equilibrium non
partitioning in both case, but in the case of CMnB steel, the nucleation mode implied a much
higher Mn content at the moving interphase, very likely responsible for a SDLE. The local
Mn equilibrium calculated with Dictra was consistent with the EDX measurements,
performed on the CMnB steel cooled in dilatometer at CR = 6 °C/min, and reported in the
chapter V.

The spherical growth mode and nucleation inside the grains conditions were used to simulate
the y—a transformation during slow cooling (6 °C/min) in B-bearing steels. The influence of
the alloying elements Mo and Cr on the C partitioning was then studied. Figure VI.11 shows
the evolution of the C content at the moving interphase during the y—a transformation in the
CMnB, CrB and MoB steels, respectively. From Figure VI.11a and VI.11b, the start of the
phase transformation is controlled by substitutional diffusion, i.e. partitioning, and later by
interstitial carbon diffusion (Figure VI.11c and VI.11d), with para equilibrium or local
equilibrium-non partitioning, depending on the substitutional solute concentration at the
boundary.
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Figure VI.11: Carbon concentration at the a—y interphase boundary during cooling from 950 °C at
CR = 6 °C/min after a) 2000 s (750 °C), b) 2250 s (725 °C), ¢) 2500 s (700 °C), d) 2750 s (675 °C).
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The Cr and Mo partitioning during the y—o transformation was simulated with Dictra in the
CrB and the MoB steels, respectively. In the CrB steel, local equilibrium was observed for Cr
without partitioning. In the MoB steel, no local equilibrium of Mo was observed. In that steel,
the transformation occurred likely under the paraequilibrium condition. However, it can be
seen in Figure VI.12 that, at the end of the transformation a clear SDLE was predicted. It
must be noted that if Mo and Cr do not partition, the Mn responsible for a SDLE in the CMnB
steel very likely interacts with Mo and Cr, increasing the intensity of the SDLE. As a
consequence, transformations stasis was possible in the CrMoB steel.
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Figure VI1.12: Cr and Mo concentrations at the a—y interphase boundary during cooling from 950 °C
at CR = 6 °C/min after a) 2000 s (750 °C), b) 2250 s (725 °C), ¢) 2500 s (700 °C), d) 2750 s (675 °C).

V1.5 Conclusions

The effects of Cr and Mo on the austenite decomposition during continuous cooling have
been studied in CMn steels containing soluble B by means of dilatometry.

It was found that 0.5 wt.% Cr in a CMn steel containing soluble B decreased Ar; and
decreased B of 10 °C. The carbides formation was enhanced.

In the CMn steel alloyed with soluble B and 0.2 wt.% Mo, the ferrite and pearlite
transformation were suppressed, and no effect on B was observed. Mo increased the acicular
character of ferrite.

The combination of Cr, Mo and soluble B produced a dual phase bainite-martensite
microstructure in a wide range of cooling rates, due to transformation stasis during cooling. In
that steel, the isothermal bainite transformation at 500 °C was also incomplete. This effect
was attributed to a strong SDLE due to local concentration of Cr, Mo and Mn decreasing the
mobility of the y—a interphase boundary.
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In the MoB steel, Ac; was strongly lowered when reheating a bainitic microstructure, likely
due to the presence of residual austenite with high substitutional (Mn + Mo) content. That
effect was not observed in the Cr containing steels due to the carbide forming property of Cr.

The analysis of extraction replicas revealed the presence of numerous TiN and TiC
precipitates, showing that the precipitation of BN was prevented and soluble B was thus
effective. Mo was found to be soluble in TiN and TiC precipitates and Cr influenced the
shape of carbides. More carbides were found in the CrB steel than in the MoB steel.

Finally, Dictra simulations were performed to estimate the partitioning of Cr, Mo and Mn
during the austenite decomposition to ferrite. The effect of soluble B was found to be well
represented by considering spherical growth from the center of grains, i.e. the grain boundary
nucleation was suppressed. Using those conditions, Mn was found responsible for the SDLE
in the CMnB steel due to its high concentration at the moving interphase boundary.

Local equilibrium without partitioning of substitutional elements was predicted in the CrB
steel, while in the MoB steel, the transformation occurred under paraequilibrium. Mo was
clearly responsible for SDLE.

In CMn steels, the combination of Cr and Mo with soluble B produced transformation stasis
due to a strong SDLE. As a result, with small amounts of alloying elements, complex bainite
+ martensite microstructures were produced in a wide range of cooling rates.
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CHAPTER VII

Combined dilatometric-crystallographic texture study of the
effect of austenite deformation on the phase transformations in
a micro alloyed bainitic steel

VII.1 Introduction

It is well known that the crystallographic orientation of the parent austenite leads to specific
crystallographic orientation of the ferrite, due to the crystallographic orientation relationships
that exist between the two phases.! In hot rolled low carbon sheet steels, the final
crystallographic texture results from the deformation and recrystallisation of the austenite,
and the y—to-o. phase transformation. Deformation generates characteristic crystallographic
deformation textures in the yphase. Dynamic recrystallisation during rolling and static
recrystallisation between the rolling passes alter these textures. The austenite decomposition
kinetics is influenced by its deformation state. Unrecrystallised y will transform to pro-
eutectoid ferrite at a faster rate than recrystallised y due to two effects:

(a) the higher internal energy of the deformed and thus less stable y, and
(b) the larger number of nucleation sites provided by defects.

Therefore different crystallographic orientations will be present in the resulting ferrite phase
depending on whether the parent phase is recrystallised austenite or deformed austenite, even
though the same crystallographic orientations exist between the a and the y phases. Figure
VII.12 gives a summary of crystallographic texture phenomena adapted from the work of Ray
and Jonas.?

The major deformation texture components of austenite are the {110}, < 112 >, brass texture

and the {112}, < 111 >, copper texture. The type of texture developed by fcc crystals depends

on the stacking fault energy (SFE), which in turn depends on the alloy composition and the
temperature. Low SFE materials have typically the brass texture, while copper is favoured in
high SFE materials. In low carbon steels the austenite has usually a low SFE.
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transformations in a micro alloyed bainitic steel

v deformed below Ty, v deformed above Ty,
AUSTENITE AUSTENITE
ROLLING TEXTURE RECRYSTALLISATION
TEXTURE
{110} <112 > {112y <111 >
(Brass) (Copper) {100} < 001>
Low SFE High SFE (Cube)
FERRITE TEXTURE FERRITE TEXTURE
AFTER TRANSFORMATION AFTER TRANSFORMATION
{332} <113 > {113} <110 > {110} <011 >

Figure VII.1: Summary of crystallographic texture relations?.

Clear crystallographic orientation relationships exist between the ferrite and the austenite
lattices:

The Kurdjumov-Sachs (KS)* orientation relationship: {111},//{011}, and <011>,//<111>,,.
The Bain (B)? orientation relationship: {001 +4//{001} 4 and <001>,//<110>,

The Nishiyama-Wasserman (NW)®  orientation relationship: ~ {111},//{011}, and
<211>,//<011>,.

A schematic of these orientation relationships is represented Figure VII.2.
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a) Kurdjumov-Sachs orientation relations: {111}, // {011}, and <011>,// <111>,

a,=0.286nm

a,=0.286nm

b) Bain orientation relations: {001}, // {001} and <100>, // <110>

o o a,=0.286nm

a,=0.286nm

c¢) Nishiyama-Wasserman orientation relations: {111}, // {011}, and <211>,// <011>,

2,=0.363nm

a,=0.286nm

a,=0.286nm

Figure VIL.2: Schematic of orientation relationships between the y (fcc) and the a (bce) lattice.

139



Combined dilatometric-crystallographic texture study of the effect of austenite deformation on the phase
transformations in a micro alloyed bainitic steel

These three sets differ from one another by only a few degrees and a spread of intermediate
orientation relationships is often observed experimentally. Because ferrite has a
crystallographic orientation relationship with the austenite, the brass austenite texture will

result in the {332}, <113 >_ ferrite texture component, and the copper austenite texture will
transform in the {113}, <110 >, ferrite texture component. FigureVIL.3 shows the calculated

bce texture components resulting from the y—o transformation starting from deformed
austenite with the respective texture components copper {112}, <111> , S{123} <634> ,

brass {110}, <112> and Goss{011}, <100> , based on the KS orientation relationship

between o and y. The resulting texture components in ferrite shown in FigureVIIL.3 do not
take into account the variant selection determined by:

- the morphology of austenite grains;
- the slip activity;

- the residual stresses: these may be stresses remaining in the material after rolling, or
transformation-related internal stresses due to the difference of the specific volume between
austenite and ferrite.

The aspect ratio of pancaked grains plays an important role in favouring selection of the
transformed copper {311},<011>4 and {211},<011>, components, and the extent of shear on
active slip planes during prior rolling promotes the formation of the transformed brass
{332}4<113>, and {211},<113>, components.”’

The recrystallised austenite contains mainly the {100}, <001>  cube recrystallisation
texture component. It results in the {100} <O011>_ rotated cube component after

transformation. The {110},<001>, Goss and {110},<110>, rotated Goss components are
usually not observed experimentally, due to the effect of residual stresses on variant
selection.”

Texture analyses using the Electron Back Scattering Patterns (EBSP) method were recently
reported for TRIP steels® and for DP steels®. In both types of high strength multiphase steels,
the primary ferrite had a texture originating from both the brass and the copper texture
components of deformed y. The Cu texture component had a weaker intensity. The textures of
the constituents formed at low temperature in the DP steel, i.e. bainite and martensite, had a
maximum intensity on the {001} <110>_ rotated cube component, suggesting that these

phases originated from recrystallised austenite grains.” It was found that a clear variant
selection occurred during the austenite decomposition in the TRIP steels. Indeed, in the
retained austenite present in the TRIP steels, the cube component {001}, <100 > was less

sharp than predicted from the bainite texture using calculations of Orientation Distribution
Function (ODF) transformations, based on the KS, Bain and NW orientation relations.®
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FigureVIIL.3: Resulting bee transformation components of the copper, S, brass and Goss component in
deformed fcc?, and cube in recrystallised fcc, based on the KS orientation relations for transformation.
The variant selections are not taken into account.
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transformations in a micro alloyed bainitic steel

In the present chapter, the Nb-microalloyed CMnMoCrB bainitic steel 6 with the composition
given in chapter II table II.1, was hot rolled and coiled at different coiling temperatures (CT)
to produce controlled microstructures with different mechanical properties. The base CMn
steel containing 0.16 wt.% C and 1.6 wt.% Mn was alloyed with Mo, Cr and B to retard the
ferrite and pearlite formations and favour the bainitic transformation during the coiling stage
of the hot rolling process. B in solid solution is particularly efficient in retarding the ferrite
formation. Soluble boron segregates to the austenite grain boundaries, where it reduces the
strain energy in these regions, retarding the nucleation of ferrite and increasing the
hardenabiliy of the steel.!? Ti was added to avoid loss of interstitial boron to nitrogen by
forming TiN.! Nb was added to increase the strength level by precipitation strengthening. P
was added to increase the strength by solid solution hardening. Nb is also known to raise the
non-recrystallisation temperature, ang. The calculated value of T, was 1084 °C, using the
equation given by:*

T =887 +464C +890Ti + 36341 —357Si + 6445Nb — 644y/Nb + 732V =230V (VILI)

Rolling in the austenitic region below Ty, therefore produces deformed “pancaked” austenite
grains. Fine-grained ferrite nucleates on y-grain boundaries and internal defects within the y-
grains.

The evolution of the texture in the ferrite as a function of the CT was studied by means of
Electron Back Scattering Diffraction (EBSD) and X Ray Diffraction (XRD). The attention
was focussed on the bainitic transformation. The study was supplemented with dilatometric
simulation of the austenite to bainite transformation starting from different grain sizes and
deformation states of the austenite in order to follow the kinetics of austenite decomposition
during the coiling process. It was found that the austenite deformation state had a pronounced
effect on both the kinetics of the bainitic transformation and the crystallographic orientation
of the resulting bainite.
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VII.2 Experimental

Blocks with 120 mm length, 60 mm width and 25 mm thickness of the CP steel containing
0.16 wt.% C, 1.6 wt.% Mn, 0.2 wt.% Mo, 0.5 wt.% Cr, 500 ppm Nb, 300 ppm P and 20 ppm
B were reheated to 1270 °C for one hour and hot rolled to a final 2.5 mm thickness. Three
coiling temperatures were used to produce different microstructures. Ferrite and pearlite were
obtained after coiling at 720 °C, and a bainite-martensite microstructure was obtained after
coiling at 550 °C. The different phases were observed by light optical microscopy (LOM) and
scanning electron microscopy (SEM) after etching with Nital or with the LePéra etchant.™*
Local texture measurements were made using the OIM-EBSD (Orientation Imaging
Microscopy — Electron Back Scattering Diffraction) technique. XRD was carried out using
Mo K, source radiation to detect the presence of retained austenite at room temperature.

The coiling simulations were also simulated in a Tetha Dilatronic III quench dilatometer
equipped with a deformation unit. A coiling temperature CT of 600 °C was chosen because it
is above the bainite start temperature, which was calculated to be 548 °C using the empirical
formula of Li et al.* In addition, coiling at 600 °C results in a continuous yielding behaviour
which is particularly interesting in terms of formability. Different states of deformation and
initial grain sizes of the austenite were produced in the dilatometer; Coiling simulations were
carried out in the dilatometer on the following types of samples:

a) undeformed samples;

b) samples deformed 30 % at 950 °C;

c¢) samples deformed at room temperature and reheated at 1050 °C;
d) samples deformed at room temperature and reheated at 950 °C.

The difference in the reheating temperature after cold deformation led to austenite with
different grains sizes. Figure VII.4 shows the corresponding cycles.
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Figure VIL.4: Dilatometer cycles used for simulating the coiling during the hot rolling process.
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VII.3 Microstructures-mechanical properties

The CP steel composition selected in the present chapter had a bainite-martensite
microstructure when coiled at 550 °C, and a ferrite-pearlite microstructure when coiled at 720
°C. Coiling at 680 °C produced a mixed microstructure consisting of ferrite, pearlite, bainite
and martensite. The corresponding micrographs are shown FigureVILS.

i

S R T S
BT 1 ¥ oty N

e

FigureVIL.5: Light optical micrographs showing microstructures after hot rolling and coiling at 720
°C, 680 °C and 550 °C (from top to bottom). Etchant: nital.
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FigureVIIL.6 shows the comparison between the hot rolling data of the complex phase steel
and the hot torsion data for a low C HSLA steel with 520 ppm C, 0.3 wt% Mn and 170 ppm
Nb. In the CP steel, there is no DRX because:

- the slope of the mean flow stress (MFS) versus 1000/T curve is higher than expected;

- there is no change in the temperature dependence of the flow stress, which has a linear 1/T
dependence without a change in slope, which would indicate a T,,; above 1115 °C.

650 - _ _ _ _ _ _ | | |
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500—_-------5 -------- f,....me;asuréd in :
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FigureVIIL.6: MFS vs 1000/T. Rolling data.

In this graph, the temperature T was measured before each rolling pass, and the MFS was
1"

calculated accordingly to the model of Maccagno ef a
Additional hot torsion tests were performed on cylindrical samples in order to measure
accurately Ty, Figure VIL.7 shows clearly that Ty could be determined at 900 °C. However,
during torsion tests, a constant strain rate of 1 s was used, while during hot rolling the strain
rate increased from 8 s in the first pass to 20 s™' in the last pass. It is thus very likely that in
the present CP steel, dynamic recrystallisation was sensitive to the strain rate.

New hot rolling simulation were performed using different finishing rolling temperatures
(FRT) in order to see whether that parameter had an influence on the initial austenite grains
size. Rolling with FRT equal to 930, 840 and 785 °C respectively and coiling at 720 °C
produced similar ferrite-pearlite microstructures. The measured tensile properties are reported
in Table VII. 1. It can be seen clearly that decreasing FRT decreased TS and increased the
elongation. Moreover larger Liiders plateaus were measured with decreasing FRT, due to
higher dislocation densities. It is thus very likely that decreasing FRT produced more
deformed initial austenite grains, meaning that the y—a transformations likely occurred from a
mixture of deformed and recrystallised austenite grains. A previous study showed that the
FRT influenced the final product texture.'®
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Table VII. 1: Effect of FRT on the tensile properties of the industrial steel, CT = 720 °C.

FRT,°C YS,MPa TS, MPa Asy, % UE,% Luders, %

930 495 623 18.75 13 2.25

840 511 614 19 13.5 3.04

785 500 596 21.75 14.75 3.51

220 -
200
180
160
140
120 ]
100 -

80

60

MFS, MPa

1000/T, K™

Figure VIL.7: MFS vs 1000/T. Hot torsion.

Tensile testing after coiling simulation showed a marked difference in mechanical properties.
In particular, continuous yielding was always observed after coiling at temperatures from
which the bainite transformation occurred during cooling, i.e. just above the bainite start
temperature, B; = 548 °C. FigureVIL.8 shows the stress-strain curves. It can be seen that the
ferrite-pearlite microstructure produces a large yield point elongation. This tensile behaviour
is typical for CMn steels with a ferrite-pearlite microstructure. The yield point occurs as a
result of unlocking the dislocations by a high stress, or in the case of strong pinning, by
creating new dislocations at the point of stress concentration.”” Three conditions are necessary
to obtain the yield point elongation:

1) alow density of mobile dislocations;

2) a large value of the strain rate sensitivity parameter, i.e. a large change in dislocation
velocity in response to change of the shear strain, and;

3) asudden generation of large amounts of mobile dislocations.

The microstructures obtained after cooling at 680 °C and 550 °C lead to a continuous yielding
during tensile testing. This type of stress-strain curve is well known for C steels that have
martensite in the microstructures.
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This is e.g. the case for dual phase steels with martensite contents of more than about 4 %.*®
The presence of austenite was detected in the steel coiled at 550 °C by both XRD and EBSD.
11 % residual austenite in volume was present in that case. The residual austenite had a
carbon content of 1.08 wt.%. Part of this austenite retained after a long holding time in the
bainitic region is able to transform to martensite under stress and produce a transformation
induced plasticity (TRIP) effect. Hence the continuous yielding observed is due to a
combination of these two effects, which result in internal stresses at low temperatures.
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FigureVIL.8: Tensile curves of hot rolled complex phase steel coiled at different CT. Vertical arrows
indicate uniform elongations.
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FigureVIL.9: Pseudo-binary Fe-C diagram showing the C enrichment in v, during the bainite
formation, and the type of martensite and/or austenite eventually formed during the cooling.
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FigureVIL.9 is a pseudo binary diagram showing the evolution of the carbon content in the
austenite during the coiling process. It shows that the C content in 7y, enriched during the
bainitic transformation determines the type of martensite that may form during the subsequent
cooling. Coiling the present steel in the bainitic transformation temperature range leads to a
microstructure containing a mixture of martensite and austenite. This constituent will be
referred to as the M/A constituent in this chapter.

VII.4 Texture analysis

Local texture measurements were carried out on hot-rolled samples coiled at 720 °C, 680 °C,
and 550 °C, respectively. The ODF sections at ¢, =45 ° were calculated for the bec phase and
the results were analysed separately for the range of the CT parameter. In the samples coiled
at 680 °C and 550 °C, retained austenite was present and the ODF could therefore also be
calculated for the fcc phase.

Vil.4.1 CT =720 °C

FigureVII.10 shows the location of the EBSD measurements on the ferrite-pearlite
microstructure. These two distinct regions were chosen to differentiate the texture of primary
ferrite and ferrite formed within the ferrite-pearlite bands. Due to the segregation of alloying
elements, in particular Mn, during the continuous casting and the subsequent hot rolling and
controlled cooling, the final material had a banded microstructure due to an inhomogeneous
distribution of alloying elements.”” In the Mn-enriched bands the transformation start is
delayed with respect to the neighbouring Mn depleted regions. Those regions enrich in carbon
while the other regions transform to ferrite. The carbon-enriched areas will eventually
transform to pearlite. The often-observed banded structure in CMn steels thus indicates a non-

uniform transformation in time.">*® The ODF for the primary ferrite shows a ferrite fiber:

ND // (001), orientation. The main texture components are the (001), [550](1 and
(001),, [250],1 components originated from the austenite brass {110},<112>, component, and

the {001},<130>, originated from the austenite Goss {110},<001>, component. These
texture components are usually not observed in transformation products from deformed
austenite. It is thus very likely that these texture components originated from partially
recrystallised austenite. A strong {112} <131>_  texture component is also present in the

ODF. It results from the S {123}, <634 > texture component of the parent austenite. The S

texture component is a deformed austenite texture component. Hence the primary ferrite
formed from both deformed austenite and recrystallised austenite. Static recrystallisation of
the initially deformed austenite grains occurred during the rather slow cooling from the
finishing rolling temperature to the coiling temperature of 720 °C and during the subsequent
yY—a transformation.
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FigureVII.10: Ferrite-Pearlite microstructure and bec texture ODF sections (¢, = 45°) in selected

areas. The letters indicate the austenite texture components from which the observed ferrite texture
components originated. B = brass, G = Goss. CT = 720 °C. The contour levels are in times the
untextured sample intensity.

The ODF for the ferrite in the ferrite-pearlite band has a clear ferrite o-fiber with the rolling
direction RD // [1 TO](,. The maximum intensities were obtained for the (112), [1 TO]Ot and the

111), [ITO]OL texture components. Both components originate from the transformation of the

deformed austenite Goss {110},<001>, texture component. An additional high intensity

texture component was located close to the (110), [l T2]Ot orientation. This texture component

results from the transformation of the brass {110}, <112 >, texture component of deformed

austenite. An other strong (116), [1§O]a texture component originates from the transformation
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of the S {123}, <634>, texture component of deformed austenite. Finally, a second weaker

fiber appears that includes the texture component (111), [OT l]a . It lies on the ferrite [111], //
ND y-fibre. It results from the transformation of the Goss {110}, < 001>, texture component

in deformed austenite. In the ferrite-pearlite bands, the ferrite texture results mainly from the
transformation of deformed austenite.

It is clear from these texture measurements that the austenite recrystallised statically during
the time right after the rolling and during the y—a transformation. This explains why the
primary ferrite formed from both deformed and recrystallised austenite during the coiling
from 720 °C.

Vil.4.2 CT = 680 °C

The EBSD scans for the steel coiled at 680 °C were analysed on the basis of the CI parameter.
In all cases, the histogram of the CI of the EBSD pattern indexing for the bcc phase showed
two clear peaks. High values of CI (0.6<CI<1) corresponded to the primary ferrite, whereas
low values of CI (0.1<CI<0.5) corresponded to the secondary transformation products, i.e. the
bainitic ferrite. FigureVII.11 shows the ODF sections at ¢, =45 ° for the low CI and high CI
constituents, respectively. For both low and high CI phases, the ferrite has a strong y-fibre

(RD//<111>y). In high CI ferrite, the texture component (332), [T T3]a and a texture
component between the (112), [lgl]a and the (111), [151]a texture components have a
strong intensity. These texture components are both transformation products from the
deformed austenite brass {110}, <112 > texture component. A texture component close to
the (116), [150]OL found previously in the ferrite-pearlite band was also present in the ODF. It

originates from the transformation of the deformed austenite S {123}, <634>, texture
component. Finally, a ferrite rotated cube component (001), [T TO]Q resulting from the

transformation of partially recrystallised austenite with the cube orientation was observed.

The main components for the low CI EBSD data set corresponded to (112), [ITO](X and
111, [OTl]a along the o-fibre. Both result from the transformation of the Goss

{110}, <001>  texture component in deformed austenite. The weak ferrite texture

components (115), [ITO]Q (on the ferrite a-fibre) and (112), [lgl]a were also present. Both

are transformation products from the S {123}, <634>, texture component of deformed
austenite. Finally, the ferrite texture components (100), [TEO]Q and (110), [lTl]u due to

transformation from the brass texture component of deformed austenite were also observed.

Hence, the main ferrite orientation and the main bainite orientation are rotated by an angle of
¢1 = 30 ° with respect to each other. The ferrite has a texture similar to the texture of the C-
free IF steel, and the bainite has a texture closer to that of ELC steel. It is likely that the
enrichment of the austenite in C during the ferrite formation as well as its partial
recrystallisation are responsible to this C-related variant selection during the phases
transformation during the cooling. A similar variant selection has been observed in a C-free
IF steel after 75 % cold rolling and after recrystallisation at 800 °C, 1 min.*"
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FigureVII.11: bee texture ODF sections (¢, = 45°) for a) overall ferrite, b) bainite (low CI) and c)
primary ferrite (high CI). CT = 680 °C.

Diffraction patterns indexing determined locally the presence of 15% of fcc phase in the area
scanned. ODF sections with constant values of @, are shown in FigureVIIL.12. For ¢, = 0 and
@2 =90 ° the intensities at the corners of the ODF show that the main fcc texture components
correspond to the cube orientation {001},<100>,. For ¢, =45 ° the main texture components
belong to the brass orientation. The retained austenite is thus deformed austenite with the
brass orientation and partially recrystallised austenite. The KS orientation relation applied to
the retained austenite leads to a typical ferrite texture and can be compared to the ferrite
texture originating from the deformed austenite brass texture component as shown in
FigureVIL.3. From these results, it is clear that at the intermediate coiling temperature, CT =
680 °C, ferrite and bainite originate from different orientations of the austenite.
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680 °C.
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fec texture. CT = 550 °C.
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No primary ferrite was formed in samples coiled at 550 °C. The bcc phase detected by OIM
was upper bainite of type Bs accordingly to the Bramfitt-Speer classification:? acicular ferrite
with a significant fraction of martensite/austenite (M/A) islands. FigureVII.13a shows the ¢,

= 45 ° ODF section. The ferrite cube texture component (001), [1§O]a results from the

transformation of the deformed austenite Goss {110}, <001 > texture component. The other
texture components found in bainitic ferrite have the orientations (112), [lgl]a,

(221), [2§2L and (223), [lTl]a. They are ferrite texture components resulting from the

decomposition of deformed austenite with the brass {110}, <112 >, orientation.

FigureVII.13b shows ODF sections with constant values of ¢ calculated from the EBSP data
for the retained austenite. The main component was the cube {001},<100>,. In the @, =45 °
section of the ODF, a weak intensity texture component has an orientation close to the
austenite Goss orientation. Indeed, the KS transformation of the residual austenite leads to a
weak ferrite (111), [OTl]atexture component. FigureVII.13¢ shows the result of the KS

transformation applied to the residual austenite. It leads mainly to ferrite with the rotated cube
orientation. It is clear from the comparison of FigureVII.13a and VII.13c, that the residual
austenite and the austenite that transformed to bainite had a different orientation. The residual
austenite could not transform to ferrite with the measured orientation, because it would mean
that the bce and fec unit cell cubes would have to be parallel, whereas there must be a rotation
angle of 45 ° between them according to the KS orientation relation.

VII.5 XRD results

XRD analyses of the samples also confirmed the presence of retained austenite in the samples
coiled at 550 °C and corroborate the local texture measurements results. The diffractograms
obtained for the samples coiled at 720 °C, 680 °C and 550 °C, respectively, are shown in
FigureVII.14. Austenite diffraction peaks were observed in the sample coiled at 550 °C. In
that sample, the volume fraction of retained austenite was estimated at 11 vol.%.% It must be
noted that this value slightly overestimated the actual retained austenite content, as the
presence of carbides is not taken into account. From the position of the austenite peaks, the
lattice parameter of residual austenite was estimated to be a, = 0.361 nm, and the carbon
content in the residual austenite was calculated to be C, = 1.08 wt.% at 20 °C using the
equation from Onink:**

a, (nm) = (0.363067 +0.0783/(1+0.2151(100/ C ~ 1)))

(VIL2)
x (1+(24.92—51/(1+0.2151(100/ C —1)x 10™*(T —1000))

where T is the temperature in K. In the sample coiled at 680 °C, the peaks were too small to
allow a reliable determination of the austenite volume fraction. The intensities of diffraction
peaks for both fcc and bee phases are representative of the global texture in the material. Each
diffraction peak corresponds to a fiber, i.e. a family of texture components with a common
plan parallel to the sample surface. The highest intensity observed in FigureVIIl.14a was
measured for the (110), diffraction plan in the bainite. It results from the transformation of
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the brass and Goss texture components of deformed austenite. It must be noted that the peak
intensity increased with the decreasing CT, which is in good agreement with the localization
of the ferrite texture components observed previously. In FigureVII.14b no peak was
measured for the (220), corresponding to the austenite a-fiber, containing the brass and Goss
orientations. This confirms that the deformed austenite with the brass and Goss orientations
fully transformed to ferrite or bainite. On the contrary, the intensity of the (200), peak was
lower in bainite than in ferrite. This peak is related to the transformation products of austenite
with the brass, Goss or cube orientations, i.e. partially or fully recrystallised austenite. Bainite
formed preferentially from deformed austenite, and the retained austenite is essentially
recrystallised austenite.
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FigureVIl.14: X Ray diffractogram measured for hot rolled samples coiled at 720 °C, 680 °C and 550
°C, respectively.
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VII1.6 Discussion

From the results of texture measurements, it is clear that the deformed austenite transformed
more easily to ferrite or bainite during cooling and/or coiling. Due to the high value of Ty,
only static recrystallisation is likely to occur in the austenite. It was found that the deformed
austenite had mainly the brass orientation. This indicates that this austenite had a low SFE.
Consequently, recovery is poor. The dislocations present in the non-recrystallised austenite
thus provide numerous nucleation sites for ferrite. The retained austenite was found to be
mainly recrystallised austenite. The austenite recrystallisation very likely occurred during the
Y—a, transformation.

Table VII. 2: Main texture components of parent austenite and residual austenite for different CT.

CT =720 °C CT =680 °C CT =550 °C
é Pearlite %%z%%% - -
< 7 7
Austenite ] =

) : from deformed Y

== : from recrystallised y

A summary of the parent austenite orientations that transform to ferrite as well as the
orientation of the residual austenite is given in Table VII. 2. Note that the austenite texture
components S, brass, Goss and cube correspond to a microstructural state that evolves
continuously from deformed to fully recrystallised austenite. The cooling time between the
last rolling pass, the type of transformation and its kinetics determine the time available for
the recrystallisation of the deformed austenite. The distributions of soluble boron and alloying
elements during the thermomechanical process have a strong effect on the kinetics of phase
transformations. The presence of boron as alloying element in the studied steel is of particular
importance. It is known that soluble boron segregates to grain boundaries and
dislocations.?%° It was also found that segregation of boron occurred during cooling from the
austenite region.“’z—7 In samples containing deformed austenite, the soluble boron present in
the austenite does not partition homogeneously. Due to sites competition and combined
effects between the different alloying elements present in the steel, it is likely that the solute
drag like effect (SDLE)E’z—g is favoured in samples with some deformed austenite. In hot
rolled steel, this behaviour certainly appears and would be responsible for the alteration of the
phase transformations kinetics at low temperature, during the very slow cooling during the
coiling stage.

Coiling simulations were therefore carried out on dilatometer samples starting with different
states of deformation in the austenite to test this assumption.
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VIL.7 Dilatometry

Coiling simulations at

CT = 600 °C were done in a dilatometer. FigureVII.15a shows the

dilatation curves for the different samples as a function of the temperature. FigureVIIL.15b

shows the length change due to the austenite decomposition as a function of the time from the

beginning of the coiling simulation.
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deformation state on the transformations during coiling at 600 °C. a) sample hot deformed, b) non
deformed sample with RHT = 1050 °C.
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In all samples the decomposition of austenite led to a microstructure consisting of ferrite,
bainite, martensite and retained austenite. The sample deformed at 950 °C had the fastest
austenite decomposition. In that sample, it is very likely that no partitioning of B occurred
after deformation. As a consequence, the deformed austenite contains many free dislocations
and defects acting as nucleation sites for the ferrite formation.

Partial recrystallisation of the austenite probably occurs during the y—o transformation,
which would explain the higher dilatation observed in the hot-deformed sample. As the
deformed y grains are small, the initially fast growth of o is limited and a transformation
stasis is observed. The bainitic transformation then starts when the undercooling is sufficient.

In both non-deformed and cold-deformed samples reheated at 1050 °C, the transformation
behaviour of the austenite was very similar. The same annealing temperature and time
resulted austenite with similar grains size in both samples. The austenite grains containing
few defects had a low SFE and few nucleation sites for the ferrite formation, if it is considered
that ferrite did not nucleate preferentially at y grain boundaries due to the presence of B.
When ferrite formed within the austenite grains, its growth was not limited by the austenite
grains size. As a consequence no transformation stasis was observed between the ferrite and
bainite formations. Finally, the sample cold-deformed and reheated at 950 °C had small
recrystallised y grains containing few defects, thus few nucleation sites, due to the lower
temperature of austenitisation. As a consequence, the kinetics of austenite decomposition was
the slowest in that sample and transformation stasis was observed. FigureVIL.16 represents
schematically the mechanisms of austenite decomposition and the evolution of its original
texture in different kinds of samples.

VI11.8 Conclusions

Local texture measurements were performed using the OIM-EBSD technique on a Nb-alloyed
complex phase hot rolled CMnMoCrB steel coiled at CT = 720 °C, 680 °C and 550 °C. The
analysis of hot-rolling data showed that no dynamic recrystallisation occurred during the
rolling. EBSD Measurements supplemented with XRD showed that up to 11 vol.% austenite
was retained in the sample coiled at 550 °C. The retained austenite was mainly recrystallised.
Dilatometry was performed on samples with different states of deformation in the austenite to
see whether the rolling conditions had real implications on the phase transformations. In
samples containing deformed austenite, the bainite transformation was strongly retarded due
to the combination of small grains size and the presence of microalloying elements such as B
responsible for SDLE. As no dynamic recrystallisation of the austenite occurred during the
rolling process, static recrystallisation occurred in the course of the phase transformation. As
a result, the final microstructure contained metastable recrystallised austenite, and low
temperature transformation products such as bainite and martensite, with high densities of
immobile dislocations, which are probably responsible for the continuous yielding behaviour
observed during tensile testing hot rolled steels coiled at CT below 650 °C.
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FigureVII.17 summarizes the evolution of the austenite texture in the present steel during hot-
rolling, cooling, and coiling. The rolling below T, produced essentially deformed austenite
with the main texture components S and brass. Due to the slow cooling between the end of the
rolling and the coiling at 720 °C, the deformed austenite recrystallised statically partially.
This leads to austenite with the texture components S, brass, Goss and cube. During the y—>a
transformation, ferrite was formed from both recrystallised and deformed austenite. Due to
the segregation of alloying elements, the state of deformation in the austenite was
homogeneous and a clear variant selection occurred. Primary ferrite nucleation likely
occurred in the deformed austenite with the S orientation. The presence of both the cube and
rotated cube texture components in ferrite showed that the recrystallisation of the austenite
occurred during the y—a transformation. In the ferrite-pearlite bands, the ferrite formed from
the S, brass and Goss texture components of the austenite. It was remarkable that a clear a-
fiber was present in the ODF, showing that the banding depends on the parent austenite
orientation.
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FigureVII.17: Schematic representation of the evolution of the austenite texture during the coiling at
720 °C, 680 °C and 550 °C, respectively.
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In the sample coiled at 680 °C, the faster cooling between the end of rolling and CT did not
allow a partial recrystallisation of the austenite, and the primary ferrite formed from deformed
austenite with the S and brass texture components. Static recrystallisation of the austenite
occurred during the y—a transformation, and bainite formed from both deformed austenite
with the orientations S, brass and Goss, and recrystallised austenite with the cube orientation.
The ODF for ferrite had the highest intensities for the texture components resulting from the
transformation of the austenite with the brass orientation.

Bainite mainly resulted from the transformation of austenite with the Goss orientation. A
clear rotation of ¢; = 30 ° occurred in the austenite between the ferrite and the bainite
formations. The steel coiled at 550 °C consisted of B; bainite with M/A islands. In this
microstructure the S orientation of deformed austenite did not lead to a clear ferrite texture
component. This means that the texturing of the ferrite did not occur due to the
recrystallisation of austenite before the bainitic transformation. The bainite was found to form
from the brass and Goss orientations of deformed austenite. The residual austenite was mainly
recrystallised, with the cube orientation.

In recent publication of the research group of Bhadeshia®® a possible alternative explanation
for the present observation, is made; Singh et al*’ and Shipway et al?* propose that the
slower bainitic transformation observed when the parent austenite phase is in a plastically
deformed state is due to the mechanical stabilization of the austenite. In this model the
bainitic transformation is impeded by the presence of dislocations, which limits the growth of
the bainite laths.
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Chapter VIII

CHAPTER VIII

Microstructure, mechanical properties and strain hardening
behaviour of hot-rolled C-Mn steels

VIII.1 Introduction

Bainitic steels are complex, heterogeneous and multiphase in nature. The presence of other
microconstituents in minor amounts is known to have a very pronounced effect on the final
properties of the steels. The study of the microstructure-properties relations for bainitic steels
is limited if it is not accompanied by a discussion of the morphology of the type of bainite,
which influences their mechanical behaviour.

This chapter deals with the analysis of the transformation behaviour in hot rolled high
strength low-carbon CMn steels containing 1.5 wt.% Mn and alloyed with low concentrations
of elements which can stabilize the undercooled austenite. The mechanical properties of these
multiphase steels with a predominantly bainitic matrix and various micro structural features
resulting from the use of different coiling temperatures were especially analysed for further
development of the composition to obtain a high tensile strength bainitic steel with an
adequate elongation.

The chemical composition of the steels and their thermo-mechanical processing are
traditionally used to control both their microstructure and mechanical properties. A large
number of high strength bainitic steels based on a CMn steel with additions of Cr, Mo, Si, and
micro-alloying additions of B, Ti and Nb have been developed recently."** The effects of the
elements Cr, Mo and B on the microstructure formation were studied in detail in chapters V
and VI. Ti and Nb cause precipitation strengthening. Ti prevents the formation of BN
precipitates and Nb retards the recrystallization of y and the grain growth by forming fine
carbides. Therefore, Ti and Nb control the state of the hot rolled y before transformation, to

obtain small grain sizes and precipitation hardening.

The effect of these elements on the tensile strength of the steel strip continuously cooled after
hot rolling is usually expressed by regression formulas that do not take into account the
thermal cycle and the final microstructure.*® The formation of the hot rolled microstructure of
a bainitic steel results from both the thermomechanical processing in the y phase region and
the transformation temperature and time after rolling. The traditional representation of the
transformation behaviour with continuous cooling transformation (CCT) or time-temperature
transformation (TTT) diagrams does not reflect a real industrial cycle including the hot
rolling, the run-out table cooling pattern and the slow cooling of the coiled sheet. The thermal
cycle of hot-rolled sheet steels usually includes the first stage of accelerated cooling from the
temperature of the final hot rolling pass to the second stage of slow cooling corresponding to
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the coiling operation. Investigations of transformation in bainitic steels alloyed with Mo, Cr
and B were reported in chapter VI. They revealed clearly delayed kinetics of the
transformation reactions, in particular the ferrite formation was suppressed, leading to bainitic
microstructures.2*>® This implies that there is a possibility that much of the microstructural
features are formed in a wide temperature interval during the very slow cooling of the coiled
strip. The present contribution focuses on the features of microstructure and transformation
behaviour for high-performance ferrous alloys during the specific thermal cycle undergone by

the hot strips when coiled in the temperature range of 300 - 650 °C.

VIII.2 Experimental procedure

The compositions of steels used in the present work are given in Table VIII.1. The selection
was based on two carbon content levels of about 0.05 and 0.15 wt.% and manganese content
about 1.5 =+ 0.1 wt.%. Additional alloying with Mo, Mo+B and Mo+Cr+B was used to
influence the transformation behaviour in the diffusional and intermediate ranges. Ti was
added mainly to avoid the loss of interstitial B due to the formation of boron nitride and
Fey3(C,B)s during the hot rolling. Nb and the excess Ti are active as austenite grain size
refiners and increase the strength as a result of their precipitation-hardening effects. The Si
content was lower than 0.24 wt.% and the P concentration was lower than 0.020 wt.%.

Table VIII.1: Chemical composition of laboratory cast 1.5%Mn steels, in wt.%.

Steel C Mo Cr Nb Ti B anz, °C Steel Type

1 0.039 - - 0.032 0.100 - 1085 micro-alloyed CMn, low C steel

2 0.155 - - 0.106 0.082 - 1323 micro-alloyed CMn steel

3 0.145 021 - 0.083 0.069 - 1304 Mo-added micro-alloyed CMn
steel

4 0.066 024 - 0.047 0.023 0.0016 1189 MoB-added micro-alloyed CMn,
low C steel

5 0.163 0.19 - 0.072 0.054 0.0018 1302 MoB-added micro-alloyed CMn
steel

6 0.161 0.20 0.43 0.061 0.023 0.0021 1233 MoCrB-added micro-alloyed
CMn steel

The ingots were cut into blocks with 25 mm thickness and, after reheating at 1250 °C for 1
hour, were hot rolled in 6 passes to the final thickness of 2 mm. The final reduction of 30 %
was carried out above 850 °C.

This temperature is lower than the predicted non-recrystallisation temperature of austenite,
Tor:
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T =887 +464C +8907i + 363 Al —357Si + 6445Nb — 644~/ Nb + 732V — 230V (VIIL.1)

nr

Hot rolling was followed by accelerated cooling at a rate of 30 °C/s to the coiling
temperature, which was varied in the range from 650 °C to 300 °C.

After a coiling simulation for 5 hours with an average cooling rate 50 °C/h, the samples were
air cooled to ambient temperature.

Dilatometer samples from the steel composition 6 in Table VIII.1 were heated at 10 °C/s to
the temperature of austenitization 1050 °C, soaked 5 minutes and then cooled at 5 °C/s to 850
°C. The rate of cooling to the start temperature of coiling was 30 °C/s. Coiling simulations
were performed with the constant cooling rate of 50 °C/h. The samples were then tempered 6
hours at 550 °C to decompose the eventual residual austenite into carbides and ferrite.

LePéra® and Nital etched transversal (TD) and longitudinal (RD) cross-sections were used for
microstructure characterization by both scanning electron microscopy (SEM) and light optical
microscopy (LOM). The volume fraction of retained austenite was measured by means of X
ray diffraction. Mechanical properties were determined on an Instron tensile testing machine
using flat 80 mm gauge length samples.

VIIL.3 Dilatometry simulations and microstructure

The study focused on features of transformation behaviour of the MoCrB added CMn steel 6,
with the composition given in Table VIII.1, during coiling in the 550-650 °C temperatures
range. Indeed, a high strength-plasticity value was obtained after rolling and coiling the steel
6 in this temperature range. A multiphase high performance state was found in that steel
under the condition of a low cooling rate from a wide temperatures region. Coiling the steel
from temperatures up to 100 °C above the bainitic transformation start temperature, B,
produced similar mechanical behaviours. Sufficient volume fraction of bainite was found in
the microstructure after coiling at 600-650 °C, implying delayed kinetics of diffusional
transformation.
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Figure VIII.1: Dilatometer curves after coiling simulations with CT = 550 °C, 600 °C and 650 °C.

The transformation behaviour of the steel reheated to 1050 °C for 5 minutes and coiled at
different temperatures can be seen in Figure VIII.1. The temperature of coiling affected only
the beginning of the process, while the transformation of most of the austenite was found to
be almost independent of the variation of the coiling start temperature.
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FigureVIIL.2: Fraction of austenite decomposed as a function of the cooling time during coiling from
CT =650 °C, 600 °C and 550 °C, respectively.

It can be seen in FigureVIIL.2 that about 40-50 vol.% of ferrite was formed in the steel coiled
at 650 °C, when the remaining austenite started to transform to bainite.
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FigureVIIL.3: SEM Microstructures obtained after coiling simulations on steel 6 with from top to
bottom CT = 650 °C, CT =600 °C and CT = 550 °C. F = Ferrite, B = Bainite, M/A =
Martensite/Austenite. Etchant: LePera.
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Decreasing the coiling temperature to 550 °C increased the rate of ferrite or bainite formation,
but below about 530 °C, the kinetics of the austenite decomposition was very similar and
independent on the coiling temperature. Moreover, below 420 °C about 10-15 vol.% of the
austenite transformed to low temperature decomposition products such as lower bainite and
martensite. The presence of the latter phase is likely responsible for the continuous yielding
behaviour observed in the hot rolled plates coiled below CT = 650 °C. SEM observation
confirmed the morphological correspondence of these microstructural elements with typical
microconstituents found in hot rolled steel coiled in similar temperature regions.

The microstructure of samples after dilatometer tests is presented in FigureVIIL.3. In the
sample coiled at 650 °C, polygonal ferrite was present with bainite and martensite. In the
samples coiled below 600 °C, small islands containing both austenite and martensite (M/A
islands) were observed between laths of granular and elongated shape. Carbides were also
found between bainite laths and inside tempered martensite. The decomposition of M/A
islands in ferrite and fine carbides was observed during the tempering at 550 °C for 6 hours.
Fine carbide precipitations decorating cell boundaries were found in the tempered bainitic
ferrite.
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FigureVIIL.4: Relative length changes measured during the isothermal annealing at 550 °C of steel 6
after the coiling simulation at 550 °C, 600 °C and 650 °C.

These microstructural changes were in good agreement with dilatometer data of isothermal
tempering at 550 °C. It can be seen in FigureVIII.4 that both the volume expansion attributed
to the austenite decomposition and the volume reduction corresponding to the carbide
precipitations from the ferrite and the austenite phases * at a later stage induced respectively a
dilatation and a contraction during holding at 550 °C. Note that during holding at 550 °C the
volume expansion started at a later stage in the sample coiled at 550 °C than in samples coiled
at higher temperatures. This is very likely due to the enhanced stability of the retained
austenite formed at lower temperatures.
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The maximum dilatation observed for the steel coiled at 600 °C corresponded to a volume
increase of 0.075 % due to the austenite transformation to bainite.

VII1.4 Microstructure of hot rolled steels

Microstructural diagrams based on the SEM and LOM investigations of hot-rolled steels are
presented in FigureVIIL5. It can be seen that the type of microstucture formed at the different
coiling temperatures is strongly influenced by the steel composition. The 0.039 wt.% C
alloyed CMn steel 1 (FigureVIIIL.5a) had a fully ferrite microstructure after coiling at 650 °C
and 600 °C. A decrease of the coiling temperature led to a gradual substitution of the ferritic
component by bainite. However, the volume fraction of the ferrite and bainite remained
almost unchanged for coiling temperatures below 450 °C in spite of the higher martensite
start temperature M;, which was calculated to be 480 °C using the M formula due to Kung e?
al.:*®

M (°C)=539-423C -30.4Mn—-17.7Ni —-12.1Cr —7.5Mo +10Co —7.5Si (VIIL2)

This was likely due to the low austenite stability in both the bainitic and ferritic regions of
transformation. This resulted in a partial suppression of the austenite to pro-eutectoid ferrite
transformation even for a cooling rate of 30 °C/s. In this composition, it is believed that the
bainitic microstructure was formed mainly during the cooling preceding the quasi-isothermal
holding for lower temperatures of coiling simulation. The low carbon concentration and the
limited alloying promote a fast decomposition of the undercooled austenite into pro-eutectoid
ferrite and bainite. Microstructures formed in the sample coiled at 500 °C and at 400 °C were
similar (FigureVIIl.6a and 6b) and contained upper bainite of type Bs; according to the
Bramfitt-Speer bainite classification introduced in chapter I:2

- B; = Acicular ferrite with intralath (plate) precipitation:
- cementite (B;°) ;
- epsilon carbide (B:®);

- B, = Acicular ferrite with interlath (plate) particles or films:
- cementite (B;°) ;
- austenite (B");
- martensite (B,™);

- B3 = Acicular ferrite with “discrete-island” constituent:
- austenite (B3%);
- martensite (B;™);
- pearlite (B5P).

It contained extremely low amounts of “discrete islands” constituents due to the low carbon
concentration. Traces of fine polygonal ferrite were also found in some areas.
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FigureVIIL5: Microstructural diagrams of investigated steels.

The microstructure of steels with higher carbon content was different (FigureVIIL.5b). Coiling
the 0.16 wt.% C CMn steel 2 at 650 °C and 600 °C led to the formation of a typical ferrite-
pearlite microstructure. A decrease of the coiling temperature in this range did not result in
notable changes of the volume fraction of the constituent but initiated a natural refinement of
the ferrite grain size and a transition from the pearlite to troostite, degenerated pearlite,
morphology of the second microstructure component. At a coiling temperature of 550 °C the
start of the upper bainite formation was observed. A microstructure containing ferrite, bainite
and troostite was found after coiling at this temperature. Decreasing the coiling temperature

down to 500 °C or 450 °C provided a fully bainitic microstructure.
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FigureVIIL.6: Microstructure of steel 1 after coiling (a) at 500 °C, (b) at 400 °C.

Alloying a low C CMn steel with molybdenum (steel 3) resulted in a substantial change of the
microstructure (FigureVIIIL.5c). The volume fraction of pearlite (troostite) after coiling at 650
°C and 600 °C increased slightly in comparison to the molybdenum-free CMn steel. Moreover
the formation of ferrite at 550-600 °C was suppressed. The start of the bainite formation was
found to occur during coiling below 650 °C in this steel. The microstructure formed by this
treatment consisted of troostite, ferrite and Bj type bainite with small islands of second phase
(FigureVIIL.7a). As the coiling temperature decreased, the ferrite-pearlite areas disappeared
and a B, type bainite appeared with more pronounced interlath film-like precipitates
(FigureVIIL.7b). Some of the precipitates had a clear discrete interlath morphology.
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FigureVIIL.7: Microstructure of steel 3 coiled (a) at 600 °C, (b) at 400 °C.

A remarkable influence of the undercooling on the microstructure was found in the MoB
alloyed CMn steels. After coiling at the highest temperature the microstructure of the low
carbon steel 4 contained a significant amount of pro-eutectoid ferrite and bainite
(FigureVIIL.5d). No pearlite was found. The steel coiled at 550 °C had a fully bainitic
microstructure of the Bj type (FigureVIIL.8a) in which small amounts of M/A islands were
easily recognizable. Coiling at temperatures below 500 °C led to changes of the bainite
morphology, which developed pronounced lath morphology (FigureVIIL.8b). The volume
fraction of the interlath precipitations was evidently lower than in steels with higher carbon
contents and they were in discrete form. At low coiling temperatures the stability of the
austenite against bainite formation was low due to the low initial carbon content and as a

result, microstructures containing bainite and martensite were found in the steel coiled at 300
°C.
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FigureVIIL8: Microstructure of steel 4 coiled (a) at 550 °C, (b) at 450 °C.

An increased amount of bainite and a more pronounced stabilization of the retained austenite
were found in the MoB CMn microalloyed steels with 0.15 wt.% C (FigureVIII.5e and 5f).

This effect was even more pronounced in the MoCrB CMn steel 6. In this steel, the formation
of the pearlite and the pro-eutectoid ferrite was strongly suppressed even at the higher coiling
temperatures. As a result more than 50 vol.% of the microstructure was bainite in steel 6 after
a coiling simulation at 650 °C (FigureVII1.9a). As the coiling temperature decreased, the Bs
bainitic microconstituents continuously replaced the pearlite (troostite). In addition, a clear
increase of the M/A islands volume fraction was observed (FigureVIIL.9b). It is remarkable
that the steel 6 had a significant fraction of M/A islands in a wide range of coiling
temperatures.
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FigureVIIL9: Microstructure of steel 6 coiled (a) at 650 °C, (b) at 550 °C, (c) at 450 °C.
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Stabilization of retained austenite was measured by XRD. About 10 vol.% retained austenite
was present in steel 6 after coiling simulation at 550 °C. The transition to B, bainite with
subsequent change of interlath precipitation morphology from discrete to film-like was
detected in samples coiled in the temperature range of 450 - 400 °C. At lower temperatures
significant fractions of martensite, formed during the rapid cooling stage, were found. The
main microstructure constituents observed in each steel composition coiled at varied
temperatures are summarized in Table VIII.2.

Table VIIL.2: Summary of the microstructure observed after coiling at varied temperatures. The main
constituents are indicated in bold. F = Ferrite, P = Pearlite, B = Bainite, M = Martensite, A =
Austenite.

Coiling temperature, °C

Steel 650 600 550 500 450 400 300
1 F F F-B; F-B; F-B; F-B; F-B;
2 FP FP F-PB; F-B; Bi-(M+A) Bs-(M+A) Bs-(M+A)
3 FP F-P-B; F-P-B; Bs-(M+A) (Bs+B;)-(M+A) By-(M+A) By-M
4 F-B; F-B; F-B; Bs-F B,-M B,-M B,-M
5 F-P  F-P-B; F-P(Bs+B;) By, (M+A) By-(M+A) B;-(M+A) B,-(M+A)

6  F-P-B; F-P-B; B;-P-(M+A) Bs-(M+A) (Bs+B,)-(M+A) By-(M+A) By-M

VIILS Mechanical properties

The dependence of the yield stress, YS, on the coiling temperature is presented in
FigureVIII.10a. It shows a maximum for YS at 550 - 600 °C for steels 1 through 4. It is
noteworthy to mention that the maximum yield stress of steel 1 was found after coiling at 600
°C i.e. for the fully ferritic state. The transition to the mainly bainitic microstructures due to
the decrease of coiling temperature resulted in a slightly lower yield stress. The constant level
of YS for this steel coiled below 500 °C corresponds nicely to the absence of microstructural
changes for lower values of the undercooling in this range. The yield stress peak at 600 °C is
likely due to precipitation hardening of the ferrite during holding at temperatures susceptible
to lead to the formation of fine (Nb,T1)C particles. These carbides were initially dissolved at
the reheating temperature. It was reported that soluble Nb lowers the Ar; transformation
temperature and its precipitation during transformation can retard the progress of
transformation by a solute drag effect at the o/y interface.® Eventually, strain induced
precipitation during the rolling process would have the same retarding effect, but it is likely
that most of the (Nb,Ti)C particles precipitated during the a—y transformation. The stronger
strengthening effect was observed in steel 3, which had the highest Nb content. Obviously,
the precipitation hardening was less effective at 650 °C, which lead to natural formation of
coarser particles. At temperatures lower than 550 °C the process of precipitation was clearly
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suppressed and a decrease of yield stress was observed in the steels 1 through 4 with the
coiling temperature decreasing from 600 °C to 500 °C.

A wide strengthening peak was present for the steels 2 and 3. The higher carbon content
caused a less effective precipitation hardening at 550 °C combined with an increased
strengthening due to the significantly increased fraction of ‘“hard phase” M/A.

The similar maximum in the yield stress was found in the MoB alloyed low carbon CMn steel
4 with a mainly ferritic microstructure after coiling at temperatures 600 °C and 650 °C. This
steel, with a Bs type bainite microstructure formed after coiling at 500 °C or 550 °C, had a
lower yield strength. A further decrease of the coiling temperature below Mg resulted in a
mainly B, type bainitic microstructure with different fractions of martensite, accompanied by
an increase of yield stress.

The MoCrB alloyed CMn steel 6 with 0.15 wt.% C, characterized by an improved austenite
stability, had an exceptional behaviour with the continuous increase of yield stress as the
undercooling decreased. The absence of recognizable strengthening peak in the precipitation
temperature region is due to the combination of different factors: the lower Nb content, a
more gradual growth of the “hard phase” fractions determining the level of yield stress and an
increased fraction of M/A islands in the relatively soft matrix. The latter should result in a
distinctive mechanical behaviour and a characteristic strain-hardening rate.

a) b)
1100 4 . . .
850 PRI g i
- ~,
; i *
800 Jn | Bt e S S A
Cil=mo-(1 : : : : Km e N
750 - el 900 v KT TR X N = O (1)
-0 +(2) V== — e S
© 7 - o—
& 700 | —A (3 o ] ] 7\'\¢-.—v—_-"9' X\ *-0- @
= | —o—=(3) = 800 - ,,a,__,,_;__,__,_;é, éA 5 ————I\n..A..(:;)
> H ; N == - : : =y 5- =0~
I TV @ 2 T A N
600 .- N e TOO o NG (8)
T e Ty i A RN
CLUN I = L P - I
T T T T T T T T \ 7 7 T T T T ; ; \
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
Coiling temperature, °C Coiling temperature,°C
c) d)
1.00 - ; : :
22
B———-0= \T._.é.-——ﬂ—;-:é___A
0'95""&-'-”-_‘-,-;“*“"" N gm0 TR 20 ]
0.0 v : SN : : : 18]
' - N, | . ===
0 085 bbb e D s i = 0= (2) . —-0-(2)
E . T ¥ S 144 ..
) L ‘ : : r |- - (3) 3 DA (3)
> °3°“\ < 12
: el : : : Loy i|mv—(4) Tl=v—(4)
L e S "\9. e e - X - (5) 104 |=x=-(5)
; ; ; ; e i - 8 | coie| —@— (6
0.70 oo b e r‘w"r\‘_r_r_;‘rwa - (6) ; (®
T T T T T T T T ) 6 T T T T T T T T !
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
Coiling temperature,°C Coiling temperature,°C

FigureVIII.10: Mechanical properties of investigated steels.
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The tensile strength, TS, of the MoCrB added CMn micro-alloyed steel 6 was higher than in
other steels in the whole range of coiling temperatures (FigureVIII.10b). The increase of TS
coincided with the transition from a ferrite-pearlite-bainite microstructure to a bainite-
martensite microstructure. This provided a high strength level independent of the coiling
temperature. Tensile strength variations with a pronounced maximum in the temperature
range of micro alloying carbide precipitation were found for all other steels.

The evaluation of mechanical behaviour by the consideration of the ratio of yield strength to
tensile strength (YS/TS) revealed clear differences between the steels (FigureVIII.10c).
Independently of the C content, the B-free CMn and Mo alloyed CMn steels 1 to 3 had the
highest YS/TS ratio in the whole range of coiling temperatures. Note that the yield ratio for
these steels had a weak coiling temperature dependence. The YS/TS ratio was more
temperature dependant for the 0.15 C-CrMoB steel 6. In this steel the value of the yield ratio
was reduced sharply when the coiling temperature was decreased from 650 to 600 °C. This
induced the transition from a microstructure containing a sufficient fraction of ferrite-pearlite
constituent to a mainly bainitic microstructure. A decrease of the coiling temperature below
550 °C led to a gradual increase of the yield ratio caused mainly by the increase of the yield
stress YS at an almost constant TS value. It corresponded with the microstructural changes
showing the gradual transition to lower temperature decomposition products such as the B,
bainite and the martensite.

In the low-carbon MoB added CMn steel 4 a continuous increase of the YS/TS ratio with
decreasing coiling temperature between 650 and 500 °C was found. This corresponds to the
transition from a ferritic to a fully bainitic microstructure. As the coiling temperature
decreased below the martensite start temperature M, the formation of low-carbon martensite
and the formation of lath type B, bainitic microconstituent led to a small decrease of the yield
ratio mainly due to an increase in yield stress.

The influence of the coiling temperature on the elongation is in good agreement with the
microstructure changes (FigureVIII.10d). Ferritic or ferritic-low carbon bainitic
microstructure of steel 1 had both the highest elongation and lowest strength in the whole
range of coiling temperatures. Obviously, the plasticity of all the steels was sensitive to the
precipitation hardening occurring during coiling at 600 °C. The formation of low temperature
transformation products in steels 2-6, with a higher austenite stability due to decrease of
coiling temperature, resulted in a lower elongation.

VIII.6 Microstructure and strain hardening

The analysis of the strain-hardening rate for the different microstructural states was done in
order to explain the influence of the microstructure on the mechanical properties. Changes in
the shapes of tensile curves with the coiling temperature, presented in FigureVIIL.11, were
pronounced in the MoCrB added CMn steel 6.
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FigureVIIL11: Influence of the coiling temperature CT on tensile curves. Dashed lines: steel

It can be seen that after coiling at 720 °C the steel had a discontinuous yielding behaviour
with large yield point elongation of about 3 %. This is typical for the coarse ferrite-pearlite
microstructure. The decrease of the coiling temperature led mainly to changes in the work
hardening rate. The tensile curve for steel 6 coiled at 650 °C is continuous at moderate strain
hardening. It must be noted, that in this multiphase state the yield stress was lower than in the
steel 2 coiled at the same temperature. According to the microstructural diagrams and the
micrographs, the steel 2 had a fine ferrite-pearlite microstructure, which in combination with
a more effective precipitation hardening resulted in a discontinuous yielding behaviour at
higher stress level than in the coarser ferrite-pearlite microstructure formed at 720 °C in steel
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FigureVIIIL.12: Influence of the microstructure on logarithmic work hardening curves of low-carbon
steel compositions. Solid — steel 1 (0.04C-1.5Mn), Open — steel 4 (0.066C-1.5Mn-0.2Mo-B).
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FigureVIIL13: Influence of the microstructure on the work hardening of investigated steels. Open —

steel 2 (0.155C-1.5Mn). Solid — steel 6 (0.161C-1.5Mn-0.4Cr-0.2Mo-B). B,- lath bainitic ferrite, B; —

granular bainetic ferrite, P-pearlite, T- troostite, M- martensite. Indexes mean type of second phase in
bainite: M-martensite, A-austenite, C—carbides.

The decrease of coiling temperature to 600 °C led to a significant increase of the yield stress,
tensile strength and work hardening rate in steel 6. Steel 2 showed an increase of stress level,
a discontinuous yielding behaviour and a low work hardening when coiled at 600 °C. The
stress-strain curve was similar to the one obtained after coiling at 650 °C.

The maximum of strength combined with a lower but still adequate plasticity was found in
steel 6 coiled at 300 °C. This resulted from the formation of a bainitic microstructure with
martensite.

The influence of the microstructure on the strain hardening is summarized in FigureVIII.12
and FigureVIIIL.13 giving the In o-In € curves for the uniform plastic deformation stage. The
analysis of strain hardening can be done based on the known properties of microconstituents.
The behaviour of polygonal and bainitic ferrite formed in steels during coiling can be
presented more correctly by the behaviour of low carbon steels with ferrite or the
predominantly bainitic microstructure containing small fractions of second phase. Notice that
polygonal ferrite and ferrite strengthened by the precipitations of carbides result in a two
stage behaviour (FigureVIII.12). The first stage corresponds to the threshold formation stage
and the second corresponds to the ferrite strengthening stage. At uniform elongation the true
stress was about 720 MPa.

The MoB alloyed CMn steel 4 coiled at 550 °C with a microstructure consisting of bainitic
granular ferrite B; with extremely small islands of martensite, showed the similar two stage
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behaviour at sufficiently higher stress level and a lower elongation. The presence of lath
bainite in the microstructure of steel 4 coiled at 500 °C increased the resistance against the
start of plastic deformation and a decreased strain hardening rate, a lower uniform elongation
and a lower tensile strength. As a result the microstructure consisting of low carbon bainite of
both types B3 and B, with small fraction of martensite islands provided true tensile strength of
about 900 MPa.

It is known that the lack of dislocation mobility within the ferritic microconstituents is
consistent with the discontinuous yielding behaviour observed in low carbon steels.™ The
absence of sufficient dislocation mobility in bainitic ferrite can result from the formation of
dislocation network during recovery. On the other hand, the observed behaviour implies the
absence of mobility of dislocations due to volume change between austenite and martensite
formed close to the interphase bainitic ferrite-martensite islands boundary. It is possible that
in low carbon steels the C enrichment of the austenite during the bainitic reaction is not
significant enough and that martensite is formed at relatively high temperatures. These
conditions are sufficient for recovery or aging under slow cooling. Moreover, in steels with a
lower carbon content the amount of retained austenite formed during a long holding time in
the bainitic transformation region can transform to martensite during the subsequent cooling,
but this effect is apparently not sufficient to obtain a continuous yielding behaviour.

Addition of pearlite to the ferrite matrix of steels with a higher carbon content did not affect
strongly the strain hardening behaviour. The maximum true stress reached at uniform
elongation was about 700 MPa (FigureVIII.13). Change of the ferrite matrix to a bainitic type
Bs microstructure with small disperse islands of second phase, which can be identified as
carbides observed in steel 2 after coiling at upper range of bainitic temperatures also resulted
in the typical two-stage behaviour of the strain hardening. However, the formation of this
microstructure led to lower strength values than were found for the bainite with martensite
islands in the steel 6 (FigureVIIIL.13). The volume fraction of martensite was clearly larger in
steel 4 coiled at approximately the same temperatures. The presence of second phase carbides
could result in the formation of a more stable recovered matrix. Indeed the existence of the
second phase coarse martensite islands containing residual austenite established in the
MoCrB added CMn micro-alloyed steel 6 corresponds to a new type of strain hardening. Note
that in the steel coiled at 650 °C the presence of some fraction of pearlite with ferrite
microconstituent did not lead to clearly two-stage behaviour of strain hardening. The steel in
this state demonstrated an intermediate character between the described two-stage behaviour
with a yield point elongation and the fully continuous stress-strain curve found in
predominantly bainitic microstructures with M/A particles formed at lower coiling
temperatures. More likely, the presence of the stage with low strain hardening rate is an effect
of the ferrite-pearlite microconstituent. There are two acceptable explanations of a high strain
rate continuous hardening found for the microstructures containing M/A islands of second
phase:

(a) the formation of a significant fraction of martensite at lower temperatures due to the
higher carbon content in the steel or
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(b) the presence of retained austenite due to the incomplete bainitic reaction, which
induces the formation of numerous mobile dislocations located close to the interphase
boundaries.

The behaviour of this multiphase steel can be referred to “dual phase” type in case (a). In
comparison, in the steel 6 polygonal ferrite is substituted by bainitic ferrite that provides a
higher stress values and lower plasticity. According to the second approach, case (b), the
outstanding behaviour is caused by retained austenite in the M/A islands. Thus the high
hardening rate is the result of a micro TRIP effect. Alternatively the phenomenon can be a
consequence of combined effect of both factors.

The parameters of strain hardening for typical microstructural states of investigated steels
presented in TableVIIL.3 were obtained by fitting the data to the Hollomon equation:'>

o=C¢" (VIIL3)

where C is a coefficient equal to stress at strain of 1, n the strain hardening rate. Thus, the
magnitude of n is strain dependent. As in most cases two stages were observed, average
values of C and n for each stage are presented in the TableVIII.3. Large differences between
ny and uniform elongation were found for the ferritic microstructure enhanced by fine
precipitations and for fine ferrite-pearlite microstructure. This shows that more than two
stages of strain hardening exist in these states. For other microstructures a good agreement
between n, and the uniform strain was observed.

It follows from the data of the TableVIIIL.3, that the steels with a predominantly ferrite or
ferrite-pearlite microstructure can be grouped as steels having a tensile strength of 700-750
MPa and having a clear two-stage strain hardening behaviour with threshold in the 6—¢ curve.

A higher value of tensile strength can be reached by the formation of a predominantly bainitic
microstructure. The hot rolled multiphase steels with a predominantly bainitic microstructure
can be subdivided in steels with a clear two-stage behaviour of strain hardening caused by a
yield point elongation in the c—¢ curves (type II) and steels with a continuous c—¢ curve (type
IIT). A high value of the strain hardening rate parameter, n, is typical for the last type even at
very low strains. Note that for both groups the transition from granular to lath morphology of
bainitic ferrite leads to a decrease of the strain hardening ».

Obviously, the most effective strengthening of steel can be achieved with a microstructure
containing granular bainite with a significant amount of second phases in the form of M/A
islands. In this state the tensile strength level of about 1100 MPa combined with high strain
hardening rate and very adequate elongation were obtained.
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TableVIIL.3: The parameters of strain hardening for typical microstructures in investigated steels.

Predominant structure Ci m C, n TS, MPa Group
Ferrite +
640 0.0084 910 0.111 730
carbide precipitates
Fine ferrite-pearlite + I
650 0.0092 940 0.112 740
carbide
Coarse ferrite-pearlite 560 0.0099 990 0.174 700

Granular bainite +

carbides + 720 0.0076 1070 0.120 825

troostite

Granular bainite + 11
735 0.0076 1030 0.105 820

carbides

Granular bainite

850 0.013 1180 0.105 930
in low C steels
Granular and lath bainite

880 0.0199 1060 0.062 890 Ila
in low C steels
Granular bainite +
M/A islands +

880 0.0533 1270 0.141 915
some ferrite-pearlite

111

micro-constituents
Granular bainite + 1450- 1095-

- - 0.094-0.110
M/A islands 1465 1125
Lath bainite +

s . 4

M/A film-like particles + 1300 0.0565 1100 1lla

structural-free
martensite
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VIII.7 Conclusions

The main conclusions of the present chapter are the followings:

1.

The relationships between microstructures formed during typical thermomechanical
cycles in low C — 1.5 wt.% Mn based high strength micro-alloyed sheet steels and their
mechanical properties were examined. The analysis of strain hardening coefficients
established the distinction between 3 classes of tensile behaviours corresponding to
distinct microstructures. In particular, it was found that a microstructure consisting of
bainite with a second phase in the form of martensite-austenite islands had high
performance mechanical properties. Continuous yielding, high tensile strength, adequate
elongation, low YS/TS ratio and high strain hardening rate were found in this
microstructural state. Other microconstituents present in minor amount deteriorated
mechanical properties but kept the distinctive mechanical behaviour.

The formation of a predominantly bainitic microstructure with austenite-martensite
islands in condition simulating standard hot rolled sheet coiling was found in the MoCrB
added CMn micro-alloyed steel. This microstructure was formed in this particular steel
during the slow cooling of the steel in the temperature range between 550 °C and 650 °C.
The study of transformation kinetics revealed that in spite of wide range of coiling start
temperature the majority of austenite in this steel transformed in the bainitic region
between 550 and 400 °C providing similar properties. The decrease of the coiling start
temperature below 550 °C led to a decrease of plasticity due to the formation of the low
temperature constituents, lower bainite and martensite.
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Chapter IX

CHAPTER IX

Microstructure - properties relations in complex phase cold-
rolled high strength steels

IX.1 Introduction

The main texture characteristics and the transformation behaviour of the industrial
composition hot rolled and coiled at varied coiling temperatures were studied in chapter VII,
and its microstructures and properties were detailed in chapter VIII. Starting from hot rolled
sheets of the industrial composition with different microstructures and properties, cold rolling
simulation were performed in order to reduce the sheet thickness and achieve good
mechanical properties.

The present chapter is about the control of microstructure and mechanical properties in cold
rolled complex phase steels. Cold rolled sheets cannot be used as such, as the cold
deformation causes hardening of the steel and a loss of ductility. Part of the energy of
deformation remains stored in the structures of dislocations as elastic energy.® Cold rolled
complex phase steels are high strength steels and have too little residual ductility. A
recrystallizing anneal is thus necessary after cold rolling create a multi-phase microstructure
by heating above the Ac, temperature.

Industrially, two kinds of thermal treatments can be performed on cold rolled sheet steels:
- batch annealing (BA);
- continuous annealing (CA).

Batch annealing is largely used with fully ferritic steels and it consists in reheating coils under
protective atmosphere for several hours in the temperature range of 500 — 850 °C. The
reheating rate is usually low (10 °C/h) and the time and temperature of annealing are adjusted
to control the recrystallisation and grain growth of ferrite.

Continuous annealing cycles have a much faster reheating rate (10 °C/s) and a shorter
annealing time (minutes instead of several hours). The CA process is much more flexible than
BA cycles. In multiphase steels such as DP, TRIP and CP steels, complex continuous
annealing cycles are used to produce specific microstructures.
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Results of batch annealing with different reheating temperatures are presented. Tensile testing
on specimen made from annealed plates showed clearly the difference between recrystallised
and not recrystallised ferrite. The 50 % recrystallisation temperature was determined.

Most of the work described in the present chapter concerns continuous annealing cycles with
a reheating temperature between Ac; and Acs;. With such cycles, complex microstructures
were obtained leading to very good tensile performances.

IX.2 Experimental procedure

Blocks with 120 mm length, 60 mm width and 25 mm thickness of industrially produced steel
with composition 0.16 wt.% C, 1.6 wt.% Mn, 0.2 wt.% Mo, 0.5 wt.% Cr, 500 ppm Nb, 200
ppm P and 20 ppm B were reheated to 1270 °C, for one hour and hot rolled in 6 passes to a
final thickness of 2.5 mm. Three coiling temperatures (CT) were used to produce different
microstructures. Ferrite and pearlite were obtained after coiling at 720 °C, and a bainite-
martensite microstructure was obtained after coiling at 550 °C. The hot-rolled plates were
then cold rolled with 60 % reduction to the final thickness of 1 mm.

Batch annealing simulations were done with 800 mm length and 250 mm width plates in
furnace under protective HNX atmosphere.

Continuous annealing cycles were carried out with a laboratory continuous annealing
simulator (CASIM) on plates with 650 mm length and 250 mm width.

The phase transformations occurring in the steel during the continuous annealing process
were studied by means of dilatometry. At first, a cylindrical sample with 5 mm length and 3.5
mm diameter was reheated to 1200 °C, 2 min then cooled at the rate 300 °C/min to produce a
bainite-martensite microstructure. It was then reheated to a temperature between Ac; and Acs,
for 10 min, and cooled at the rate 300 °C/min. Between each inter-critical annealing cycle, the
sample was reheated to 1200 °C, to obtain the same starting microstructure. The tests were
carried out to estimate the fraction of austenite formed at selected inter critical temperatures
and determine the phases formed during cooling. The fraction of phases formed during the
continuous annealing cycle has an influence on the tensile properties. It was therefore decided
to use cold rolled plates with dimensions 5 mm x 3.5 mm x 1 mm directly in the dilatometer
rather than using standard cylindrical samples from the cast steel. As a result, the effects of
deformation were taken into account, and the dilatometry results were comparable to the
CASIM cycles.

The different phases were observed by light optical microscopy (LOM) and scanning electron
microscopy (SEM) after etching with the LePéra etchant.* The volume fractions of residual
austenite in different cold rolled and annealed samples were determined by means of X ray
diffraction and magnetic measurements.
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IX.3 Batch annealing

Two different microstructures, i.e. ferrite-pearlite and bainite-martensite were obtained after
hot rolling and coiling at 720 °C and 550 °C, respectively. Hot rolled plates with 2.5 mm
thickness were given a 60 % reduction cold rolling to 1 mm thickness. At first, three
annealing cycles shown in Figure IX.1 were used with reheating temperatures 630, 670 and
710 °C, respectively. The purpose of these tests was to produce cold rolled sheets with 800
MPa tensile strength and 15 % elongation. During the annealing, however, the complex
bainite-martensite microstructure formed during the coiling at 550 °C was destroyed due to
ferrite recrystallisation and carbides precipitation from retained austenite. The sample coiled
at 720 °C, initially ferrite-pearlite transformed partially to austenite during the annealing at
710 °C, likely due to Mn rich regions in the initial pearlite. This can be seen in Figure IX.2 in
which the bright phases are M/A constituent, either martensite or austenite. In all cases the
measured tensile strength in cold rolled and annealed samples was lower than 700 MPa. The
total elongation was higher than 15 %. In Figure IX.2, the coarsening of new ferrite grains
from deformed zones is clearly seen with increasing reheating temperature.
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Figure IX.1: Batch annealing cycles.
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CT=720°C CT =550 °C

AT =630 °C
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_-20 pm 20 pm

Figure IX.2: Microstructures of cold rolled and continuously annealed samples at 630 °C, 670 °C and
710 °C (from top to bottom) hot rolled and coiled at 720 °C (left) and 550 °C (right). CT = Coiling
Temperature. AT = Annealing Temperature.
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Additional annealing cycles were done with reheating temperatures 600 °C, 570 °C, 530 °C
and 480 °C, respectively. The tensile properties of each annealed plate were measured, and
the TS versus reheating temperature plot of Figure 1X.3 shows clearly the recrystallisation
temperature range. The temperature at which 50 % recrystallisation occurred was Trex = 585

°C.
Annealing below T, suppressed the ductility (At < 2 %) and increased the tensile strength.

Annealing above T, increased the ductility (A« > 16 %) and reduced the tensile strength.
Note also the presence of a large threshold (about 3 %) in the strain-stress curves, due to the

pinning of dislocations.

1400 -
1200
No‘t recrystallised, 1|
Destruction of y__ !
© 1000 !
o
=
»  800-
=
Recrystallised
600 R Lt S
\9
400 T T T T T T T T T T T T
480 20 560 600 64 680 720

Tempering temperature\°C

Figure IX.3: TS vs. reheating temperature and corresponding microstructures.
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IX.4 Continuous annealing: microstructural control

IX 4.1 Dilatometry on cylindrical samples

Figure IX.4 shows the dilatation dl/ly of a sample submitted to different CA cycles. It can be
seen that the bainite and martensite start temperatures decrease with decreasing annealing
temperature. After 10 minutes intercritical annealing (IA), the equilibrium between alpha and
gamma phases was almost reached. The cooling curves were analyzed using a program
recently developed for dilatometry.>*> It was assumed after each intercritical annealing
temperature that the equilibrium austenite fraction was formed.

:Isothermql
N\ LA T
N\ .

0.008

0.006

L o B B B
200 300 400 500 600 700 800 900

Temperature, °C

Figure I1X.4: Dilatometric curves.

The calculated fractions and measured transformation temperatures for bainite and martensite
are shown in Figure IX.5a and 5b for different intercritical annealing temperatures. While the
B, temperature was not much affected by the annealing temperature, lower intercritical
annealing temperatures resulted in lower M temperatures, as at lower intercritical annealing
temperatures the equilibrium partitioning of carbon results to a higher carbon content in
austenite.

The M, temperature was used to estimate the volume fraction of austenite formed during the
annealing and its carbon content. From the curves shown in Figure IX.5, the My temperature
can be determined by fitting the Koistinen-Marburger equation to the dilatometric data
obtained experimentally:®

f. =1—exp(k(M, —T)) (IX.1)
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The empirical formula from Li et al” for predicting B was used to estimate the carbon content
in the austenite before the bainite transformation started:

B (°C)=637 - 58wt%C —35wt%Mn —15wt%Ni — 34wt%Cr — 41wt% Mo (IX.2)

Using the measured M temperatures, the C content of the parent austenite phase before the
martensitic transformation, i.e. Cy;, the C content of the martensite, was calculated using the
Stevens and Haynes equation:®

M (°C)=561-474wt%C,, —33wt%Mn —17wt%Ni —1Twt%Cr — 21wt%Mo (IX.3)
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Figure IX.5: a) Fractions of bainite and martensite after [.A., b) M and B, vs L.A.T.
It was found that for a CMn steel at cooling rates below 300 °C/min, the carbon content in

bainite, Cg, including both C in ferrite and carbides, was the same as the initial carbon
content.” It was assumed that the C content in the ferrite formed during cooling could not
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exceed the solubility limit of C in ferrite, which was C, = 0.015 wt.% for the present steel
composition.

Using the balance mass equation, the carbon content in the intercritical austenite was
calculated as:

Cu=CV,+C,V, +C,V, (IX.4)

At the annealing temperature, where only ferrite and austenite are present, the austenite
fraction was calculated using the mass balance equation:

Co=CosVis + CiV, (IX.5)

where C is the total carbon content and V,=1-V 4.

Figure 1X.6 illustrates the procedure. After annealing the material for 10 min at 780 °C, the
measured Bs and Mg were respectively 545 °C and 382 °C corresponding to a C content of
0.26 wt.% in the parent austenite. 61 vol.% of austenite was formed during intercritical
annealing. This austenite decomposed during cooling into 40 vol.% bainite and 60 vol.%
martensite. The final microstructure was thus 40 % ferrite, 24% bainite and 36% martensite.

U L P I

= [1-exp(-0.028*(382-T))]*(1-f,)

150 200 250 300 350 400 450 500 550 600 650 700 750 800
Temperature (°C)

Figure IX.6: Fitting of the martensite formation using the Koistinen equation.® I.A.T: 780°C.

Another method to determine the volume fraction of the austenite formed during intercritical
annealing was obtained by considering the slopes of the cooling curves. Indeed, the thermal
expansion coefficient of a steel is a linear function of the temperature when no phase
transformation occurs.’? If after intercritical annealing the steel is a mixture of ferrite and
austenite only, the thermal expansion coefficient at the intercritical temperature, k;4, can be
written as:
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ki =Vk, +V .k, (IX.6)

The measured values for the thermal expansion coefficient of the o and y phases were k, =
16.10°°C™" and k, = 23.10° °C™, respectively.

The volume fractions of intercritical austenite obtained with this method were close to those
obtained using the M temperature, as can be seen in Figure [X.7a.
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Figure IX.7: a) Austenite fraction as a function of IAT, b) C content in austenite as a function of IAT.

The Figure IX.7a and 7b show respectively the fraction of austenite and its carbon content
measured using the two methods just presented, i.e. those using the Ms temperature and the
slopes of dilatometer curves giving the thermal expansion coefficients, respectively. Two
other methods were also used, the fitting to the Johnson Mehl Avrami (JMA) equation
described below, and ThermoCalc™ (TC) prediction. More austenite was formed than
expected from the pseudo equilibrium FeC diagram calculated using TC. This is not
consistent with the increase of Ae; usually observed in non-equilibrium conditions during
heating'®. Ac; should normally be higher than Aes. The morphology of the starting
microstructure consisting of bainite, martensite and some austenite acting as nucleation sites
may be the reason for the larger amount of intercritical austenite formed.

Finally, the kinetics of austenite formation was studied more in detail. From the curves of
Figure IX.4, it was assumed that after annealing 10 min at 840 °C, the microstructure was
fully austenitic. Taking the starting time to = 0 s at 700 °C, it was possible to follow the
progress of austenite formation at different annealing temperatures. It must be noted that the
initial microstructure started to transform to austenite during heating from Ac; to the
intercritical annealing temperature. At each intercritical annealing temperature, the Johnson-
Mehl-Avrami (JMA) analysis was carried out by fitting the experimental data to the JMA

equation:g
y=1-exp|-(k(T)r)"] (IX.7)
where
_ -9
k(T)= Aexp(RTj (IX.8)

and y is the fraction of austenite formed, ¢, the time, 7, the temperature, 4, the frequency
factor, O, the activation energy, k(7), the temperature-dependant rate constant and n, the
Avrami exponent. n and k were determined experimentally by modifying equation (IX.7) to:

ln(ln(%D =nlnk+nlnt (IX.9)
-y

As the transformation started during heating, at annealing temperatures above 780 °C, the n
and k& values obtained for the beginning of transformation were the same. The values of n
increased from 2 to 5 between 740 °C and 780 °C.

The measured values of k allowed for the determination of the activation energy Q for the
austenite formation between 740 °C and 780 °C; O = 326 kJ/mol was obtained. This value is
high in comparison to the activation energy for self-diffusion of gamma iron: Q = 284
kJ/mol22 An increase of the activation energy is likely due to the presence of alloying
elements such as Mo, Nb and B, known to be present at the austenite-ferrite phase boundaries
where they cause solute drag-like effects (SDLE).1
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Figure IX.8 was plotted using equation (IX.9). For each of the annealing temperatures, two
linear parts were observed in the double logarithmic plots. The first part corresponds to the
austenite formation from C rich regions (martensite in the present sample) during heating
and/or holding, while the second part corresponds to the further growth of the austenite in the
proeutectoid ferrite.
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Figure IX.8: Double logarithmic plot according to the JMA equation of the austenite formation during
LA.

This part of the re-austenitisation process has a much slower rate. This behaviour was also
observed for TRIP steel during intercritically annealing for their ferrite-pearlite
microstructure.”> The austenite formation during intercritical annealing is dependent on the
initial microstructure. The austenite fraction obtained with the JMA analyses were
overestimated. Partial recrystallisation of the ferrite during intercritical annealing, leading to
an extra decrease in the length of the samples could be a reason for this observation. The
fraction of austenite formed was determined using the intersection of the two extrapolated
lines of Figure IX.8. The results were close to those obtained with the previous methods, as
illustrated in Figure IX.7a and 7b.

1X 4.2 Microstructure predictions in cold rolled sheets

Intercritical annealing experiments were carried out in a dilatometer on cold rolled steel
sheets. Due to the non-standard shape of the samples as well as their different starting
microstructure, the method using the M; temperature was used to determine the fraction of
intercritical austenite. It can be seen on Figure 1X.9 that the decrease in length of the cold
rolled plates during annealing was more important than for the cylindrical sample. The
difference is clearly due to the shape and the initial microstructure of the samples. In the
material coiled at 720 °C, the cold rolled ferrite recrystallised faster than the bainitic ferrite in
the plate coiled at 550 °C. It can be seen that after annealing 10 min at 780 °C, the bainitic
transformation was suppressed and the M temperature was lower in both cold rolled samples
than in the cylindrical sample. This implies that less austenite was formed in the case of the
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cold rolled steel during intercritical annealing, as its C content was higher. Microstructural
observations combined with phase analysis using the Mg method described previously
allowed for the determination of the phases volume fractions. 34 and 38 vol.% of austenite
was formed in the samples coiled at 550 °C and 720 °C, respectively. The samples were then
cold rolled and annealed for 10 min at 780 °C. Other samples were annealed for 10 min at 820
°C. The JMA analysis was carried out to estimate the activation energies for austenite
formation in cold rolled plates. It was measured 136 kJ/mol and 276 kJ/mol in the samples
coiled at 550 °C and 720 °C, respectively. The lower activation energy in the sample coiled at
550 °C was likely due to the presence of more nucleation sites for the austenite formation. It
must be noted that the value of 136 kJ/mol is close to the value of 150 kJ/mol measured in
chapter V for the bainite formation during both isothermal holding and continuous cooling
CMn steels. It corresponds to the activation energy for carbon diffusion in the austenite. The
value of 276 kJ/mol measured in the sample coiled at 720 °C must be compared to the
activation energy for self-diffusion of y-Fe.

This means that in the case of the pearlite decomposition to austenite, the process is
controlled by substitutional diffusion, while the bainite decomposition to austenite is
controlled by the interstitial C diffusion in the austenite. However, even though the activation
energy for the nucleation of intercritical austenite was lower in deformed samples, the growth
rate was lower in the cold rolled plates than in the case of the cylindrical sample, which had
much larger grain sizes, due to its reheating to 1200 °C between intercritical annealing cycles.
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Figure IX.9: Dilatometric curves with intercritical annealing at 780 °C for different initial
microstructures.

Figure I1X.10 gives the volume fractions of the ferrite, including primary ferrite and ferrite
formed during the cooling following the annealing, the austenite formed at the intercritical
annealing temperatures, the bainite and the martensite in the final microstructure in the three
types of dilatometric samples. It is clear that the kinetics of austenite formation is lower in
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cold rolled plates. The use of such samples instead of standard dilatometer samples seems
therefore necessary. The initial microstrucure and the deformation before simulating
continuous annealing cycles are to be taken into account.
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Chapter IX

Figure IX.10: Fractions of intercritically annealed austenite and ferrite, and fractions of bainite and
martensite formed during subsequent cooling from IAT for a) sheet sample with microstructures F+P,
b) sheet sample B+M and c¢) cylindrical sample B+M (bottom).
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It can be seen on the micrographs Figure IX.11 that after the intercritical annealing of 10 min
at 820 °C, a cold rolled plate coiled at 720 °C consists of the initial recrystallised ferrite (dark
phase), and a mixture of ferrite, bainite and martensite. Annealing a similar sample 10 min at
780 °C lead to a dual phase microstructure of ferrite and martensite. Other simulations using
different cooling patterns after the intercritical annealing of the cold rolled plates at different
temperatures and times were also carried out. The same cycles were done on larger sheet
samples using a continuous annealing simulator. The final complex phase microstructures and
the mechanical properties are reviewed in the next paragraphs.

Figure IX.11: SEM micrographs showing the microstructure obtained after annealing cold rolled
sheet samples (CT = 720°C) for 10 min at a) 780°C and b) 820°C. Etchant: LePéra.
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IX.5 Microstructure-properties relations

The hot rolled plates were cold rolled with 60 % reduction and intercritically annealed in a
continuous annealing simulator to obtain microstructures leading to high levels of strength
and adequate elongations. Two intercritical annealing temperatures, respectively 780 °C and
820 °C were used. The annealing time was 60 s. Some samples were cooled continuously at
different cooling rates to produce a dual phase microstructure and others were cooled to an
isothermal holding temperature to favour the bainitic transformation. Microstructures with
different volume fractions of ferrite, bainite and martensite were thus produced. In all cases
the tensile curves showed a continuous yielding. This is very likely due to the presence of the
martensite phase in all the samples. This is consistent with the observation of continuous
yielding in dual phase steels with martensite contents of more than about 4 %.'® Figure IX.12
is an Aso versus TS graph. Recent tensile tests performed on hot rolled steels with tensile
strengths above 800 MPa using Agy and Asy specimens showed that the measured yield
strength, tensile strength and the total elongation were very similar.
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Figure IX.12: Tensile properties of cold rolled complex phase steels intercritically annealed at 780 °C
(open symbols) and 820 °C (solid symbols) then cooled using different patterns.

It can be seen on Figure 1X.12 that the best elongations were obtained starting from samples
coiled at 720 °C, which have a ferrite-pearlite starting microstructure. After the intercritical
annealing the ferrite was the softer phase in the material. During tensile testing, ferrite was
first deformed and was mainly responsible for the elongation. Its ability to absorb the energy
of deformation was higher in the ferrite-pearlite microstructure due to its morphology. The
drawback of starting from the ferrite-pearlite was that after cold rolling and annealing, some
bands due to the segregation of alloying elements such as Mn in the pearlite were still present
and were detrimental for the tensile properties in the transverse direction. It can also be seen
that a higher annealing temperature led to both a better strength and a larger elongation (solid
symbols in Figure 1X.12).
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As more austenite was formed at higher intercritical annealing temperature, more M/A
constituent was produced during the subsequent cooling, increasing the strength of the
material. It has been seen previously that during annealing, the primary ferrite recrystallised
and thus accumulated more energy of deformation. This could explain the relatively high
values of elongation.

Figure IX.13 shows microstructures obtained after an intercritical annealing at 780 °C and
820 °C, respectively, and an isothermal holding to produce bainite.

Figure IX.13: Light optical micrographs showing microstructures after continuous annealing cycles
on plates coiled at 720 °C. Annealing temperatures: 780 °C (top) and 820 °C (bottom). Etchant:
LePera.

Image analysis on micrographs combined with dilatometer studies were used to determine the
volume fractions of each phase after different annealing cycles. The microstructures observed
were then plotted in ternary diagrams for different ranges of tensile properties, as shown in
Figure 1X.14.
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Figure IX.14: Effects of phases content on the tensile strength TS, on the total elongation As, and on
the ratio YS/TS.
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Using this original method to report the results, it can be seen that the highest tensile strengths
were obtained in the steels with the bainite-free microstructures, i.e. DP steels. Those had also
the lowest elongations. The best compromise between strength and elongation were obtained
in steels containing about 25 % bainite. Those CP steels with 15-30 % bainite, 10-50 %
martensite/austenite and 50-80 % ferrite had also the lowest YS/TS ratios, which is
particularly beneficial for good stretch formability.

IX.6 The M/A constituent

In the three properties graphs shown in Figure 1X.14, the microstructure is a mixture of
ferrite, bainite and M/A. However, the mixture of martensite and austenite is particularly
interesting as sufficient amounts of residual austenite may be responsible for a TRIP effect.
Different samples with the industrial composition were thermally treated to produce varied
microstructures containing ferrite, bainite and M/A. The resulting samples were observed in
SEM after metallographic etching using the method of LePéra. It can be seen in Figure IX.15,
that ferrite and bainite could hardly be distinguished. In contrast, the M/A constituent was
clearly observed.

Figure IX.15: SEM Microstructure of cold rolled complex phase steel. CT = 650 °C. IAT = 800 °C.
Bainitic transformation at 400 °C. Etching method: LePera.

Using quantitative optical analysis, the fraction of M/A was measured in each sample. The
ferrite fraction was calculated from the time and temperature of intercritical annealing by
means of the method presented before. The tensile properties were measured on tensile
specimen with 80 mm gauge length. The yield strength and tensile strength are plotted as a
function of the M/A fraction in Figure IX.16.
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Figure IX.16: YS and TS vs. fraction of M/A constituent in cold rolled and annealed CP steel.
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Figure IX.17: Influence of the fraction of M/A constituent on the YS/TS ratio.

It can be seen in Figure 1X.16 that the YS is not affected much by the fraction of M/A. On the
other hand, TS clearly increases with increasing volume fraction of M/A. As a result, the
YS/TS ratio clearly decreases with increasing fraction of M/A as can be seen in Figure [X.17.
The YS/TS ratio lower than 0.5, was obtained with microstructures containing more than 0.12
vol.% M/A.
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Figure IX.18 shows the evolution of the uniform elongation (UE) and total elongation (TE)
with the fraction of M/A. It is clearly seen that the elongation increase with increasing M/A
fraction up to a maximum at 0.12. From these results, it is clear that the fraction of residual
austenite in M/A influences the elongation. It is very likely that in the martensite-austenite
mixture a TRIP effect due to the transformation of residual austenite to martensite occurs. The
resulting increase of the strain hardening is the cause of the improved elongation.
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Figure IX.18: Uniform Elongation (UE) and Total Elongation (TE) vs. volume fraction of M/A
constituent.

Magnetic measurements were carried out to determine the fraction of residual austenite. The
carbon content in residual austenite was estimated by means of the equation:

_ G (-/,,)-0.02f,

e fM/A

(IX.10)

It was assumed that the carbon content in bainite was equal to the initial austenite carbon
content C, = 0.16 wt.%. This is based on the findings reported in chapter IV. Figure 1X.19
shows the results for the fraction of residual austenite as a function of its carbon content.
During the thermal cycle, austenite formed from the initial microstructure, then transformed
to bainite and martensite. The intercritical annealing temperature and time determine the
fraction and carbon content of intercritical austenite. The intercritical austenite is further
enriched in C during the bainitic transformation. The C content in the austenite at the end of
the isothermal bainitic transformation determines whether the remaining austenite will
transform to martensite or not. The pseudo-binary Fe-C diagram in Figure IX.20 shows the
enrichment of austenite in C during the annealing cycle. The experimental results revealed
that the highest elongation was obtained for 12 vol.% of M/A constituent with ~5 vol.%
residual austenite. The residual austenite is transformed to martensite during straining.
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Figure IX.19: Residual austenite fraction vs. carbon content.
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Figure IX.20: Pseudo Fe-C diagram showing the variation of C in the austenite during an [.A. cycle.
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IX.7 TEM microstructure of cold-rolled CP steel

Thin foils were prepared from cold-rolled complex phase steel with the microstructure shown
in Figure IX.15. That cold-rolled Nb-microalloyed CMnMoCrB steel contained a mixture of
ferrite (~65 vol.%), bainite (~20 vol.%), and martensite (~15 vol.%). Magnetic measurements
and XRD did not detect more than 2 vol.% of retained austenite. The microstructure was
observed using a Philips EM 420 Transmission Electron Microscope (TEM) operating at 120
kV. Figure IX.21 shows high dislocations density in the ferritic phase. That phase can either
be ferrite coming from the reheating of a dislocated bainitic microstructure, or bainitic ferrite
formed during the isothermal bainitic transformation during the annealing cycle. The presence
of dislocations can be explained due to the low transformation temperature of bainite in both
cases. However, the bainitic ferrite formed during hot-rolling was reheated and likely
recovered. If the observed ferritic phase is actually primary bainitic ferrite, the present
dislocations are very likely due to the plastic deformation of this phase consequently to the
formation of martensite in the close neighbourhood.

dislocations &

Figure IX.21: TEM micrograph showing high dislocations density in ferritic phase.
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As can be seen in Figure IX.22, martensite producing a dark contrast was found between large
ferritic zones. In both ferritic and martensitic regions, small precipitates with diameters
between 20 and 50 nm were found. Those precipitates are very likely TiCN, TiN or TiC
precipitates as they are similar and of the same size order to those observed in chapter VI,
Figure VL.5 in CMn steels. The possibility of Nb precipitates must also be envisaged, as Nb is
present in the studied steel. A clear identification of those precipitates would require further
TEM investigations.

k Bainitic ferrite

Figure IX.22: TEM microstructure of cold-rolled CP steel.

Figure 1X.23 shows a clear twinned martensite, as observed in the hot—rolled sample shown in
chapter I. The diffraction pattern shows satellite spots confirming that different
crystallographic planes have the same orientation. That martensite, rich in C, was very likely
formed during the last step of the annealing cycle, i.e. during the cooling to room temperature.

One diffraction spot was selected to obtain the dark field diffraction conditions corresponding
to a twin. Figure 1X.24 shows clearly that parallel planes are highlighted, corresponding to a
same family of diffracting planes.
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Figure IX.23: TEM micrograph of twinned martensite in cold rolled sample.
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Figure IX.24: Dark field TEM image and corresponding diffraction spot in twinned martensite.
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IX.8 Impact testing

High strain rate tensile tests were carried out on a Charpy machine modified for tensile testing
and equipped with a force sensor, described in chapter II. The initial impact tension rate was
150 s'. The effective strain at fracture (ec5) was calculated as:

£y =24/6; + 6,6, +6; (IX.11)

where €, and €3 are the major strains calculated using:

g, = ln{b—oJ ,E3 = ln(h—‘)] (IX.12)
b, h,

where hy, by are the initial cross section dimensions and /4y, by the neck size values after
fracture.

Specific absorbed energy, total elongation of the specimen and maximum localized strain
were measured. The effective stress was calculated as the value providing equivalent
absorbed energy at the same elongation.

The comparison between static and impact testing is shown in Figure [X.25. A strong increase
of both the total elongation and the tensile strength is observed after impact testing, which
means that e.g. in case of a crash of a passenger car, using the CP steel would improve the
safety. Similar results were observed in TRIP steel alloyed with Al, while in conventional Si-
alloyed TRIP steel the elongation was lowered.!?
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Figure IX.25: Comparison between static and impact tensile tests for the cold rolled CP steel.
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Figure IX.27: Impact tensile stress vs. total elongation plot for different HSS grades.
The impact energy and the impact tensile strength as functions of the total elongation are

compared in different steel grades, i.e. TRIP, Dual Phase (DP) and Complex Phase (CP) steels
in Figure IX.26 and Figure IX.27, respectively.
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The highest elongation was obtained for TRIP steels, DP steels had an intermediate total
elongation and CP had the lowest elongation. The impact energy, however, was higher for CP
steels than for DP steels. The tensile strength was much higher in CP steels than in DP and
TRIP steels. From these graphs it appears that the TRIP steels have the best crash safety
potential. CP steels, however, have to be considered as they have high tensile strength,
adequate elongation and good impact energy adsorption.

IX.9 Conclusions

Cold rolled and intercritically annealed CP steel was studied in detail. Batch annealing
simulations allowed the determination of the ferrite recrystallisation temperature. It was
shown that dilatometry could be done on cold rolled plates to determine the temperatures of
phase transformations and the volume fractions of phases formed after continuous annealing
simulations. The state of deformation in cold rolled plates was responsible for a decrease in
the kinetics of austenite formation during annealing between Ac; and Acs;. Continuous
annealing simulations with different cooling patterns were performed on cold rolled plates
and the tensile properties were measured. The effects of the different parameters can be
summarized as follows:

Initial microstructure - A ferrite-pearlite starting microstructure leads to lower tensile
strengths and better elongation after annealing, due to the polygonal shape of ferrite.
However, due to the higher decomposition rate of pearlite to austenite than ferrite to austenite,
a banded structure is still present after annealing and may be detrimental for the tensile
properties in the transverse direction. A bainite-martensite starting microstructure leads to
higher strength levels but poorer elongations.

Annealing temperature - Increasing the intercritical annealing temperature leads to the
formation of more austenite. Depending on the cooling pattern, more of the hard phases,
bainite and martensite, may be formed, increasing the strength level. Larger recrystallised
ferrite grains may be responsible for the excellent elongation.

Annealing time - It was shown that the austenite formation was faster at the start of the
intercritical annealing. Carbon partitioning was more sluggish. Reducing the annealing time
lead to a slightly lower fraction of austenite.

Cooling pattern - The best compromises between high strength and good elongation were
obtained for the CP steels with about 63 % ferrite, 25 % bainite and 12 % martensite. It was
shown that a thermal cycle with an isothermal bainitic transformation (IBT) at 450 °C was the
most efficient.

The M/A constituent was found to be mainly responsible for the improvement of tensile
properties, i.e. an increase of TS, decrease of the YS/TS ratio and the increase of TE. The
residual austenite content in the M/A constituent increased the total elongation very likely due
to a TRIP effect.

Finally, impact properties were better than static tensile properties. This implies that CP could
be used in crash-sensitive parts of passenger cars.
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CHAPTER X

General conclusions

X.1 Improved method to study multistep phase transformations Kinetics
from dilatometric data

Due to their thermal expansion and phase transformations, significant volume variations can
be measured in steels by means of dilatometry during heating, cooling or isothermal holding.
The volume fraction of the parent phase is usually determined from a curve of relative length
change as a function of temperature by using the lever rule method. The lever rule is,
however, only applicable in the case of a process which involves only one phase
transformation as the relation between the amount of formed phase at a certain stage of the
transformation and the associated volume change is assumed to be linear. In addition, it does
not give any information about the composition of phases. A model was, therefore, developed
based on the thermal expansion coefficients to calculate the phase transformation kinetics
from a dilatation curve. The model was first validated by comparing its results with the
experimental results for a interstitial-free steel which involved only one phase transformation
during a cooling from the austenite phase region. The model was then applied to investigate
the bainitic transformation using the dilatation curves obtained from a bainitic grade steel.
Excellent agreement between the model and the experiments was found.

X.2 Experimental study of multistep phase transformations Kkinetics
during continuous cooling C-Mn steels

Although dilatometry can be used to determine the beginning and the end temperatures of
phase transformations, the standard data analysis based on the lever rule is usually not
appropriate to determine accurately the different volume fractions of phases when several
phases are formed. In addition to the well-known lever rule method, the new method
described in chapter III was applied to study the phase transformations in a 0.2C-1.6Mn steel.
Calculated volume fractions of phases were compared with microstructural observations and
supplemented with hardness measurements. A detailed CCT diagram was obtained. The
method was believed to be well suited to study the effects of alloying elements on the
austenite decomposition. The bainitic transformation could be analyzed in detail as the model
takes into account the carbon partitioning and its considerable enrichment in the bainite. The
existence of a critical cooling rate, at which the carbide precipitation is suppressed after the
bainite formation, was emphasized.
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X.3 Dilatometric study of the effect of soluble boron on the continuous
and isothermal austenite decomposition in 0.15C-1.6Mn steel

From the literature study of the reported effects of soluble boron on the phase
transformations, it was remarked that soluble boron affected differently the ferrite and the
bainite formations. Hence, the mechanism of transformation, diffusive or displacive, seemed
to determine how the nucleation rate was affected by soluble boron. It has been suggested that
the growth process of ferrite may be slowed down by a solute drag like effect (SDLE) due to
the partitioning of alloying elements.

In this chapter, continuous cooling a C-Mn steel containing soluble B from the austenitic
region with different cooling rates and isothermal transformation cycles were performed in a
dilatometer in order to produce controlled microstructures. The kinetics of ferrite formation
during an isothermal holding and a continuous cooling was clearly slowed down by the boron
addition. It was observed that no grain boundary nucleation of ferrite occurred in the boron
bearing steel. The carbide precipitation was also found to be retarded in the steel containing
boron. The kinetics of bainite formation, however, was not influenced by boron additions.
The segregation of boron to y-grain boundaries effectively suppressed the grain boundary
nucleation of the ferrite. Ferrite and bainite likely nucleated from TiN precipitates inside the
austenite grains. As a result, the microstructures obtained after any heat treatment were
morphologically different than the microstructure of the boron free reference steel. Indeed, in
the CMnB steel, the formation of the primary ferrite was suppressed, and the upper bainite
was acicular ferrite. The interaction between Mn and boron resulted in the enrichment of the
austenite in Mn. As a result, after cooling at cooling rates between 6 °C/min and 840 °C/min,
the Mn-rich residual austenite zones acted as nucleation sites for the reverse a—y
transformation and resulted in the decrease of the Ac; temperature in the CMnB steel.

X.4 Effects of combinations of Mo, Cr and B on phase transformations
during continuous cooling

The effects of Cr and Mo on the austenite decomposition during continuous cooling have
been studied in CMn steels containing soluble B by means of dilatometry. The combination of
Cr, Mo and soluble B produced dual phase bainite-martensite in a wide range of cooling rates,
due to transformation stasis during cooling. In the CrMoB alloyed steel, the isothermal bainite
transformation at 500 °C was also incomplete. This effect was attributed to a strong SDLE
due to local concentration of Cr, Mo and Mn decreasing the mobility of the y—o interphase
boundary. In the MoB steel, Ac; was strongly lowered when reheating a bainitic
microstructure, likely due to the presence of residual austenite with high substitutional (Mn +
Mo) content. That effect was not observed in the Cr containing steels likely due to the carbide
forming property of Cr.
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Dictra simulations were performed to estimate the partitioning of Cr, Mo and Mn during the
austenite decomposition to ferrite. The effect of soluble B was found to be well represented
by considering spherical growth from the center of grains, i.e. the grain boundary nucleation
was suppressed. Using those conditions, Mn was found responsible for the SDLE in the
CMnB steel due to its high concentration at the moving interphase boundary. Local
equilibrium without partitioning of substitutional elements was predicted in the CrB steel,
while in the MoB steel, the transformation likely occurred under paraequilibrium. Mo was
clearly responsible for SDLE. In CMn steels, the combination of Cr and Mo with soluble B
produced transformation stasis due to a strong SDLE. As a result, with low amounts of
alloying elements, complex bainite + martensite microstructures were produced in a wide
range of cooling rates.

X.5 Combined dilatometric-crystallographic texture study of the effect of
austenite deformation on the phase transformations in a micro alloyed
bainitic steel

Local texture measurements were performed using the OIM-EBSD technique on a Nb-alloyed
complex phase hot rolled CMnMoCrB steel coiled at CT = 720 °C, 680 °C and 550 °C. The
analysis of hot-rolling data showed that no dynamic recrystallisation occurred during the
rolling. EBSD Measurements supplemented with XRD showed that up to 11 vol% austenite
was retained in the sample coiled at 550 °C. The retained austenite was mainly recrystallised.
Dilatometry was performed on samples with different states of deformation in the austenite to
see whether the rolling conditions had real implications on the phases transformations. In
samples containing deformed austenite, the bainite transformation was strongly retarded due
to the combination of small grains size and the presence of microalloying elements such as B
responsible for SDLE. As no dynamic recrystallisation of the austenite occurred during the
rolling process, static recrystallisation occurred in the course of the phase transformation. As
a result, the final microstructure contained metastable recrystallised austenite, and low
temperature transformation products such as bainite and martensite, with high densities of
immobile dislocations, which are probably responsible for the continuous yielding behaviour
observed during tensile testing hot rolled steels coiled at CT below 650 °C. Due to the slow
cooling between the end of the rolling and the coiling at 720 °C, the deformed austenite
recrystallised statically partially. During the y—a transformation, ferrite was formed from
both recrystallised and deformed austenite. Due to the segregation of alloying elements, the
state of deformation in the austenite was homogeneous and a clear variant selection occurred.
Primary ferrite nucleation likely occurred in the deformed austenite with the S orientation.
The presence of both the cube and rotated cube texture components in ferrite showed that the
recrystallisation of the austenite occurred during the y—a transformation. In the ferrite-
pearlite bands, the ferrite formed from the S, brass and Goss texture components of the
austenite. It was remarkable that a clear a-fiber was present in the ODF, showing that the
banding depends on the parent austenite orientation.
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General conclusions

In the sample coiled at 680 °C, the faster cooling between the end of rolling and CT did not
allow a partial recrystallisation of the austenite, and the primary ferrite formed from deformed
austenite with the S and brass texture components. Static recrystallisation of the austenite
occurred during the y—a transformation, and bainite formed from both deformed austenite
with the orientations S brass and Goss, and recrystallised austenite with the cube orientation.
The ODF for ferrite had the highest intensities for the texture components resulting from the
transformation of the austenite with the brass orientation. Bainite mainly resulted from the
transformation of austenite with the Goss orientation. A clear rotation of ¢; = 30 ° occurred in
the austenite between the ferrite and the bainite formations. The steel coiled at 550 °C
consisted of Bj bainite with M/A islands. In this microstructure the S orientation of deformed
austenite did not lead to a clear ferrite texture component. This means that the texturing of the
ferrite did not occur due to the recrystallisation of austenite before the bainitic transformation.
The bainite was found to form from the brass and Goss orientations of deformed austenite.
The residual austenite was mainly recrystallised, with the cube orientation.

X.6 Microstructure, mechanical properties and strain hardening
behaviour of hot-rolled C-Mn steels

The relationships between microstructures formed during typical thermomechanical cycles in
low C - 1,5 wt.% Mn based high strength micro-alloyed sheet steels and their mechanical
properties were examined. The analysis of strain hardening coefficients established the
distinction between 3 classes of tensile behaviours corresponding to distinct microstructures.
In particular, it was found that a microstructure consisting of bainite with a second phase in
the form of martensite-austenite islands had high performance mechanical properties.
Continuous yielding, high tensile strength, adequate elongation, low YS/TS ratio and high
strain hardening rate were found in this microstructural state. Other microconstituents present
in minor amount deteriorated mechanical properties but kept the distinctive mechanical
behaviour. The formation of a predominantly bainitic microstructure with austenite-
martensite islands in condition simulating standard hot rolled sheet coiling was found in the
MoCrB added CMn micro-alloyed steel. This microstructure was formed in this particular
steel during the slow cooling of the steel in the temperature range between 550 °C and 650
°C. The study of transformation kinetics revealed that in spite of wide range of coiling start
temperature the majority of austenite in this steel transformed in the bainitic region between
550 and 400 °C providing similar properties. The decrease of the coiling start temperature
below 550 °C led to a decrease of plasticity due to the formation of the low temperature
constituents, lower bainite and martensite.
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Chapter X

X.7 Microstructure - properties relations in complex phase cold-rolled
high strength steels

Cold rolled and annealed CP steel was studied in detail. Batch annealing simulations allowed
the determination of the ferrite recrystallisation temperature. It was shown that dilatometry
could be done on cold rolled plates to determine the temperatures of phase transformations
and the volume fractions of phases formed after continuous annealing simulations. The state
of deformation in cold rolled plates was responsible for a decrease in the kinetics of austenite
formation during annealing between Ac; and Ac;. Continuous annealing simulations with
different cooling patterns were performed on cold rolled plates and the tensile properties were
measured. A ferrite-pearlite starting microstructure led to lower tensile strengths and better
elongation after annealing, due to the polygonal morphology of ferrite. However, due to the
higher decomposition rate of pearlite to austenite than ferrite to austenite, a banded structure
was still present after annealing and may be detrimental for the tensile properties in the
transverse direction. A bainite-martensite starting microstructure led to higher strength levels
but poorer elongations. Increasing the annealing temperature led to the formation of more
austenite. Hence, according to the cooling pattern, more hard phases bainite and martensite
were formed, increasing the strength level. More recrystallisation of the ferrite may be
responsible for the excellent elongation. It was shown that the austenite formation was faster
at the start of the intercritical annealing. Carbon partitioning took more time. Reducing the
annealing time led to slightly lower fractions of austenite formed.The best compromises
between high strength and good elongation were obtained for the CP steels with about 63 %
ferrite, 25 % bainite and 12 % martensite. It was shown that cycles containing a isothermal
bainitic transformation (IBT) holding at a temperature at which bainite could be formed were
the most efficient. The M/A constituent was found to be mainly responsible for the
improvement of tensile properties, i.e. increase of TS, decrease of YS/TS and increase of TE.
The residual austenite content in the M/A constituent increased the total elongation very
likely due to a TRIP effect. Finally, impact properties were better than static tensile
properties, meaning that CP could be adequately used in parts of the car that need to absorb
energy in the case of crash.

X.8 Further research

The current research on CP steels is still at its beginning as the production of such steels is
envisaged. Tracks have been given in this research work to improve the properties of such
steels:

- by selecting adequate steel composition, the SDLE could be controlled to obtain
desired microstructures;

- the rolling process might be adapted to control the deformation state of austenite and
stabilize appreciable amounts of residual austenite;

- the study of the M/A constituent, in particular the residual austenite fraction and its
carbon content would lead to the development of complex phase steels able to produce
a TRIP effect, thus having improved elongation.
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General conclusions

The CP steel developed for the present study was successfully produced industrially in both
hot rolled and cold rolled states. However, before being produced in large quantities,
customers’ requests must be first solved. Those request include coatability, i.e. protection
against corrosion at low costs, and weldability.

Studies are currently carried out to study the coatability of that CP steel in the Laboratory for
Iron and Steelmaking, and weldability is studied at Ocas, the research centre of Sidmar.
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APPENDIX

Use of the dilatometer to study magnetic transformations in
steels

A.1 Introduction

Dilatometry is widely used to study the kinetics of phase transformations in steels. During
these experiments dilatometer samples are reheated by means of induction heating to perform
thermal cycles. It was found that by induction heating feed-back control signal monitoring not
only phase transformations but also magnetic transitions could clearly be detected in a range
of Fe alloys. The Induction Power Monitoring Technique (IPMT) makes it possible to
observe a rich variety of resistivity and magnetism-related effects in most ferrous alloys. In
low carbon steels, the Curie temperature, at which the ferromagnetic-paramagnetic transition
occurs, was clearly seen. The effects of alloying elements on the Curie temperature were
investigated. The deformation state of the sample could also be characterized. Even the
antiferromagnetic-paramagnetic transition in Fe-Mn steels could be clearly observed by IPM.
The evidence of premartensitic phenomena during both heating and cooling was found. These
pretransformation phenomena are of a fundamental interest in the understanding of phase
transformations in shape memory alloys.

A.2 Experimental details

The composition of the steels used for the present study is given in Table A.1.

Table A.1: Studied steels compositions in ppm.

Steel C Mn Si P Cr Mo Nb B Al Ti
ULC 12 820 50 9 200 - - - 220 -
IF 34 9700 70 730 - - 250 10 430 100
CMn 1900 16400 130 153 230 - - - 790 -
CMnB 1400 17200 260 180 260 - 30 35 1200 285
Cp 1600 16000 2750 300 5000 1800 500 20 450 300
FeMnl4 16 142000 130 143 - - - - 700 -
FeMn21 17 211000 180 148 - - - - 1500 -
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Use of the dilatometer to study magnetic transformations in steels

The ultra low carbon (ULC) steel was used as a reference sample because of its very low
amount of alloying elements. The IF steel, the CMn, the CMnB and the CP (complex phases)
steels were used to study the effects of micro alloying and microstructure on the
ferromagnetic-paramagnetic transition. Finally, FeMn steels were used to study the
antiferromagnetic-paramagnetic transition. Cylindrical samples with 5 mm length and 3.5 mm
diameter were used in a Tetha Dilatronic III quench dilatometer. Samples were first reheated
at the rate 60 °C/min to 1200 °C, maintained at this temperature 2 minutes, then cooled to
room temperature at different cooling rates to produce controlled microstructures. Samples
were then reheated at the rate 60 °C/min to 1200 °C.

The experimental details concerning the principle of Induction Power Monitoring (IPM) are
given in chapter II.

A.3 Results and discussion

A.3.1 The Ferromagnetic-paramagnetic transitions

Figure A.la shows the change in length (dl/ly) and the feedback signal (output) as a function
of the temperature during the reheating at 60 °C/min of the ULC sample. The a—y
transformation is clearly seen on both the dilatation and the output curves. The output curve
gives extra information on the magnetic properties of the sample. It can be seen that at the
temperature of 760 °C, which is 10 °C below the Curie temperature in pure iron, the heating
power increases suddenly. It is remarkable that in the ULC steel the first order transition (a—y
transformation) and the second order transition (magnetic transition) are well separated.
Below the Curie temperature T, the ferritic sample is ferromagnetic, i.e. the magnetic field
produced by the induction coil aligns the magnetic domains. The magnetic permeability is
high. Hence, the resistivity and the electrical resistance of the sample are high. The resistive
sample, traveled by an induced current, is heated easily by Joule effect. The heat energy P is
thus low. Above the temperature T., the magnetic susceptibility and thus the resistivity drop
to a much lower value. As a result, the heat energy increases. More power is indeed necessary
to reheat the sample.

The derivative of the dilatation according to the temperature yields the thermal expansion
coefficients of a and y. It can be seen in Figure A.lb, that during the ferromagnetic-
paramagnetic transition, the linear dilatation with temperature is slightly affected. It is known
that ferromagnetic materials respond mechanically to an impressed magnetic field, changing
length slightly in the direction of the applied field. This effect, called magnetostriction seems
to be responsible for a very small contraction of the dilatometer sample during the
ferromagnetic-paramagnetic transition.

The length change due to magnetostriction does not exceed 0.0001 and is thus difficult to
observe by means of dilatometry.
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Figure A.1: a) dilatometric curves showing the length change (solid line) and the feed-back signal

(dotted line) as functions of the temperature during reheating the ULC steel at 60 °C/min.

b) derivatives of the curves shown in a) versus the temperature.

An enlarged area near the Curie temperature is shown in Figure A.2. It can be seen that the
transition from ferromagnetism to paramagnetism is gradual. Two temperatures can be
determined, respectively the ferromagnetic Curie point 0¢ and the paramagnetic Curie point

0, which is equal to the constant 0 in the Curie-Weiss law:

(A1)
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Use of the dilatometer to study magnetic transformations in steels

The difference between 0, and O is about 20 K in pure iron.! The same gap is observed in
Figure A.2 for the ULC steel.

0.0150 - : : : : : : : : : : : : : 128
0.0148 1 i i 12.6
0.0146 - 12.4
0.0144 - 12.2
0.0142 - 2.0
o 0.0140 185
= ] o
T 0.0138 1.6 2
| E o
0.0136 - 1.4
0.0134 - 11.2
0.0132 - 11.0
0.0130 — 71— 0.8

— T
700710720730740750760770780790800810820830840

Temperature, °C

Figure A.2: Enlarged area near the Curie temperature, showing the paramagnetic Curie point 6, and
the ferromagnetic Curie point 0.
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Figure A.3: equivalence time-temperature during heating the IF steel at 5 °C/min. Note the
magnetostriction effect.
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The dilatation versus temperature plot of Figure A.2 shows clearly a contraction followed by
a dilatation during the magnetic transition. However, with the heating rate of 60 °C/min, it is
likely that the dilatation was due to a kinetics effect induced by the faster reheating of the
sample. The IF steel was reheated at the very low heating rate of 5 °C/min, to check whether a
contraction or a dilatation occurred independently from the temperature. Figure A.3 is a
temperature versus time plot. It can be clearly seen that from the beginning of the
ferromagnetic-paramagnetic transition a retardation of the reheating occurs. Calorific energy
was thus absorbed by the dilatometer sample to fulfill the energy requirement necessary to
contract. At the end of the transition, the time-temperature curve is again linear, and no
overheat is observed. The extra dilatation observed in Figure A.2 is thus necessary a kinetics
effect, as it occurs only at faster heating rates.
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Figure A.4: power versus temperature curves for a) the CMn steel and b) the CMnB steel. The initial
microstructure has an influence on the Ac, temperature, and consequently on T, in the B bearing steel.
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Use of the dilatometer to study magnetic transformations in steels

The presence of about 1 wt.% Mn was found to decrease the Curie temperature from 762 °C
in the ULC steel to 749 °C in the IF steel. Note that in the IF steel Ac; is about 900 °C against
910 °C in the ULC steel. To check the possible influence of alloying elements on the
magnetic transitions, CMn based steels with different microstructures were reheated at the
rate 60 °C/min. Figure A.4a shows the output curves in function of the temperature. It can be
seen that, whatever the microstructure was, the ferromagnetic-paramagnetic transition always
occurred at the same temperature of 730 °C. This temperature of 730 °C is also the Ac;
temperature. As the ferromagnetic ferrite transforms to austenite, the magnetic transition must
occur simultaneously. It is very likely that the formation of austenite induces the magnetic
transition in CMn steels. Figure A.4b shows the output curves of the B bearing CMn steel in
function of the temperature. It has been shown in chapter V, that the microstructure formation
during cooling is strongly affected by the presence of soluble B in that steel. In particular, in
the bainitic microstructure, Mn rich M/A constituents were found. Consequently, Ac; was
found to be lowered during the reheating of this microstructure.> The Curie temperature is
thus lowered and is determined by Ac,. In the CP steel, microalloyed with Cr, Mo, Nb, Si and
B, the different microstructures obtained by varying the cooling rates did not affect the
reheating transformation temperature Ac;, neither the ferromagnetic-paramagnetic transition
temperature, as shown in Figure A.5.
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Figure A.5: Complex Phase steel.

However, like in the CMnB steel, residual austenite was present in bainite, but its alloy
content did not affect Ac;. In Figure A.4a, A.4b and A.5, it can be clearly seen, that the power
necessary to reheat the dilatometer sample was always lower when starting from the as-cast
microstructure. According to Matthiessen’s law:>

P =pPrtPp (A.2)

the resistivity is the sum of two terms, the first pr depending only on temperature, and the
second pp proportional to the density of reticular defects. As the as-cast sample contains
numerous defects due to its machining, its resistivity is certainly higher, thus is its electric
resistance higher. The difference between the output curves for the as-cast sample and the
other microstructures obtained after several cycles on the same sample is very likely due to
the initial defects density.
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A.3.2  Antiferromagnetic-paramagnetic transition

Fe-Mn steels are known to exhibit a weak shape memory effect. This effect is due to the
reversible e—>y phase transformation that occurs at low temperature. The & phase is hcp
(hexagonal close-packed) and y is fcc (face centered cubic). The e—»y has been recently
studied in Fe-14wt%Mn and Fe-21wt%Mn steels by means of dilatometry and internal
friction.?

An anomalous decrease in the elastic modulus was observed due to the paramagnetic-
antiferromagnetic transition at Ty, the Néel temperature in the Fe-21 wt.% Mn alloy. From
the data reported by Cotes et al.>, the Néel temperatures for the Fe-14 wt.% Mn and the Fe-21
wt.% Mn are calculated to be 7 °C and 87 °C, respectively.

Figure A.6a shows the dilatation curve for the Fe-21 wt.% Mn steel, corresponding to the
third reheating and cooling cycle at 60 °C/min. Lu et al.® reported an inflection of the lattice
parameter of austenite due to magnetostriction associated with the paramagnetic-
antiferromagnetic transition. However, such an effect could not be observed in the Fe-21
wt.% Mn with dilatometry. Figure A.6b shows the output curve associated to the full thermal
cycle. At the difference from CMn steels in which the magnetic transition was clearly
observed, no clear change in the output power associated to a magnetic transition could be
seen.

A.3.3  Pretransformation behaviour in Fe-Mn steels

As can be seen in Figure A.6b, a slight increase of the output was observed, during heating
and during cooling. This increase, related to a drop of resistivity, is likely due to some crystal
arrangement and certainly related to the shape memory effect, as it occurs at temperatures
corresponding to Mg (martensite finish) during heating and Ap (austenite finish) during
cooling, respectively. However, no change in length was observed at these temperatures, as
seen in Figure A.6a. Figure A.6¢c shows the derivative of the dilatation and the output in
function of the temperature. A preaustenitic transformation is seen at a temperature lower
than A (austenite start). This phenomenon has been studied by several authors for the
martensitic transformation in minerals and alloy systems. Its origin is associated to the
existence of areas of lattice instability due to local strain.” These local areas have been
observed by electron-optical microscopy and give rise to a distinctive cross-hatched texture
which is familiarly known as “tweed”.® Up to now, complex and costly techniques such as
transmission electron microscopy,” electron diffuse scattering'® and neutron scattering™" were
used to detect the pretransformation or observe the associated tweed microstructure. Using the
feedback signal of the induction heating, an indirect measure of the resistivity is done. As
resistivity is very likely affected by the density of defects, it is also very likely affected by
local strains. The premartensitic and preaustenitic transformations accompanied by local
strains apparition need extra energy to occur. The heat energy needed to reheat the sample at
those particular temperatures is thus higher. This can be directly seen on the output versus
temperature curve of Figure A.6c¢ for both heating and cooling.
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Figure A.6: dilatometric curves showing a) the length change (solid line) and b) the feed-back signal
(dotted line) as functions of the temperature during reheating and cooling the FeMn21 steel at 60
°C/min. c) derivatives of the heating curves shown in a) and b) versus the temperature.
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A.4 Conclusions

The feedback signal corresponding to the power necessary to reheat a dilatometer sample to a
desired temperature by means of induction heating has been studied with different iron alloys.

In low C steels, the ferromagnetic-paramagnetic could be clearly observed. In CMn steels, the
o—y transformation occurring at temperatures below the Curie temperature induced the
magnetic transition. The higher deformation state of as-cast samples was found to lower the
output power, indicating that a higher density of defects increases the resistivity of the
sample.

In Fe-Mn alloys, the antiferromagnetic-paramagnetic transition was not detected. However,
premartensitic transformations were clearly seen. Hence new ways appear to study the shape
memory effects in such alloys.
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