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ABSTRACT

DP (Dual-Phase) and TRIP (Transformation Induced Plasticity) steels, also known as multiphase steels, have been attracting a growing interest in the development of lighter
automobiles owing to their excellent combination of strength and ductility. TRIP steels can
usually be generated from a standard cold-rolled ferrite-pearlite grade by a two stage
continuous annealing process; continuous heating and intercritical annealing, followed by
subsequent cooling and austempering. The material is first intercritically annealed in the
ferrite/ austenite coexistence region, during which the ferrite matrix recrystallizes and
austenite is created. Austempering is then performed and some upper bainite is formed,
which, in turn, stabilizes the remaining austenite even down to room temperature.

Most studies have been focused so far on the second stage of the thermal scheme due to the
fact that the steel properties depend primarily on the transformation processes following
austenitization. However, the phase transformations occurring upon heating is of profound
importance. The state of the microstructure after heating; i.e., volume fraction, shape,
distribution and chemical composition of the austenite grains, has a great influence on the
kinetics of the phase transformation during cooling and on the subsequent mechanical
properties of the steel. Furthermore, the kinetics of the reverse transformation to austenite

ii

determine the time and temperature required for either intercritical heat treatment or
normalization.

The objective of the present study is to characterize and understand the reaustenitization
kinetics from pearlite-ferrite structure during continuous heating. Futher, a mathematical
model based on the Avrami equation and the additivity principle has been adopted in
modeling the pearlite-ferrite to austenite transformation during continuous heating.
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C H A P T E R 1 - INTRODUCTION

In the last decades, m a n y types o f high-strength h i g h - f o r m a b l e steels have been d e v e l o p e d
for automotive application i n response to the c o n f l i c t i n g demands for safety a n d w e i g h t
reduction. These steels must possess higher strengths w i t h o u t loss o f f o r m a b i l i t y i n order to
e x p a n d the range o f application to m o r e critical parts. In the past, the strength o f steels for
automotive industry w a s increased m a i n l y b y t h e r m o m e c h a n i c a l p r o c e s s i n g l e a d i n g to a
c o m b i n a t i o n o f s o l i d - s o l u t i o n hardening, grain refinement, and precipitation hardening. T h e
resulting steels have been successfully adopted to diverse applications i n
construction [1].

automotive

H o w e v e r , it is generally f o u n d that increasing the strength o f these steels

results i n a penalty regarding their c o l d formability, as c a n be seen i n F i g u r e 1-1.

This

means that the higher strength steels cannot be used i n c o m p l i c a t e d pressformed parts. A
further p r o b l e m is the increasing deformation resistance d u r i n g r o l l i n g , so that the required
l o w thickness cannot be p r o d u c e d . T h i s has l e d to the development o f multi-phase steels
w h i c h have a n excellent c o m b i n a t i o n o f strength and ductility as s h o w n i n F i g u r e

1-1.

In these steels, the material properties are adjusted b y a tailored c o m b i n a t i o n o f different
microstructure components s u c h as ferrite, austenite, bainite, and martensite. O n e e x a m p l e
are the w e l l - k n o w n D P ( D u a l - P h a s e ) steels [2] where, for e x a m p l e , a p p r o x i m a t e l y 5 to 2 0 %
o f hard martensite is enclosed i n the basic ferrite matrix. W i t h m i n i m u m tensile strength o f

1

500 - 600 MPa and 20 - 30% elongation, dual-phase steels cover the lower tensile strength
range of the multi-phase steels.

400

600

800

1000 1200 1400

T e n s i l e s t r e n g t h (MPa)
Figure 1-1: Strength-Elongation balance for different H S L A steels [3]

A further development are the so-called TRIP (Transformation Induced Plasticity) steels [3]
which have tensile strengths in the range of 600 - 1000 MPa and 30 - 40% elongation. The
microstructure of the TRIP steels usually consists of a fine dispersion of metastable retained
austenite in the basic ferrite/bainite matrix, which are transformed to hard martensite during
subsequent forming.

2

Such a sophisticated multiphase structure can usually be generated from a standard coldrolled ferrite-pearlitic grade by a two stage heat treatment process; continuous heating and
intercritical annealing, followed by subsequent cooling and austempering. The material is
first intercritically annealed in the ferrite/austenite coexistence domain, during which the
ferrite matrix recrystallizes and austenite is created. Subsequently, austempering is applied
and some upper bainite is formed, which, in turn, stabilizes the remaining austenite even
down to room temperature.

Reaustenitization, i.e., the reverse transformation to austenite upon heating, is an inevitable
occurrence during the heat treatment of steels. The microstructure which is developed
during intercritical heat treatment for multi-phase steels is strongly dependent upon the
kinetics of this transformation. Despite this consideration, less attention has been paid so far
to the study of the formation of austenite as compared with the vast amount of research on
its decomposition process during the second stage of the thermal scheme. It is possible to
make a guess at why this situation has arisen. First, the austenite formed during
reaustenitization is usually destroyed by subsequent transformation during cooling to
ambient temperatures, and therefore direct observation of the austenite formed is almost
impossible. Second, experimental studies of the kinetics of reaustenitization are hampered
by a dependency on the composition, size and distribution of the parent phases. This means
that the starting microstructure must be carefully characterized prior to heat treatment.

3

However, the phase transformations occurring upon heating is of profound importance.
The state of the microstructure after heating; i.e., volume fraction, shape, distribution and
chemical composition of the austenite grains, has a great influence on the kinetics of the
phase transformation during cooling and on the subsequent mechanical properties of the
steel. Furthermore, the kinetics of the reverse transformation to austenite determine the
time and temperature required for either intercritical heat treatment or normalization.

Although the formation of austenite in low alloy steels has been the subject of several
investigations [4-13], there has been little systematic work done on the reaustenitization
process in low carbon multi-phase steels and these studies are generally restricted to
describe single phase transformations such as pearlite-to-austenite, ferrite-to-austenite or
bainite-to-austenite.

In this sense, the present work was undertaken to study the

transformation behavior of multi-phase steels during continuous heating. The main point of
interest in this study is the microstructural evolution during continuous heating, in
particular the kinetics of the formation of austenite.

The transformation kinetics were

characterized by microstructural observation and dilatometric analysis which is a generally
accepted technique to study phase transformations in steels.

Several different initial

microstructures were incorporated into this study; these included as-received hot rolled,
20% and 50% cold rolled as well as a fully bainitic structure.

4

Computer modeling has increasingly become a useful tool in predicting microstructural
changes and final mechanical properties. Umemoto [14], for example, devised a nucleation
and growth model for austenite-to-ferrite transformation for a continuous cooling process.
Suehiro et al.[15] and Saito [16] built integrated models for microstructure prediction. This
type of computational analysis based on thermodynamics can provide a powerful tool to
understand a complicated transformation behavior such as that in multi-phase steels, when
effectively combined with conventional metallurgical analysis. Here, a mathematical model
based on the Avrami equation and the additivity principle has been adopted in modeling
the pearlite-ferrite to austenite transformation during continuous heating.

The present study was undertaken to characterize the reaustenitization kinetics in a plain
carbon multi-phase steel. There are two major objectives:

1. to examine the effect of heating rates and starting microstructures on the austenite
fraction transformed by continuous heating tests.

2. to develop a mathematical model to describe the kinetics of austenite formation from a
pearlite-ferrite initial structure.

5

C H A P T E R 2 - L I T E R A T U R E REVIEW

2.1 DP and TRIP Steel

2.1.1 General Characteristics
DP (Dual Phase) and TRIP (Transformation Induced Plasticity) steels, also known as multiphase steels, are considered promising materials for the automotive and steel industries
because of their excellent strength and formability relationships [17, 19]. These steels are
characterized by a high tensile strength, low yield strength, high initial work hardening rate,
no yield point elongation, and high total elongation, as illustrated in Figure 2-1.

100
80

Conventional
Microalloyed
HSLA steel

^ 400

60

2

Plain Carbon Steel

40
200
20

100
10

20
STRAIN,%

30

Figure 2-1: Typical stress-strain curves for high-strength automotive strip [19]
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2.1.2

TRIP Phenomenon

The TRIP effect was discovered by Zackay et al. in 1967 [57] in Ni-Cr steels containing 7.6
- 8.3% N i and 8.8 - 9.0% Cr. The excellent combination of strength and ductility of TRIP
steels is based on the stress-assisted and strain-induced martensitic transformation of
retained austenite during deformation [36,40, 58, 59].

Figure 2-2 [60] shows schematically the change in chemical free energies of martensite and
austenite with temperature. T is the temperature at which the austenite and martensite are
Q

in equilibrium, and M is the highest temperature at which martensite forms spontaneously
s

upon cooling. Austenite (the parent phase) will not decompose into martensite unless the
free energy of austenite is larger than the free energy of martensite. This excess in free
energy of the austenite over that of the martensite may be regarded as the 'driving force'
behind the martensite transformation. The austenite (y) to martensite (a') transformation
does not start just below T , but at a substantially lower temperature where enough free
0

energy is available from the transformation to account for the strain energy that is an
inevitable product of the reaction [61].

The difference in free energies between austenite and martensite, AGl^a

at the Ms

temperature, is the critical chemical driving force for the onset of the martensitic
transformation. In Figure 2-2, if an external stress is applied to the austenite at T] (between

7

M and T ), the mechanical driving force (JJ ) due to the stress is added to the chemical
1

s

0

driving force (AG^T*"') and the martensitic transformation starts at the critical stress where
the total driving force is equal to AG£"'.

U ' in Figure 2-2 ( = A G

Y
Ms

^ ' - A G i ^ ' ) is the
a

Y

a

T

critical mechanical driving force necessary for the stress-induced martensitic transformation
at Tj. On the other hand, the martensitic transformation does not occur above a certain
temperature, Md, regardless of the amount of stress and strain, i.e., the martensitic
transformation only occurs between M and Md temperature. The transformation caused by
s

an external stress is called "deformation induced transformation".

Concerning the role of plastic deformation of austenite on the deformation-induced
martensitic transformation, there have been two different views; stress-assisted and straininduced martensite transformation, as shown schematically in Figure 2-3 [60].
Applied stresses are significant because of the role of dislocations in both nucleation and
growth mechanisms. The chemical driving force ( A G

Y-KX

) decreases linearly with an

increase in temperature above M , as shown in Figure 2-2. Thus, it can be expected that the
s

critical applied stress for the start of martensite formation increases linearly with
temperature in the range between M and M , as shown in Figure 2-3. M
a

s

s

a
s

is the highest

temperature at which martensite transformation occurs elastically with an increase of
applied stresses.

Me

T,
T
Temperature

0

Figure 2-2 : Schematic illustration showing chemical free energies of austenite and
martensite as a function of temperature [60]

Figure 2-3 : Schematic illustration showing the critical stress for martensite formation
as a function of temperature [60]
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However, during deformation above M/ (e.g., at T2 in Figure 2-3), stress concentration
occurs at obstacles (e.g., grain boundaries, twin boundaries, etc.) and this applied stress
provides stress-assisted transformation, i.e., when the macroscopic applied stress is 07,, the
largest stress locally concentrated at obstacles is equivalent to cr [62].
c

The other hypothesis is the strain-induced martensite transformation. Above M

CT
5

temperature, for instance at T2 in Figure 2-3, the austenite begins to deform plastically at a
stress o and is strain-hardened until 07,; then the martensitic transformation starts to take
a

place. That is, transformation is preceded by yielding in the austenite and both straininduced transformation and slip become modes of plasticity [63]. 07, is considerably lower
than cr, which is expected by extrapolating the critical stress-temperature line between Ms
c

and Ms . This decrease (i.e.,
CT

O" -OT,)
C

of critical applied stress for martensitic formation is

due to plastic deformation of austenite in which new nucleation sites are created through
plastic strain and operate by the applied stress. Hence, nucleation at lower driving forces,
i.e., nucleation with the applied stress less than o~ in Figure 2-3, is possible during strainc

induced transformation.

According to Maxwell et al. [64], the TRIP effect is ascribed to strain-induced martensite,
not to the stress-assisted one. The high toughness comes from a combination of high
strength and ductility which is a direct consequence of the strain-induced martensite
transformation. If a certain region is severely deformed plastically, strain-induced

10

transformation takes place, increasing the local work-hardening rate and inhibiting an
incipient neck from further growth. Therefore, a remarkable increase in elongation is
obtained between Ms and Md, the temperature range where the martensite is formed during
CT

deformation, which is called transformation-induced plasticity.

2.1.3

Influence ofAlloying Elements

The major alloying elements for the DP and TRIP steels are carbon, manganese, and silicon.
The chemistry of DP steels falls in the range of 0.04- 0.2 wt% C, 1- 1.5 wt% M n and 0.20.4 wt% Si [20-35]. The chemical composition of TRIP steels is usually in the range of 0.10.2 wt.% C, 1-2 wt% M n , and 1-2 wt% Si [36-40]. In order for TRIP to occur at room
temperature, Ms of the steel should be just below room temperature [60]. Therefore, for
CT

TRIP steels used at room temperature, large amount of Mn, Si, N i , and Cr are necessary in
order to stabilize the austenite and lower Ms to about room temperature. However, there is
CT

a trend to replace Si by A l , P etc. because silicon is known to cause surface defects after
casting and to form adherent hard oxides not compatible with the industrial surface cleaning
practice prior to hot rolling. Furthermore, steel compositions require low silicon contents in
order to allow galvanization and spot welding [41].
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The alloying elements have influence on both the thermodynamics and kinetics of the phase
transformation occurring in those steels. The addition of the alloying elements M n and Si to
a plain carbon steel produces several important changes [42, 43]. First, their presence alters
the phase boundaries in the Fe-Fe3C phase diagram (Figure 2-4).

Empirical formulae have been developed to describe the effect of alloying elements on the
Ae3, A d , and A 3 temperatures [45],
C

A

e3

= 910 - 25Mn - 1 l C r - 20Cw + 605/ + 60Mo + 40W+ 100K+ 700P + 3

- (250AI + 120As + 40077) +f(C, Ni)

(2.1)

where the "3" represents the effect of sulfur, which was assumed to give a constant rise in
the Ae3 temperature, a n d / (C, Ni) is a tabulated function of the C and Ni levels.

A

=723-l0JMn-16.9Ni

A

= 9 1 0 - 2 0 3 V C - 1 5 . 2 M + 44.75/ + 104F + 31.5Mo + 1 3 . W

c]

ci

+ 29ASi + \6.9Cr + 290As + 63W
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(2.2)

(2.3)

Figure 2-4 : Fe-Fe C phase diagram [44].
3

Manganese expands the austenite phase field and depresses the

and A«i lines; thus it

reduces the size of the intercritical (a+y) region [46]. Therefore, a steel with a higher M n
content would be expected to form more austenite after intercritical annealing at a given
temperature than a steel of the same carbon but lower M n content. It is also known that M n
increases initial austenite content with reducing the carbon concentration of austenite [96].
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On the other hand, Si hardly affects carbon concentration in austenite particles in the same
manner as aluminum and chromium [97]. However, it is known that Si suppresses carbide
precipitation and enhances the volume fraction of retained austenite [69]. During
austempering, carbide precipitation is inhibited by the presence of Si which does not
dissolve in carbide [69], and hence carbon content in retained austenite increases with
increasing Si content, which is generally accompanied with increasing volume fraction of
retained austenite [37, 48, 49].

The alloying elements M n and Si also affect the kinetics of the phase transformations in the
system. It is well known that M n and Si in a plain carbon steel shift the TTT curve of
pearlite

transformation

towards

longer

transformation

times

[55].

The

bainite

transformation start temperature, B is greatly decreased by the presence of manganese, as
Sj

indicated by the following empirical equation [56]:

B (%:) = 830 - 270C - 90M« - 37M - 7 0 O - 83M>
s

The martensite start temperature, M

s

;

(2.4)

is also affected by the addition of M n and Si, as

shown in the modified Andrews equation [18]

M (°C) = 539-423C-30.4M?-! 7.7M-12.1 Cr-7.5Mo+10Co-7.5Si
S
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(2.5)

For TRIP steels, it is critical to reduce M below room temperature and thereby stabilizing
s

reatined austenite. From the above equation, it can be seen that this is facilitated by the
enrichment of carbon during the bainite tempering region.

2.1.4

Processing and Microstructure

Multi-phase (DP and TRIP) steels can be produced as hot-rolled or as cold-rolled and
annealed material [3]. Hot rolled multi-phase steels are obtained by controlled cooling
during hot-rolling process.

Cold rolled multi-phase steels, which are industrially more

common, are obtained from a standard cold rolled ferrite-pearlite grade by a 2-stage heat
treatment. Figure 2-5 shows schematically the intercritical annealing process and carbon
enrichment for producing DP and TRIP steels. In the first part of the annealing treatment
the material is annealed at an intercritical temperature (in the a+y range).

During this

annealing treatment, at a temperature between A C 3 and Aci, recrystallization of ferrite,
dissolution of cementite, and the formation of austenite takes place [65, 66]. The amount of
austenite formed depends on the annealing temperature. The key to the stabilization of a
metastable residual austenite content in the structure is the carbon enrichment of the
austenite [2]. Starting from an average carbon content of approximately 0.20 wt%, this is
achieved in the two heat treatment stages. In the first step, the development of austenite is
promoted by suitable forming and temperature conditions. Because virtually no carbon is
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dissolved in the ferrite, a carbon enrichment of up to 0.5 wt% can be achieved
independently of the ferrite content. At this time, if the strip is cooled rapidly to room
temperature, the enriched austenite is then transformed into martensite which results in
ferrite and martensite DP steel.

In contrast, TRIP steels are cooled in the next step to the temperature range of the bainite
transformation. During fast cooling from intercritical annealing to the overaging region,
transformation of austenite to pearlite is avoided. The intercritical annealing is followed by
an isothermal tempering stage in the bainite transformation temperature range. During this
tempering, part of the austenite transforms to bainite, whereas residual austenite may
become sufficiently stabilized by carbon rejection from bainitic ferrite as to not transform to
martensite during the final quenching to room temperature. Due to the presence of alloying
elements such as Si, A l , and P, the precipitation of iron carbide which is usually
accompanied by the bainite transformation is prevented and the carbon, from the austenite,
which transforms to bainitic ferrite builds up in the remaining austenite[67, 68]. With the
further increase in the carbon content of the residual austenite, the temperature for the
development of martensite falls to values below room temperature. This austenite therefore
remains as metastable austenite in which the carbon content is about 1.4-1.8 mass% [69].
Therefore, the microstructure of cold-rolled and intercritically annealed TRIP steel consists
of a matrix of ferritic grains with a dispersion of grains of second phases, bainite and
retained austenite, located at grain boundaries, as shown in Figure 2-6 [41].
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C [%]

•

Time

Figure 2-5 : Schematic drawing of the intercritical annealing process for producing
DP and T R I P steels and carbon enrichment [2]
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2.2 Microstructural Aspects of Austenitization

There have been a number of papers published recently which deal with the mechanism of
austenite formation starting from ferrite-pearlite microstructures [70-75]. The process of
austenitization can be divided into three stages:

1. nucleation of austenite nodules at the interface between a and FesC
2. growth of austenite
3. final equilibrium of ferrite and austenite

Speich et al. [71] have concluded that the first stage of austenite formation in 1.5 % M n low
carbon steels with ferrite-pearlite microstructure occurs by nucleation of austenite at the
ferrite/pearlite interfaces and the subsequent growth of the austenite into pearlite until
pearlite dissolution is complete. The kinetics of austenite formation are initially quite rapid
and controlled by carbon diffusion, but later stages are quite sluggish and associated with
the partitioning and diffusion of substitutional alloying elements, such as manganese [71,
76].

In pearlitic steels, there is a large interfacial area between a and Fe3C. As Figure 2-7 [77]
illustrates, nucleation could conceivably occur either within a pearlite colony (site A), or at
a colony boundary (site B), edge (site C), or corner (not shown). Because of the orientation

18

relationship which exists between adjacent plates of a and Fe C within a pearlite colony
3

[78], this is a relatively low energy interface, whereas the boundary between two or more
colonies has a relatively high surface energy. Generally, then, it is boundary sites which
have been confirmed as being the effective nucleation sites [79].

Figure 2-7 : Potential austenite nucleation sites in a pearlitic

microstructure:

interlamellar (site A), colony boundary (site B), and colony edge (site C) [77]
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Garcia and DeArdo [72] performed austenitization tests with four steels, all containing
approximately 1.5% Mn, and varying in carbon content from 0.01% to 0.22%. They found
that in the primarily ferritic samples, austenite nucleated at Fe3C particles located on ferrite
grain boundaries. This was observed in both recrystallized and 70% cold worked samples.
In samples containing a mixture of ferrite and pearlite, they observed that y nucleation took
place on Fe3C particles which were located either on pearlite colony boundaries, or on
boundaries between pearlite colonies and ferrite grains.

Yang et al. [80] found that y nucleated first on boundaries between deformed and
unrecrystallized ferrite grains, and then on spheroidized cementite particles in recrystallized
ferrite. They also reported [73] that in a normalized ferritic-pearlitic microstructure,
austenite nuclei generally form first at coarse carbide precipitates located at ferrite grain
boundaries, and that austenite can also nucleate at carbide particles within a colony of
spheroidized pearlite.

The y nucleation in ferrite-pearlitic microstructures can be summarized such that the active y
nucleation site is an a/Fc^C interface located at a pearlite colony boundary, where excess
surface energy exists to promote heterogeneous nucleation [50, 71, 72]. At this stage,
however, dissolved pearlite regions transform only partially to austenite, remaining some
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ferrite in the regions of the dissolved pearlite, without transforming to austenite [70]. This
fact indicates that the dissolution rate of pearlite is faster than the growth rate of austenite.

The growth of the austenite phase constitutes a second step of austenitization. This step is
sometimes divided into two or more stages [50, 70]. Souza et al. [50], for instance, observed
that the first substage involves the transformation of pearlitic regions to austenite, during
which the carbon from the dissolving pearlitic cementite seems to move simultaneously into
the growing austenite, adjacent pearlitic ferrite, and ferrite surrounding pearlite. The growth
rate of austenite in this stage is controlled primarily by the rate of carbon diffusion in
austenite. Souza et al. [50] went on to show that subsequent growth of this austenite into
matrix ferrite constitutes a second substage. The growth of the austenite in this stage may
be controlled either by carbon diffusion in austenite or by manganese diffusion in ferrite.

In the third and final step, final equilibrium of ferrite and austenite is achieved. The growth
process of austenite in this step is controlled by the diffusion of manganese in austenite [70,
71]. The manganese concentration gradients within the austenite will be eliminated by
manganese diffusion through the austenite. However, this final step of austenitization will
be very slow because the diffusion rate of manganese in austenite is five to six orders of
magnitude lower than for carbon and three orders of magnitude slower than in ferrite [70].
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2.3 Modeling of Austenitization

2.3.1 Avrami Equation

In order to describe phase transformation kinetics, several attempts have been made to
employ empirical or semi-empirical equations [81- 84]. For example, the Avrami equation
and the additivity rule were successfully applied to describe the y—> a and y—» P
transformations during continuous cooling of a 1025 carbon steel [82]. The empirical
equations are often more useful to describe complex situations which occur under industrial
processing conditions [84].

Johnson and Mehl [85], Avrami [86, 87] and Kolmogorov [88] were pioneers in the
development of an equation to describe isothermal transformation kinetics. They suggested
a general kinetic law for the case of homogeneous transformation, in which every small
portion of untransformed material has the same probability of transforming in a given time.
In this case, the rate of transformation will be proportional to the volume of material as yet
untransformed. The fraction transformed is given by

X = l-exp(-bt")

(2.6)
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where X is the normalized fraction transformed, b and n are constants and t is the time at
transformation

temperature. This equation is known as the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) [85- 89] equation, or simply the Avrami equation. Broadly speaking,
b is a rate constant reflecting the nucleation and/or growth rate, while n is dependent on the
nucleation conditions and the dimensionality of the transformation, as summarized in Table
2.1 [90]. In the case of site saturation, Cahn [91] examined the effect of different nucleation
sites on the exponent n and found that n = 1, 2 and 3 are appropriate exponents for
nucleation at grain boundaries, grain edges and grain comers, respectively.

Table 2.1: Values of n in the Avrami equation [90]

2.3.2

Conditions

nucleation and growth

nucleation with site saturation

1-dimensional growth

2

1

2-dimensional growth

3

2

3-dimensional growth

4

3

The Principle ofAdditivity

As noted by Christian [90], the treatment of non-isothermal transformations is considerably
complicated by the fact that the rates of nucleation and growth usually vary independently
with temperature. The problem can be simplified if the reaction is additive.
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The additivity principle was originally proposed by Scheil [93] to predict the onset of
transformation under a continuous cooling condition. It has since been extended to describe
non-isothermal transformation kinetics from isothermal data.

It was proposed that the time spent at a particular temperature, At divided by the isothermal
h

time U, that is required to start the transformation at that temperature may be considered to
represent the fraction of the total incubation (nucleation) time consumed at that temperature.
Scheil [93] postulated that for a non-isothermal treatment, the transformation will start
when the sum of the fractional incubation times equals unity. Mathematically, this may be
expressed as

ZT = 1
L

'=i

(2-7)

'/

where n is the number of incremental steps used in describing the non-isothermal heating
event between the equilibrium temperature and the temperature at which transformation
start is observed. Thus, the total time to reach the onset of transformation can be obtained
by adding the fractional time increments to reach this stage isothermally, until the sum of
the fractions reaches unity. A transformation of this kind is known as an additive reaction.
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The generalization of Eq. (2.7) to any non-isothermal (heating or cooling) process is
described as the principle of additivity expressed by Gahn [94] and Christian [92]

dt

(2.8)

= i

in which the integral represents the summation of the fractional isothermal transformation
times, where t (T) is the isothermal time to reach a specific fraction transformed.
a

It follows from this that a continuous heating or cooling transformation may be
approximated as a series of short isothermal segments, as illustrated in Figure 2-8.
Essentially, the transformation is allowed to proceed isothermally, at Tj, for instance, for a
short time interval, At. The temperature is then instantaneously changed, to T2, and the
transformation is continued again for a short time interval, and so on. At the start of each
successive time step, a virtual time, t , may be calculated. The virtual time is the time
v

required to reach the current fraction transformed, X, if the entire transformation had been
carried out isothermally at that temperature. The overall effect is that of a stepwise
approximation to the continuous transformation, as shown in Figure 2-9.

Cahn [94] examined the additivity principle with application to the transformation process.
He expressed a criterion for specifying as additive reaction: "whenever the reaction rate is a
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function of only the instantaneous temperature and the amount already transformed, the
reaction may be considered additive;" i.e.,

(2.9)

at

where

dX
dt

is the rate of change of fraction transforming, Xis the fraction transformed and
6

5

t and T are the transformation time and temperature, respectively. Christian [90] modified
this criterion further and found that additivity will only be satisfied if the transformation rate
can be described by

dX _ H(T)

(2.10)

dt ~ G(X)

where H(T) and G(X) are functions only of temperature, T, and fraction transformed, X,
respectively. A n additive reaction thus implies that the reaction rate depends solely on the
state of the assembly and not on the thermal path which leads to that state.

It can be shown that the Avrami equation (Eq. (2.6)) obeys the criterion proposed by
Christian [90], i f certain assumptions are made. Rearranging the Avrami equation (Eq.
(2.6)):
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Differentiating Eq. (2.6) with respect to t,

^

= -exp(-bt")(-nbt"-')

(2.12)

Substituting Eq. (2.11) into (2.12),

dX

—

— = nb "[-ln(l-X)]"(l-X)
dt
v

(2.13)

Thus, i f b is a function of temperature only and n is a constant, Eq. (2.13) satisfies
Christian's equation (Eq. (2.10)).

Earlier, Avrami [86, 87, 89] defined an "isokinetic" range, in which the nucleation rate is
proportional to the growth rate, over which a reaction would be additive. Under these
conditions, the isothermal transformation results can be used to describe phenomena that
take place under conditions of varying temperature.
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Cahn [94] recognized that the isokinetic condition is a very special condition which is not
commonly encountered in many transformations. He noted that in many systems, nucleation
sites are rapidly exhausted early in the reaction and the subsequent transformation process is
dominated by growth, which is a temperature-dependent

parameter. He therefore

generalized the idea by defining an isokinetic reaction as one in which

(2.14)

where h(T) is a single function of temperature. The consequence of Eq.(2.14) is that a
reaction in which the nucleation and growth rates vary independently is not, in general,
expected to be additive. If, however, the nucleation sites are saturated early in the reaction,
then the transformation subsequently depends only on the growth rate of pre-existing nuclei.
Cahn termed this situation "site saturation", and stated that such a transformation would be
additive.
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Figure 2-8 : Schematic illustration of the use of the additivity principle for the
prediction

of

continuous

heating

kinetics,

showing

a

series

of

isothermal

transformation curves and their relationship to a stepped transformation event [77]
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Temperature (C)
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Time

850

(s)

Figure 2-9 : Diagram showing the approximation of continuous heating kinetics as the
sum of a series of short duration isothermal increments [77]
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2.3.3

Diffusion Model

Carbon diffusion in austenite as the rate determining step has been used in a number of
austenite growth models [9, 10, 44, 71, 95]. In order to describe the austenite growth
kinetics from pearlite/ferrite mixture, it is usually assumed that there is local equilibrium at
the pearlite/austenite (P/y) and ferrite/austenite (a/y) phase boundaries. Then the process is
divided into two steps. The first step consists of pearlite dissolution and growth of austenite
into pearlite at a rate controlled primarily by carbon diffusion in austenite with the diffusion
path lying along the pearlite/austenite interface [71]. By using a simple one-dimensional
slab model and assuming instantaneous nucleation of austenite as a thin film at the
ferrite/pearlite interface and growth inward, the time for complete dissolution of the
pearlite, tp, is given simply by [71]

t = alG

(2.15)

P

where a is the half-thickness of the pearlite slab and G is the growth rate. If only one
pearlite slab is assumed to occupy each ferrite grain, the value of a is given by

a = V (P)d/2

(2.16)

v

where V (P) is the volume fraction of pearlite and d is the diameter of the ferrite grain.
V
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The second step consists of the ferrite-to-austenite transformation. Assuming the process is
only governed by the diffusion of carbon in austenite, the kinetics can be described by the
following equations [47].

dC,V
dt

dx )

v„(C' -C;)
a

= D(

V =

a for XG [0,s(t)]

(2.17)

y for x e [s(t),L]

dC,

r

(2.18)

dx

where t is time, C is the carbon concentration in the phase v (a or y), D is the associated
v

v

diffusion coefficient, x is location and s(t) is the position of the a/y interface (see Figure 210), v„ is the normal velocity of the a/y interface, C * and C * are the concentrations at the
a

y

interface in the a and y domains, respectively. The symbol * denotes values taken at the
interface. The geometry parameter m is equal to 0, 1 or 2 for the planar, cylindrical and
spherical geometries, respectively.

The boundary conditions at the external boundary of the domain and the initial conditions
are given by:
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8QV
dx

=0

C(x,0) =

x=

(2.19)

0,1

C (T ): for xe [0,s(t)]
a

t

(2.20)

C (T,):forxe[s(t),L]
r

Eq.(2.17) through (2.20) are then solved by using the finite difference method. The details
can be found in the literature [44].

Jacot et al. [95] satisfactorily applied the diffusion model to describe the reaustenitization of
ferrite-pearlitic plain carbon steel. In their study, the diffusion model was coupled with a
Monte Carlo simulation. The diffusion model was used to describe the ferrite-to-austenite
transformation. While the Monte Carlo model was applied to simulate grain growth in
austenite.
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X

Temperature ° C

Figure 2-10 : Representation of the one-dimensional domain [0, L] (spherical
geometry), of the solute profiles in the a and y regions and the corresponding
equilibrium phase diagram [44].
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CHAPTER 3 - EXPERIMENTAL WORK

3.1 Materials

A l l experimental work was conducted with a low plain-carbon steel having the composition
shown in Table 3.1. This steel was provided by STELCO Inc. as hot-rolled plates with
ferrite-pearlite microstructure. In order to obtain different starting microstructures, the hot
plates were separated into two groups. The first group was remained as hot rolled (asreceived) material and the second group was further cold rolled to 20% and 50% reduction,
respectively, in the pilot mill of C A N M E T in Ottawa.

Specimens for the continuous

heating tests (CHT) were machined from these two groups of material. In addition, some
specimens of the first group were in-situ heat treated in the dilatometer chamber to produce
a fully bainitic structure before CHT. Specimens were heated at a rate of 10°C/s to 1000°C
and held for one minute, then helium quenched to 500°C, and then slowly cooled to room
temperature at 3°C/s. Consequently, the continuous heating tests were conducted with four
different starting microstructures - hot rolled (HR), bainitic (Bainite), 20% cold rolled
(20CR) and 50% cold rolled (50CR).
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Table 3.1: Chemical compositions (in wt. %) of the steel investigated.

3.2

c

Mn

Si

P

s

Al

Cr

Ni

0.16

1.38

0.24

0.008

0.011

0.045

0.03

0.005

Cu

Mo

V

Nb

Ti

Sn

N

ASA

0.01

0.006

0.003

0.002

0.002

0.002

0.004

0.043

Experimental Techniques

3.2.1 Continuous Heating Tests

Table 3.2 shows the experimental conditions of continuous heating tests. Samples were
brought to 600°C at 10°C/s and then continuously heated above the A

c 3

temperature to

950°C at heating rates which varied from 0.3°C/s to 300°C/s.

Table 3.2: Experimental conditions of continuous heating tests
Specimen
HR
Bainite

Microstructure

Hot Rolled

Heating Rate (°C/s)

a+Pearlite

Bainitic

bainite

20CR

20% Cold Rolled

a+Pearlite

50CR

50% Cold Rolled

cc+Pearlite
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0.3, 1.0, 10
30, 100, 300

The continuous heating tests were performed using a Gleeble 1500 Thermomechanical
Simulator, equipped with a dilatometer to record the transformation kinetics.
The specimen chamber of the Gleeble and the basic component of the chamber are shown
in Figure 3-1. The Gleeble is equipped with a sealed chamber, inside which samples of
various shapes and sizes can be resistively heated and gas or water quenched.

Figure 3-2 shows the specimen design used in the CHT experiments. A thin-walled tubular
specimen, with dimensions of 8 mm (6 mm for the 50CR specimen in Table 3.2) outer
diameter, 1 mm wall thickness by 20 mm length, to minimize radial temperature gradient.
The temperature of the specimen was controlled and monitored using an intrinsic ChromelAlumel thermocouple which was spot welded onto the outer surface of the specimen at midlength, the plane of the dilatometer position, as shown in Figure 3-2.

The kinetics of P—>y and a—»y phase transformations, which involve volume changes due to
the transition from a bcc to a fee crystal structures, are measured continuously by a Linear
Variable Differential Transformer (LVDT) diametral and longitudinal strain measuring
device. In order to minimize oxidation during the experiment, the dilatometer chamber was
evacuated to a pressure of less than 3 mTorr and back filled with argon gas. This procedure
was repeated before each test commenced.
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During each test, the time, programmed temperature,

measured temperature,

and

dilatometer output were measured and recorded continuously.

Figure 3-3 illustrates an example of a dilation measurement as a function of temperature for
the continuous heating test for the H R material with a l°C/s heating rate. At the
temperatures above 820°C and below 720°C, the diameter of the specimen increases
linearly with temperature. The slopes of the linear extension regions correspond to the
thermal expansion coefficients of austenite (cty) and the initial structure which is a
combination of ferrite and pearlite (ct ), respectively. The region between these two linear
a

sections represents the a+P—» y transformation. During the transformation, the dilation
curve shows a decrease due to the atomic volume contraction associated with the crystal
structure changes between a (bcc) and y (fee). For this heating rate, the oc+P—>• y
transformation starts at approximately 720°C and completes at temperature about 820°C.
Figure 3-3 also indicates that after the P—»y transformation is completed, the cc-»y
transformation is initiated. At higher heating rates, both transformations can be more vividly
separated from the dilatometric response which will be shown in Chapter 4.
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F i g u r e 3 - 1 : T h e specimen c h a m b e r a n d basic components o f the Gleeble 1500
Thermomechanical simulator

[98]

thermo-couple

* : 6mm for the 50CR material

F i g u r e 3-2 : T h e s p e c i m e n d e s i g n f o r t h e G l e e b l e u s e d i n t h e C H T e x p e r i m e n t s
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Figure 3-3 : Experimental dilation versus temperature results for a continuous
heating test conducted at l ° C / s for the H R specimen. The solid lines indicate the
extrapolations from the pre- and post-transformation regions.
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The volume fraction of austenite formed, X/T),

was determined from the dilation

response, D(T), as follows [51, 52]:

a

y

where

D =D (T )
a

a

a0

+ a (T-T )

(3.2)

+ a (T-T )

(3.3)

a

a0

and

D =D (T )
r

r

r0

y

y0

are the extrapolated dilations from the untransformed and fully transformed regions, with
Too and T being limiting temperatures within these two regions, and a and cty are the
yo

thermal

expansion

a

coefficients

of ferrite-pearlite

respectively.
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mixture and austenite phases,

The transformation start and finish time and temperatures were taken to be the points of
5% and 95% transformed, respectively. Eq. (3.1) is consistent with the assumption of a
law of mixtures for the thermal expansion coefficient, a , during the transformation, i.e.:
mix

a =a X
mix

a

+ a (\-X)

(3.4)

r

where X is the volume fraction transformed.

3.2.2 Microstructural Investigation

A number of samples were helium quenched part way through the transformation, and then
mounted and polished for metallographic examination. This was done for two purposes:
first, to verify the fraction transformed concluded from dilation measurements, and second,
to provide microstructural detail on the reversion kinetics mechanism.

Specimens, including those to characterize the initial structures, for metallographic
examination were cut from the mid-length where the thermocouple was spot welded, using
an

AI2O3

cut-off wheel. A directed spray coolant was used to protect the specimens from

overheating during cutting. After cutting, one half of the sample from the thermocouple
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position was cold mounted in a resin polymer and then ground progressively using 120
through 600 grit silicon carbide papers and finally polished employing a 6 pm and a 1 pm
diamond solution.

Both optical and scanning electron microscopy (SEM) were applied for the metallographic
evaluation of the specimens. For the optical microscopy, 2% nital (2 vol.% of nitric acid +
98 vol.% of methanol) was used as an etchant for approximately 7-10 seconds. This was
found to etch samples more deeply than required for S E M observation. Thus, S E M
samples to check the interlamellar spacing of pearlite were etched lightly in 1% nital.

Quantitative analysis of the microstructure was carried out in cross-section utilizing a CImaging System image analyzer, the ferrite grain size and ferrite fraction being quantified.
The polished and etched specimens were photographed either using the C C D camera of
the imaging system or a basic black and white optical microscope at magnification of
x500. The microstructures were then traced on transparency film using a felt tipped pen
for subsequent quantitative image analysis of ferrite grain size.

The ferrite grain size was quantified using Jeffries' method [92]. In this method, each
whole grain was counted once and each partial grain, cut by the edge of the field of
measurement, was counted as a half grain, as described by A S T M standard E l 12- 88 [92].
Knowing the number of grains for each field of interest, it was possible to determine the
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mean equivalent area diameter (EQAD) grain size, in pm, by dividing the total area of the
field of interest by the number of ferrite grains. To obtain statistically relevant results, at
least 50 fields were quantified for the ferrite fraction and at least 500 ferrite grains were
analyzed for the mean ferrite grain size.

In the S E M analysis, five to seven photomicrographs are taken of random locations on a
polished and etched sample which contain, on average, approximately 10 pearlite colonies.
Then, each interlamellar spacing measurements was averaged.

3.2.3

Microhardness Measurements

To supplement the metallographic investigation in particular for the C R materials where
recovery and recrystallization may take place, microhardness measurements were
conducted. A Beuhler Microhardness tester was used with a diamond Vickers indentor,
50g load, and 10s dwell time. At least ten measurements were taken for each sample and
averaged to determine the hardness of the specimen and the hardness variability (standard
deviation) throughout the specimen. A l l measurements are given according to the Vickers
(HV) scale.

44

C H A P T E R 4 - R E S U L T S A N D DISCUSSION

4.1 Initial Microstructures

The starting microstructures of the four different materials are shown in Figure 4-1 (a)
through (d). HR, 20% CR, and 50% C R materials consist of ferrite-pearlite aggregate
microstructures, and the heat treated one is a fully bainitic structure.

The as-received HR material exhibits some banded regions. Their effect will be discussed
later in section 4.2. In the case of the C R materials it can be seen that the grains were
flattened and elongated during the cold rolling process. The bainitic structure shows a very
fine mixture of ferrite and iron carbide as can be seen in Figure 4-1(b).
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Figure 4-1: Optical micrographs of starting microstructures (nital etch)
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The

initial microstructures were characterized in terms of the mean ferrite grain size,

pearlite volume fraction, and the average pearlite spacing for the specimen HR, 20CR, and
50CR. The initial ferrite grain size of the H R material is approximately 10pm. The volume
percent pearlite in the H R and C R materials is 18%. The pearlite spacings for HR, 20CR,
50CR materials are 0.20, 0.19, and 0.17pm, respectively.

4.2 CHT Data A n a l y s i s

The continuous heating tests (CHT) were performed on a Gleeble 1500 Thermomechanical
Simulator which was described in section 3.2.1. In order to obtain statistically relevant
results, the continuous heating tests were repeated 4 to 11 times depending on the heating
rates, which varied from 0.3°C/s to 100°C/s.

However, it proved difficult to obtain

reasonable consistency since the resulting dilation curves for most heating rates revealed
some variation.

Figure 4-2 shows a typical variation of the curves plotted as the fraction transformed vs.
temperature for the HR material with a 30°C/s heating rate. The variation of these test
results is attributed to the following reasons. Probably the most plausible reason could be
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the specimen conditions, i.e., the specimen dimension and the initial microstructure. The
deviation of specimen dimension could cause the mismeasurement of the dilation change
during the phase transformation. Another reason could be the initial microstructure, which
contained some banded regions. This banding might have a pronounced effect on the
nucleation of austenite, in that the banded region could be the preferential nucleation site of
the austenite due to its high free energy. The stability of the dilatometer machine could be
another reason for these variations.

Consequently, the data analysis for these transformation curves became a crucial part for
this study. Two steps were employed to characterize the continuous heating transformation
data:
1. accept experimental data based on selection criteria
2. averaging the accepted dilation data for a given heating rate

The first step for the data analysis was to accept a test to be successful. The transformation
curves were selected only if the data satisfied both of the following conditions:

(1) dilation data which have the thermal expansion coefficient ratio of 1.3-1.6 between
ferrite and austenite, i.e., a I a = 1.3 ~ 1.6
y

a

(2) dilation curves showing the total volume change (AV/V) of 0.9-1.6% at 800°C, which is
equivalent to the dilation change (AD/D) of 0.003-0.005.
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Figure 4-2 : The austenite fraction vs. temperature curves showing a typical variation
of transformation kinetics [HR material, 30°C/s]
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The thermal expansion ratio was based on the values of a =1.424x10 K
a

and ay

2.065x10" K"' [53] for ferrite and austenite, respectively, suggesting a ratio, Oy/a , of 1.45.
5

a

During the phase transformation at the temperature range of 710~820°C, there is
approximately 1.2~1.4% volume contraction associated with the crystal structure changes
from ferrite (bcc) to austenite (fee). Assuming that the sample expands isotropically, the
change of the sample diameter AD referred to the initial diameter D at room temperature is
0

related to volume change AV and initial volume V at room temperature for small changes
a

as follows [101]:

AD

IV-V

0

Therefore, (AD/D ) can be calculated from the volumes of the unit cells at a certain
0

temperature during continuous heating. For example, the total volume change associated
with the a-> y transformation at 800°C is approximately 1.3% and this can be converted to
dilation change (AD/D ) of 0.004 between these two phases.
0

Figure 4-3 shows an example of the data analysis for the H R material with a heating rate of
30°C/s. The dilation data for each CHT test are summarized in Table 4.1. Figure 4-3(a)
illustrates the concepts of the two criteria for data selection. Subsequently, test 1 with O y / a
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a

= 1.66 in Figure 4-3 (b) was removed based on the criterion of thermal expansion
coefficient ratio, 1.3~1.6. Tests 4 and 5 were excluded because they exceed the criterion of
the dilation change of 0.003-0.005. With other words, out of 7 tests only tests 2, 3, 6, 7
were accepted.

Table 4.1: Dilation data of the H R material with a 30°C/s heating rate

Data
Test 1
Test 2

a
1.66
1.53

Test 3
Test 4

1.36
1.46

Test 5

1.51
1.34
1.32 ,.

Test 6
Test 7

oty/

a

AD/D
0.004
0.005
0

0.004
0.006
0.007
0.004
0.005

Further data analysis for the dilation results was conducted by fitting the transformation
curves with mathematical equations. In this study, there were two main stages to adopt the
curve-fitting method. In general all transformation curves from the ferrite-pearlite initial
structures showed a distinct P-» y region followed by the a—» y transformation region.
Therefore, the first stage was to divide the whole kinetic curve of the P+a—> y
transformation into two separate curves, i.e., P—» y and a—> y transformations. The second
stage was to derive the averaged transformation curve for each heating rate.
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Figure 4-3 : Example of Data Analysis [HR material, 30°C/s]; (a) criteria for data
selection, (b) dilation vs. temperature curves
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Figure 4-4 shows examples of the curve fitting, highlighting the excellent agreement
between the experimental and the fitting results. The following equations were used for this
curve fitting.

Y = P. {l - exp[-exp(6,x ) exp(d,x )]} for P-> y
Cl

ei

x

Y = F,
2

{l - exp[-exp(Z> x )
C2

2

exp(d x )]}
2

ei

for a-> y

(4.2)

(4.3)

where Yj, Y2 are austenite fraction transformed from pearlite and ferrite, P, (=0.18) and F

t

(=0.82) are the initial volume fraction of pearlite and ferrite, respectively, and b] ~ 02 are
fitting parameters.

Considering that the P+oc-» y transformation starts from the pearlite portion, the curvefitting was conducted firstly for the P—>y portion (Eq. 4.2), followed by the a-»y portion
(Eq. 4.3). After that, the mathematically expressed experimental curves were taken to
derive the averaged transformation curve for each heating rate. As an example, Figure 4-5
summarizes the averaging procedure for 30°C/s heating rate of the H R material. The same
procedure was followed to derive the averaged transformation curves for each heating rate
of all three initially ferrite-pearlite materials, HR, 20CR, and 50CR.
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Figure 4-4 : Examples of the curve fitting for the H R material in which the total
transformation curves are divided into two separate curves, i.e., P - > y and a-> y
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Temperature (°C)

Figure 4-5 : The averaged transformation curve for 30°C/s heating rate of the H R
material.
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4.3

Effect of Heating Rate

The heating rate can have a pronounced effect on the phase transformation kinetics of these
steels since increasing the heating rate requires higher superheating for the transformation to
occur. Figure 4-6 displays the fraction transformed vs. temperature plot for the four initial
materials. It can be clearly seen that as heating rate increases the transformation start and
finish temperatures, T and 7>, increase. Considering l°C/s and 100°C/s for the H R
s

material, for example, the higher heating rate increases Ts and 7> by approximately 20°C
and 50°C, respectively, as can be seen in Figure 4-7. This result is as expected and similar
trends have been found for both the H R and C R materials but not for the Bainite material
where no effect of heating rate is documented. The Bainite material, which consists of a
very fine mixture of ferrite and carbide, provides a sufficiently high nuclei density such that
the heating rate effect on the transformations is eliminated. As a result, Ts and TF remain
almost constant, regardless of the heating rates, as shown in Figure 4-7.
diffusion distances are short and hence the transformation is very rapid.
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Further, the
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Figure 4-7 : Ts and T temperatures as a function of heating rates for different initial
F

structures; (a) Ts and (b) 7>
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Considering the degree of heating rate effect between the H R and C R materials, however, it
can be seen that the C R materials, especially the 50CR material, are less affected by the
heating rates compared to the HR material. This is reflected by the fact that cold rolling
elongates ferrite grains and fragments pearlite lamellae, thus increasing the number of sites
of austenite formation during heating and thereby reducing the required superheating for the
transformation to occur.

A l l curves show an initially rapid transformation of the pearlite portion preceding the a—» y
transformation. Figure 4-8 shows the times for 5% and 95% transformation for the
separated P-» y and a—» y reactions for the HR material, respectively. It can be noticed here
that pearlite transformation into austenite almost finishes, whereas the dissolution of ferrite
to austenite has just started. This trend indicates that the austenite formation starts from the
dissolved pearlite region and then the austenite grows into the ferrite.
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Figure 4-8 : Transformation start and finish times as a function of heating rates for
the HR material
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4.4 Effect of Initial Microstructure

Figure 4-9 illustrates the effect of initial microstructure on the continuous heating kinetics
for selected heating rates. As shown in Figure 4-9 (a), at the heating rate of l°C/s, all four
initial structures reveal the same behavior of austenite formation kinetics. This means that
the heating rate of l°C/s is very close to the equilibrium heating condition, which can be
confirmed by comparing these curves to the equilibrium condition, X .
eq

In this study, data

from Kirkaldy [54] have been taken to calculate equilibrium fractions. Consequently, the
transformation from bainite follows the equilibrium condition for all heating rates since it
exihibits no heating rate sensitivity, as shown earlier in Figure 4-6.

As the heating rate increases from 10°C/s to 100°C/s, Figure 4-9 (b)~(d), the Bainite
material shows much faster transformation than any other materials. Between the H R and
CR materials, the transformation rates are in the order of 50CR, 20CR, and H R material.
This can be rationalized by a number of reasons. Firstly, the pearlite region might be
dispersed and deformed during the cold rolling process resulting in quicker nucleation of
austenite. Secondly, the internal free energy accumulated during the cold rolling process can
also contribute to easier austenite growth into the ferrite. Finally, there is the possibility that
the austenite nucleation occurs not only at pearlite colony boundaries but also at
ferrite/ferrite grain boundaries.
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Figure 4-9 : Effect of initial microstructures on continuous heating kinetics with
selected heating rates.
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Y a n g et a l . [80]

s h o w e d that i n c o l d - r o l l e d steels the austenite f o r m e d first o n the

boundaries between d e f o r m e d a n d unrecrystallized ferrite grains a n d then o n cementite
particles i n recrystallized ferrite grains. H o w e v e r , care must be t a k e n i n d i s c u s s i n g these
results since recovery a n d recrystallization m a y have taken place to a different degree
depending o n heating rate before transformation c o m m e n c e s i n the C R materials. T h i s w i l l
be discussed i n m o r e detail i n section 4.6.

4.5 M i c r o s t r u c t u r a l C h a n g e D u r i n g H e a t i n g

F i g u r e 4 - 1 0 (a), (b) compares the microstructural changes as a f u n c t i o n o f temperature i n
the range o f 745 ~ 9 2 0 ° C for a l ° C / s heating rate o f the H R a n d 5 0 C R materials,
respectively.

These micrographs c o n f i r m that the f o r m a t i o n o f austenite starts f r o m the

pearlite r e g i o n a n d g r o w s into the ferrite matrix, w h i c h is s i m i l a r to the results d o c u m e n t e d
i n the literature [50, 7 1 , 7 2 , 95].

F o r e x a m p l e , Jacot et a l . [95] reported the f o r m a t i o n o f

austenite f r o m ferrite-pearlite microstructure i n t w o steps. T h e first one is the transformation
o f pearlite into austenite. N u c l e a t i o n o f austenite grains takes place preferentially at the
interfaces between pearlite c o l o n i e s . T h e pearlite d i s s o l u t i o n i s then v e r y fast since the
d i f f u s i o n distances for carbon are relatively short ( o f the order o f the interlamellar spacing).
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The second step is the transformation of proeutectoid ferrite into austenite. This
transformation is quite sluggish and associated with the partitioning and diffusion of
substitutional alloying elements, such as manganese.

It can be also seen that the fraction transformed measured in partly transformed conditions
agrees well with the dilatometer measurement, as illustrated in Figure 4-11. However, care
must be taken in measuring the volume fraction transformed by metallographic methods,
since it is very sensitive to etching conditions of the specimen. For the current
measurements a light etching was used so that grain boundaries are not visible. In both H R
and 50CR materials, the austenite volume fractions are approximately 20% at 745°C, 45%
at 778°C, and 70% at 797°C, respectively.
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(a) H R m a t e r i a l

F i g u r e 4-10 : M i c r o s t r u c t u r a l c h a n g e s d u r i n g c o n t i n u o u s h e a t i n g w i t h a l ° C / s h e a t i n g
r a t e f o r v a r i o u s h e l i u m q u e n c h i n g t e m p e r a t u r e s ( Q T ) ; (a) H R m a t e r i a l , (b)
material.

65

50CR

(b) 50CR material
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Figure 4-11: Comparison of dilation test results and metallographic examinations for
the austenite volume fraction transformed for (a) H R material and (b) 50CR material.
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4.6 Effect of Recrystallization

In order to check whether the recrystallization of ferrite happens during heating before
transformation, the cold rolled materials were heated at different rates to 745°C. Following
helium quenching, the microstructure of the samples were investigated under a light
microscope. The temperature of 745°C was chosen since it is the temperature at which the
P—> y transformation finishes and just before the a—> y transformation starts. Figure 4-12
shows the resulting microstructures with different heating rates.

In the case of 50CR

material, the ferrite grains were fully recrystallized at the l°C/s heating rate. In the case of
the 20CR material, however, it is quite difficult to recognize any changes in the ferrite grain
shape.

Further, the micro-hardness of the ferrite grains was measured to confirm the degree of
recrystallization for both cold rolled materials.

As shown in Figure 4-13, the ferrite

hardness decreases steadily with the increase of heating times, which means that the C R
materials show an increasing degree of recovery and recrystallization before the a—» y
transformation as heating rate decreases. Figure 4-14 displays the recrystallization effect on
the transformation kinetics. The 50CR materials were first heated to 710°C at l ° C / s during
which the matrix ferrite can be recrystallized, and then continuously heated to 950°C at
different heating rates of 10, 30, 100°C/s, respectively.
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After that, the kinetics were

compared with the HR material. As can be seen, the recrystallized 50CR material shows
almost the same kinetics as the HR material further confirming that the 5 OCR material was
almost fully recrystallized during heating to 710°C.

The fact that at higher heating rates various degrees of recrystallization are attained before
transformation makes an interpretation of the transformation results of the C R materials a
complex task. More work is required to quantify the effect of initial C R structure on
transformation

by

separating

the

phenomena

of

recovery,

recrystallization

and

transformation. For example, high heating rates can be employed up to 710°C before a+P—»
y transformation to minimize recovery and recrystallization. This would allow to delineate
the actual effect of introducing additional nucleation sites on the austenite formation in C R
materials.
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(a) 20CR material

Figure 4-12 : Microstructures helium quenched from 745°C for various heating rates
(hr); (a) 20CR material, (b) 50CR material.

(b) 50CR material

Figure 4-12 : (cont.)
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M i c r o - H a r d n e s s o f Ferrite
[ h e l i u m q u e n c h e d f r o m 745°C]
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250-4

As-received

hr: 100
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Figure 4-13 : Microhardness changes of ferrite for various heating rates for the C R
materials which were helium quenched from 745°C.
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Figure 4-14 : Comparison of C H T kinetics between the H R and recrystallized 50CR
materials for different heating rates.
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CHAPTER 5 - KINETICS MODELING

5.1 Prediction of Ai and A Temperatures
3

The A i and A 3 temperatures were estimated following the methods of Andrews [45] and
Kirkaldy and Baganis [54]. Based on experimental results, Andrews [45] has reported
empirical relationships between chemistry and the approximate A s , A i , and A c
c

3

temperatures for different steels, as given by Eq. (2.1), (2.2), and (2.3), respectively.

Kirkaldy and Baganis [54] formulated the A e i and A ^ temperatures based on the
thermodynamics of the ternary Fe-C-X system for a wide range of alloying elements,
including Fe-C-Mn plain-carbon steels. The approach is presented in detail in [54].

The results of this analysis are compared in Table 5.1 with the values determined from the
Andrews equation. There is good agreement between both methods. In this paper, the
Kirkaldy and Baganis method was used in subsequent analysis since this method employs
basic thermodynamic data.

74

Table 5.1: Ai and A temperatures (°C) calculated for 0.16C-1.38Mn-0.24Si steel using
3

methods developed by Andrews [45] and Kirkaldy and Baganis [54].

Source

Temperature

Estimated Value (°C)

Andrews [45]

Ac1

714

Ac3

828

Ae3

817

Ae1

714

Ae3

820

Kirkaldy [54]

5.2 Modeling of Continuous Heating Kinetics

5.2.1

Application of the Additivity Rule

The method used in this paper for calculating phase transformations during continuous
heating is based on the additivity rule. The additivity principle has been used by several
authors [11-13] to describe the phase transformation kinetics during austenitization of steels
and it can be briefly described as follows. The principle of this method involves dividing the
continuous heating transformation curve into a series of small time segments. The fraction
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of new phase formed is then calculated by assuming additive isothermal conditions for each
time segment.

In this study, the P+ct—> y transformation was considered a combination of two individual
reactions of P—»y and a—» y. This means that those two transformations were dealt with
separately. The transformation kinetics of both reactions can be described with Avrami
equations, one for the dissolution of pearlite and the other for the transformation of ferrite.

X

(5-1)

= l - e x p [ - V " ' ]

P

X =l-exp[-V" ]

(5-2)

f

F

In order to apply the Avrami equation to account for continuous heating conditions it must
be modified in the differential form, i.e., — = nb "[-\n(l - X)\V(\-X)
]1

dt

2.13).

(refer to Eq.

If n is a constant and only b depends on the transformation temperature, the

additivity rule can be applied.

The procedure to determine n and b values for each transformation is the same and the
following three steps were used.
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(1) converting true fraction into normalized fraction
(2) selecting n value
(3) calculating b value as a function of temperature

The fraction transformed in the Avrami equation, X, is a normalized fraction. Hence the
calculated fraction from the dilatometer, which is the true fraction, must be converted into a
normalized term by

(5.3)

where X ,X , and X
N

T

eq

are the normalized, true, and equilibrium fraction, respectively.

Selecting an rc-value, the value of b can be calculated from the experimental data by rearranging the rate equation (2.13); i.e.,

(5.4)

This procedure is performed for a given test series with different heating rates. The selected
n-value is varied such that b becomes independent of heating rate. At this specific n value,
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b can be fitted as a function of temperature. For this work, it is convenient to plot In b vs.
temperature and obtain the function b from a least-squares fit. As an example, this plot is
shown in Figure 5-1(a) and (b) for the P—» y and a—» y transformation, respectively, of the
HR material.

The kinetic parameters for the HR, 20CR, and 50CR materials are summarized in Table 5.2.
In this study, the best fit of In b as a fiintion of temperature is fulfilled when n= 0.9 is taken
for the P—> y transformation and n= 0.7 for the a—> y part.
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Figure 5-1: Fitted In b values as a function of transformation temperatures for (a) P - »
y and (b) a-> y transformation of the H R material.
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Table 5.2 : Calculated kinetic parameters for modeling the continuous heating
transformations of the HR, 20CR, and 50CR materials.

HR

Materials

In b fitting
parameters

50CR

P->y

a -> y

a

-8.489

5.789

b

0.060

-14.929

0.063

-13.622 " '

0.048

-18.440

c

2.118

13.960

2.699

13.262

2.042

16.121

-

-3.940

-

-4.114

d

Remarks

20CR
P—
>Y
-9.778

-4.459
(1) In b vs. temperature:
for P^y.Y

=a + bx + c\nx,

l

whereY =lnb ,x = T-T

for a->y:Y =ax +bx +cx + d,
i

2

2

(2) n values:0.9 (P->y),

0.7 (a ->y)
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a —
>Y
7.524

P ->Y
-6.775

a —
>Y
5.152

l

P

Ael

where Y =\nb ,x =-7/,
(T )/100
2

F

el

5.2.2

Comparison of model and experimental data

From the calculated kinetic parameters, shown in Table 5.2, the P+a-> y transformation can
be calculated using models that are a combination of P-> y and a—> y reactions. If the P—»
y transformation is considered first, the calculation of fraction of austenite formed is
initiated at the transformation start time, t

AV

p

, and uses the parameters «p, and In bp(T), as

shown in Figure 5-2. In the first time segment, which has an average temperature Tj, the
fraction of austenite formed (normalized to XA,NI) is calculated from:

X =\- xp[-b (T )t "]

'

n

ANX

Q

P

x

x

where t\ is the first time increment, At, after t,

. This value of fraction of austenite

v

"

(5.5)

CHT .P

formed is then corrected to the true fraction of austenite formed by

A.T\

X

= eq( l) A,N\

where X

(-)

X

T

X

5

E Q

is the equilibrium volume fraction, which is equivalent to the pearlite volume

fraction of the initial microstructure, i.e., 18% (=0.18) for this study.
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6

Figure 5-2 : Schematic diagram showing the calculation procedure to predict
continuous heating kinetics for the P-> y transformation by assuming additive
isothermal conditions.
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In the second heating segment, since each isothermal temperature would produce a different
fraction of austenite, it is first necessary to change XA,NI to its equivalent fraction at I2. This
can be calculated from:

X ,N\'=

EQ

A

2, X

(5.7)

AM

Therefore the time,

required to produce

X ,NI '
A

at the temperature

T

2

is calculated using

the parameters tip and In bp(T?), such that:

-ln(l-X V)

\ln

P

P

(5.8)

The time segment, At, is added to this calculated value and a new fraction of ferrite
transformed,

X ,N2,
A

is calculated.

Xm
At

using the T2 equivalent of Eq. (5.6).

is converted to the true fraction of austenite formed
This procedure is repeated until the pearlite-to-

austenite transformation is completed.

The same procedure is followed to predict the a—» y transformation kinetics. Using Eq.
(5.5), the parameters bF and t" are substituted which correspond to the a—» y
F

transformation.
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In this case, however, X

eq

is the equilibrium volume fraction determined by the Fe-C phase

diagram based on the Kirkaldy and Baganis data [54]. Compared with the previous P—>y
transformation, this is the only difference and the rest of the procedure is the same.

The predicted kinetics of the pearlite-ferrite to austenite transformation is compared to the
experimental kinetics for the HR, 20CR, and 50CR materials in Figure 5-3, 5-4, and 5-5,
respectively. The results for the high heating rates where kinetic effects are relevant exhibit
excellent agreement for all three initial ferrite-pearlite structures. However, it must be noted
that the model is a complete empirical approach. The determinedrc-valuesdo not follow the
classical cases of Table 2.1. For a better understanding of the transformation mechanisms,
more fundamentally based models need to be developed. This is difficult to do from only
CHT data. Additional isothermal data would provide a better base for any modeling
approach.

84

O 10C/S
—Predicted
T5
0)

,2 0.5

c
o
u

700

800

900

Temperature (°C)

A
—

30C/S

•

Predicted

100C/S
Predicted

T3

•o

O

2 0.5

0.5

c
o

c
o
o

'-•3

u

0 +700

800
Temperature (°C)

900

700

800
Temperature (°C)

Figure 5-3 : Comparison between experimental data and predicted continuous heating
kinetics for the HR material.

85

900

O 10C/S
Predicted
E

to

0.5
u
<0

700

800
Temperature (°C)

900

•

A 30C/S

—Predicted
T3

100 C/s
Predicted

T3

a>
E
£
to

E

to

c

0.5

2 0.5
c

c

o

o

o

o

to

(0

700

800

900

Temperature (°C)

700

800
Temperature (°C)

Figure 5-4 : Comparison between experimental data and predicted continuous heating
kinetics for the

20CR material.

86

900

O 10C/S
^—Predicted
TJ

E
0.5

c
o

o
TO

700

800

900

Temperature (°C)

•

A 30C/S

100C/S

—Predicted

Predicted
XI

OJ

E

E

,2 0.5

0.5
u
re

u

TO

700

800

Temperature (°C)

900

700

800

Temperature (°C)

Figure 5-5 : Comparison between experimental data and predicted continuous heating
kinetics for the 50CR material.

87

900

CHAPTER 6 - CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The following conclusions summarize the results and discussion of the present studying the
kinetics of austenite formation from pearlite-ferrite structure in a multi-phase steel.

(1) In good agreement with published results, the pearlite-ferrite to austenite transformation
can be characterized by two substages. The first involves the transformation of pearlitic
regions to austenite, while the second consists of the consumption of ferrite matrix by
the austenite phase. These two substages are not necessarily completely distinct from
each other in time; in fact, the a—> y transformation starts just before the completion of
the pearlite dissolution, resulting in a short interval of overlap between those two stages.
Presumably, the transformation in pearlite occurs more quickly because the carbide
lamellae provide a ready source of carbon, reducing the diffusion distance in the y
phase.

(2) As heating rate increases the transformation start and finish temperature, Ts and 7>,
increase. The CHT kinetics of the C R material are less sensitive to the heating rates than
the HR material. Among different initial structures, the Bainite material reveals the
fastest transformation rates followed by the 50CR, 20CR, and H R materials,
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respectively. This trend is consistent with austenite formation starting form the
dissolved pearlite region and then the austenite grows into the ferrite matrix. As a result,
the Bainite material, which consists of a fine mixture of a and Fe3C, can supply
abundant

austenite

nucleation sites and short diffusion

distance, resulting a

transformation which follows equlibrium even for heating rates as high as 100°C/s.
Cold rolling elongates ferrite grains and fragments pearlite lamellae, thus increasing the
nucleation sites of austenite and thereby showing faster transformation than the H R
material.

(3) A mathematical model based on the Avrami equation and the additivity principle has
been successfully used to reproduce the kinetics of the P+a—> y transformation during
continuous heating. By adopting a curve-fitting technique, the total P+a—> y
transformation could be handled by a combination of two separate reactions, i.e., P—»• y
and a-> y. Then, the transformation kinetics were characterized in terms of the Avrami
parameters n and b. Average values of n =0.9 and 0.7 were supposed for the P—» y and
a-> y transformation, respectively. The results for the H R and C R materials revealed
good agreement between experimental data and predictions.
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6.2

Comments on Future Work

The materials used in the present work contained some banded regions which could affect
the phase transformation kinetics. This may be one major reason why the results of the
dilation tests revealed variations. In order to prepare specimens with little banded structure,
a preliminary heat treatment such as austenitization and isothermal transformation
suggested

in [71] is recommended. Considering the effect

of cold rolling on

transformations, more work is required to separate the phenomena of recovery and
recrystallization from phase transformations. One approach to the problem would be to
apply rapid heating up to 710°C, just below the transformation start temperature, followed
by selected heating rates to investigate the transformation process. For a better
understanding of the transformation mechanisms, it is planned to implement the influence
of the intercritical annealing conditions, i.e., isothermal tests. This would enhance the
accuracy of the proposed model, since the isothermal data would be specific to the material
conditions.
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