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A mathematical model for calculating phase transformations in steels during rapid heating and cooling
is presented. It is based on a rule of additivity. The isothermal kinetics are modelled by Johnson—-Mehl-Avrami
taw. The model describes the kinetics of austenitization during heating, the state of austenite at the end of
heating (carbon content, grain size), the kinetics of transformations during cooling, the final microstructure
and hardness. The model is worked out firstly on dilatometric specimens without thermal gradients in order
to validate the modelling and the input data. Then the application of the model to massive cylinders heated
up and cooled down with high thermal gradients is presented.
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1. Introduction

In the past a number of studies have dealt with the
prediction of microstructural evolutions of steels during
cooling. A review has been given in!'? to which some
other works should be added.®* Only a few studies
concern the calculation of the kinetics of austenitization
during rapid heating.*> Moreover the modelling of the
effect of the state of austenite at the end of heating
(inhomogeneous chemical composition, grain size) on
the kinetics of phase transformations during cooling has
been little taken up. Several authors*®”? have introduc-
ed the grain size of austenite as a parameter in the laws
describing the isothermal or anisothermal kinetics
of transformation. As far as we know only one study®
takes into account the effect of local carbon content of
austenite on the critical cooling rate and on Ms tem-
perature.

Some years ago, we have developed a model for
calculating phase transformations during continuous
cooling in steels.*+?

In this paper we present an extension of this model in
order to describe aiso phase transformations during
heating. An approach for taking into account both the
effect of the local carbon content of austenite and the
effect of the grain size of austenite on the kinetics of
phase transformations during cooling is presented. The
model is worked out firstly on dilatometric specimens
without thermal gradients for which the parameters
needed for the validation of the computations are
measured.

Then we illustrate how the model works on cylindrical
specimens with high thermal gradients. Finally, an
application of the model to induction hardening is
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shown.

2. Description of the Phase Transformation Calculation
Model

2.1. Heating
2.1.1. Calculation of Anisothermal Transformation
Kinetics

The method used in this paper for calculating phase
transformations during continuous heating from iso-
thermal data is based on a rule of additivity. It has been
used by several authors®** and we recall briefly the
principal of the method. The temprature—time curve is
discretized in a series of isothermal steps. On each step
the volume fraction of new phase formed is calculated
by using isothermal transformation kinetics. The iso-
thermal transformation kinetics is modelled according
to the law developed by Johnson-Mehl'® and by
Avrami'V:

yk=ymaxk(1 _exp(_bktnk)) .

where y, is the volume fraction of constituent &
transformed into austenite (k=1 pearlite, k=2 ferrite)
and b, and n, are temperature dependent parameters. At
each temperature, the coefficients », and b, are calculated
by using two points corresponding to a given percentage
of phase formed (10 and 90% for example) obtained
from the isothermal kinetics of transformation or from
the Isothermal Heating Diagram. y,,,, is the maximum
volume fraction of austenite that can be formed. The
method for quantifying the phase transformations is
given on Fig. 1, it is the same as the one used previously
on cooling.?

From the volume fraction of austenite y; formed up
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Fig. 1. Schematic representation of the calculation of new
phase formed.
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Fig. 2. Isothermal transformation heating diagram for a XC42
carbon steel.

to the end of time step i, the position on the isothermal
kinetics at temperature 7;,, is found through the ficti-

tious time ¢¥, ;:
X 1/ni 41
1n<1 S )
- Yii+1)

i+17
bi+1

The fictitious time is incremented by Atf;,; in order to
calculate the volume fraction of austenite at the end of
time step i+ 1:

Y+ y=Vigr L1 —exp(—=b; (i1 + AL )" )]

An example of an IT heating diagram as it is used in
our model for a hypoeutectoid carbon steel with a fer-
rite~pearlite microstructure is presented on Fig. 2.

The different steps of the transformation from fer-
rite—pearlite microstructures into austenite, the mecha-
nisms and the kinetics of these transformations have
been widely treated and discussed in the literature. 2717
From the IT diagram, we can see that austenite formation
is considered to occur in two steps: firstly the pearlite
dissolution and then the transformation of ferrite. For
the first step, the nucleation of austenite occurs in-
stantaneously (above temperature AC,;) so that no in-
cubation period is considered. The diffusion distances
are short and the transformation is rapid. For the se-
cond step the growth of austenite into the ferrite regions
is slower: it is controlled by carbon diffusion. At

In put data :

- heating law

- Isothermal Transf.
Diagram

- grain growth

- carbon content of

Calculation of n and b
parameters

.

I New time step i

1
O

YES

Calculation of volume
fraction of austenite

NO
d
YES

Calculation of austenitic
grain size

D

YES
AT = Taus - AC1

Calculation of carbon
content of austenite

Results :
- austenitization kinetics
- grain size

} austenite

Fig. 3. Flow chart of the phase transformation calculation
model on heating.

temperature between AC, and AC,, at completion of
the transformation some ferrite remains. The maximum
amount of austenite that is formed is calculated from the
Fe—C equilibrium diagram. Above temperature AC;, the
completion of the transformation corresponds to a full
austenitic structure. At each temperature, the growth of
austenite is modelled by two Johnson-Mehl-Avrami
laws, one for the dissolution of pearlite and the other
for the transformation of ferrite.'®

2.1.2. Evolution of the Carbon Content in Austenite
During rapid heating austenite is not homogeneous in
composition. This inhomogeneity will have an effect on
the kinetics of transformation during cooling. Thus it is
important to know the carbon content in austenite at
the end of the heating process. Analytical and numerical
treatments of austenite homogenization from one or two
phases have been proposed.®2~ 21 They are based on
the solution of the diffusion equation. In the present
model, we have chosen to use experimental carbon
distributions. From the experimental study on a
hypoeutectoid carbon steel?*2® an evolution law of the
carbon content in austenite originating from the pearlite
(yp) and ferrite (yp) regions as a function of the
temperature difference AT=7T,,,—AC, has been ob-
tained (T, is the austenitization temperature; AC,, the
beginning temperature of the transformation is here
heating rate dependent). This law is described more in
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details in Sec. 3.1.

2.1.3. Calculation of Austenite Grain Growth

Several authors?47 2 have studied the effect of time
and temperature on the grain growth of austenite during
rapid heating. According to the rule of additivity (thermal
cycle divided into isothermal time steps), austenite grain

growth is described by the following relationship?®;
G"—G‘;=k,,ZAt,-exp<—-~——Q-> ............... (1
i RT;

where G is the austenite grain size during heating, G, the
austenite grain size at the beginning of full austenitiza-
tion, At; length of time step i, 7, temperature of step 7.
a, k,, Q are constants and R is the gas constant.

With these different concepts we get the flowchart of
the phase transformation calculation model during
heating given on Fig. 3.

2.2. Cooling

This model has been put together with the existing
model for the calculation of transformations during
continuous cooling based on a rule of additivity. We give
here only the principal features of the model.}?

Incubation and growth periods are treated separately
for diffusion-controlled transformations. The incubation
period is determined according to Scheil’s method: the
transformation during continuous cooling begins when
the sum ) ((Ar,/t(T})) becomes equal to unity (Az; is the
length of time step i and (7T} is the beginning time
for the isothermal transformation at temperature T}). An
heredity factor for nucleation (which corrects Scheil’s
sum) is introduced in order to take into account non
additivity at the transition from pearlite to bainite.

The phase growth is modelled according to the law
developed by Johnson—Mehl and Avrami. It applies when
the austenite transforms into proeutectoid constituent
(ferrite/cementite), pearlite or bainite. For the proeu-
tectoid reaction the value of y_,., is deduced from the
equilibrium diagram and from the concept of Hultgren’s
extrapolation. An incomplete bainitic transformation
can also be taken into account in the model. For mar-
tensitic transformation the progress of transformation is
calculated using the relation established by Koistinen
and Marburger.

A hardness calculation is associated with this phase
transformation calculation. The final hardness is ob-
tained by accumulating the contributions of the dif-
ferent constituents formed along cooling:

HV:Z (Z AykiHVki>
T \x

HV final hardness at a given point, Ay,; increment of
phase k formed at time step i, HV,; microhardness of
constituent k formed at temperature 7.

The flowchart of the phase transformation calculation
during cooling is recalled on Fig. 4.

2.3. Specific Aspects Related to Rapid Heating

The specific aspects of rapid heating (inhomogeneity
of austenite and grain size of austenite) have needed new
developments of the existing model for calculating phase
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Fig. 4. Flow chart of the phase transformation calculation
model on cooling.

transformation during cooling.

2.3.1. Diffusion Dependent Transformations

— The increase of the austenite grain size leads to a
slowing down of the transformation. This effect is
modelled (for homogeneous austenite) by a shifting in
the time scale of the IT cooling diagram. The following
set of relations is used in order to describe the effect
of grain size on the incubation period as well as on
the growth part of the transformation:

,=(14+Dg)t
}’lkg=}’lk
b
bkg=_"—"
(1+Dg)™

Tg» Mig by, represent the values with effect of grain size.
Dy is a function of the grain size G determined from
IT curves for different austenite grain sizes. It is written
as a polynomial the coefficients of which are obtained
from experimental data.
— When austenite is non homogeneous we consider a
spreading out in time of its isothermal transformation
kinetics on cooling in comparison with the transforma-
tion kinetics of homogeneous austenite. Thus the in-
cubation period of the transformation of the inhomo-
geneous austenite (tp) corresponds to the one of the
low carbon austenite yp (originating from the ferrite
regions).

tp=(1+D,)1

D, is a function of AC,,.

AC,, is the difference between the carbon content of
yr and the mean carbon content of the steel.

The new coefficients n, and b, of the isothermal kinetics
law are determined by using the times ¢,, and #;p
corresponding to 10 and 90% of phase formed:
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tip=(1+D,r)t,
t,p=(1+D,.),

t, and t, are the times corresponding to 10 and 90 % of
phase formed of the original IT diagram of the steel. D,
is a function of AC, .. AC, is the difference between the
carbon content of the high carbon austenite 7y,
(originating from pearlite) and the mean carbon content
of the steel.

D, and D,, can be obtained from IT curves of steels
with different carbon contents. It must be noted that D, _
and D, are respectively negative and positive. As for
Dy, they are taken in the form of polynomials.

2.3.2. Martensitic Transformation

— When austenite is inhomogeneous, the model takes
into account a variation of Ms tempeature with carbon
content. The martensitic start temperatures are respec-
tively Ms, , and Ms, _ for the high carbon austenite and
for the low carbon austenite:

Ms,, = Mso+hAC,,
MSvF bad Mso+hAC.“,

Mg, is the martensite start temperature for the ho-
mogeneous austenite. 4 is a constant. Thus, the two
austenites will have a different progress of martensitic
transformation with temperature. In addition, the
hardness of martensite is calculated as a function of its
carbon content.

— When austenite is homogeneous, Ms temperature is
taken as a function of austenite grain size according to
our experimental results (Sec. 3.1).

2.4. Coupling with the Thermal Calculation

This phase transformation calculation model has
been coupled with the calculation of the temperature
distribution in a cylinder during rapid heating and
cooling. The temperature distributions are calculated by
solving the heat conduction equation. This equation
contains a term describing the rate of energy released by
the phase transformation. It is related to the enthalpy of
the transformation and to the rate of transformation.
The thermophysical properties of the material are
temperature dependent and related to the volume
fractions of phase formed through a linear mixture rule.
The details of the thermal calculation model have been
given previously.?:22

3. Application of the Model

In order to work out the model, an experimental
characterization of phase transformations during rapid
heating and cooling has been performed on a XC42
carbon steel (study of the kinetics of transformations,
microstructural analysis, hardness measurements.?%:2%
We present here only the data that will be used for the
calculation. Firstly, the model has been applied to
dilatometric specimens (without radial temperature
gradients). In that case comparisons between the ex-
perimental and calculated transformation kinetics and
temperature evolutions will be performed. Then we shall
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illustrate how the model works on cylindrical specimens
with high thermal gradients during heating and cooling.

3.1. Input Data

The material used in this study is a XC42 steel with a
ferrite pearlite microstructure. The application of the
heating part of the model needs the IT heating diagram
to be determined either from experiments or taken from
literature. In this work, we have chosen a procedure in
which the IT diagram is constructed from data obtained
during continuous heating on dilatometric specimens.
We use a first guess of the IT heating diagram. We then
calculate the kinetics of phase transformation during
continuous heating. From the comparison with the
experimental results, we obtain a new guess of IT
diagram. From this iterative scheme the IT heating
diagram that can be used for further predictions is
determined (Fig. 2).

Figure 5 shows the experimental evolutions of car-
bon content of the austenite originating either from
the pearlite or from the ferrite as a function of the
temperature difference between austenitization tempera-
ture 7T,,, and AC, temperature as it is used in the model.
These carbon contents have been measured in the
martensitic regions of dilatometric specimens heated up
to T,,, at different rates and cooled down rapidly.2? AC,
depends on the heating rate. When the temperature
difference T,,,—AC, is small, the pearlite becomes
austenite containing about 0.7% carbon and ferrite
becomes austenite with a low carbon conent (~0.02 %).
When the austenitization conditions increase (tempera-
ture, time) carbon diffusion leads to an increase of the
carbon content of the low carbon austenite and to a
decrease of the carbon content of the high carbon
austenite until the mean carbon content of the steel is
reached (here for AT=283°C).

The coefficients used in the grain growth law (1) are:
a=4, k,=2.969x 10> mm*/mn, Q=1.269 x 10*3cal/
g-atom.?® We have verified that with these values and
an initial grain size G,=6um, the law (1) allows to
describe well our experimental results that give the
austenite grain size vs. austenitization temperature for
different heating rates (Fig. 6).

For the cooling part of the model, we have used an
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Fig. 5. Variation of carbon content in austenite as a function
of heating conditions. The heating rate ranged from
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Fig. 7. Isothermal cooling diagram for XC42 steel.

IT cooling diagram from literature and drawn the
necessary data for our model (particularly the curves
corresponding to 10 and 90 % of phase formed that are
necessary for the calculation of coefficients », and b))
(Fig. 7). For quantifying the effect of the local carbon
content of austenite on Ms temperatures we use the law
by Andrews®” that relates Ms temperature to the
chemical composition of steels. This law leads to
h= —423 in Eq. (2).

From our experimental results the evolution of Ms
temperature with austenite grain size (Fig. 8) has been
determined. Mg, has been fixed to 310°C. In order to
calculate the hardness of martensite as a function of the
local carbon content in austenite the experimental
evolution law given by Krauss®® has been used.

The results that will be presented in this paper concern
mainly martensitic transformation, therefore we have not
taken into account the effect of local carbon content and
grain size of austenite on the isothermal kinetics on
cooling.

For the calculation of the temperature evolutions, the
thermophysical data (thermal conductivity, specific heat,
density) as a function of temperature for the austenite
and the other constituents have been taken from

© 1992 ISl
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Table 1. Heating and cooling conditions for dilatometric
specimens.

Austenitization

Heating rate Cooling rate

Test CCjs)* tempfrature CJs)**
Qe
1 60 862 455
2 80 992 395
3 220 982 475
4 600 1108 470

* Mean rate between 20 and 740°C.
** Mean rate between T, and 350°C.

literature. The enthalpy of the transformation ferrite +
pearlite—austenite has been measured:

AH(J/m3) = —3.05x 108+9.26+103T+9.91 T2 (T:°C)

For bainitic and martensitic transformation we have
used AH=4.4x10%J/m*® and 6.48 x 108J/m® respec-
tively.!

Moreover the thermal calculation needs the heat flux
densities on heating and cooling to be determined. The
heat flux densities are obtained using a method of inverse
solution of the heat equation®® in the domains where
no transformation occurs. This method uses the ex-
perimental temperature evolution at a given point on
the radius of the cylinder in order to calculate the surface
heat flux densities. In the transformation domains, they
are calculated by assuming a linear mixture rule with the
volume fractions of the different consituents.??

3.2. Application to Dilatometric Specimens

The model has been applied to dilatometric specimens
heated at different rates up to different austenitization
temperatures and cooled down at a rate greater than the
critical cooling rate (Table 1).

We present successively the results concerning the
temperature evolutions during heating and the mar-
tensitic transformation during cooling.

3.2.1. Temperature Evolutions

As an example, Fig. 9 presents the comparison bet-
ween the experimental and calculated temperature evo-
lutions during heating and cooling for tests 1 and 4
corresponding to our extreme austenitization condi-
tions.

In both cases a good agreement between experiment
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and calculation appears. It must be noted that the
specimens are induction heated and the Curie transi-
tion leads to a big decrease of the heating rate.

3.2.2. Phase Transformations
— Heating

Figure 10 shows the experimental and calculated
austenitization kinetics for test 4. From the experimental
point of view, we have reported the results obtained for
four tests performed with the same heating conditions.
These results illustrate the experimental difficulties

321

Table 2. Comparison between calculated and measured
AC, and AC; temperatures.
e AC, (°C) AC, (°C)
Test Heating rate Exp. Calc. Exp. Cale.
1 60 752 747 820 811
2 80 750 748 821 811
3 220 756 752 828 825
4 600 760 754 838 834

Table 3. Calculated carbon contents in austenite.

Carbon content in austenite (%)

Test
T F
1 0.623 0.299
3 0.467 0.398
2 0.454 0.406
4 0.43

Table 4. Comparison between calculated and measured
austenite grain size.

Grain size (um)

Test Calc. Exp.
3 7.0 9.5
2 7.3 10.5
4 18.3 19.0

to carry out highly reproductible tests at high heating
rates.

From the comparison between the calculated result
and experiment it comes out that the calculation re-
presents correctly the beginning and the end of the
austenitization and the transition from the transforma-
tion pearlite — austenite to the transformation ferrite —
austenite (at 60 % austenite formed). The length of the
transformation pearlite — austenite is overestimated by
the calculation.

Table 2 gives a comparison between experimental and
calculated beginning temperatures (AC,) and end
temperatures (AC,) of the transformation. They corre-
spond respectively to 5 and 95% of austenite formed.
The agreement is satisfactory. The calculated carbon
contents of the low and high carbon austenites are
reported in Table 3. In that case we have no experimental
results to be compared with but the comparison will be
carried out in the following in relation with the progress
of martensitic transformation that depends on carbon
content.

The variations of the austenite grain size for the
different austenitization conditions (Table 4) are well
described by the model if we consider the experimental
error (between 0.5 and 2.5 um).

— Cooling

During cooling the progress of martensitic transforma-
tion is calculated. We present here the evolution of the
volume fraction of martensite vs. temperature

— for tests 1 and 3 where the two austenites with differ-
ent carbon contents will lead to two different progress
of tranformation (Fig. 11).

© 1992 1S1J
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results for test 4.

— for test 4 where austenite is homogeneous and the

austenitic grain size affects the progress of the trans-
formation (Fig. 12).
The measured volume fractions of martensite are also
reported on these figures. A reasonable agreement
between the calculated results and the experiments is
obtained in the case of tests 3 and 4 but the final amount
of martensite is underestimated by the model. For test
1 the agreement is not good: the calculated martensite
start temperature is much higher than the experimental
one. This discrepancy can be related to the way of taking
into account the inhomogeneity of austenite in the model.
Indeed, the experimental carbon evolutions given on Fig.
5 have been obtained for heating rates ranging from 600
to 800°C/s. For much lower heating rates (as for test 1
for which the heating rate is 60°C/s) these data lead to
an overestimation of the inhomogeneity of austenite and
consequently to a difference between the Ms temperature
of the two austenites that is too high. This fact is sustained
by the hardness values given in Table 5. In the case of
test 1 the calculated hardness of the high and low carbon
martensites are respectively higher and lower than the
measured ones.

For the other tests the experimental and calculated
hardnesses show a very reasonable agreement. The
difference between the hardness of martensite and the
hardness of the specimen calculated for test 4 is due to
the retained austenite of the final microstructure. From
these results on dilatometric specimens it appears that
our model, with the different concepts taken into account,
correctly represents the state of austenite at the end of
the heating and the following martensitic transformation
during cooling.

3.3. Application to Massive Cylinders

3.3.1. Numerical Simulation of a Surface Heat
Treatment

We have carried out a numerical simulation of the
rapid heating and cooling of a cylinder with 16 mm in
diameter. A constant heat flux density is imposed at the
surface for heating and for cooling.

Figure 13 shows the temperature evolutions at different
locations on the radius of the cylinder. The maximum
temperature that is reached at the surface is 1100°C.
This temperature lies below AC, temperature (AC,
~755°C) in an area between r=0 and r=3.5mm.

In order to analyse the state of the austenitization

Table 5. Calculated and measured hardnesses for dilatometric specimens.

Carbon content
in austenite (%)

Calculation

Experiment

Test
Hardness martensite Hardness Micro-hardness martensite Hardness
(HV) specimen (HV,.3) specimen
e 7F (HV) (HV,0)
High Low High Low
carbon carbon carbon carbon
1 0.623 0.299 884 656 749 827 717 745
3 0.467 0.398 806 754 754 809 744 736
2 0.454 0.406 797 761 753 807 752 725
4 0.43 780 748 746 735
© 1992 I1S1J 322
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radius of the cylinder.

along the radius of the cylinder, we show the volume

fraction of austenite in Fig. 14, the carbon content and

the grain size of austenite in Fig. 15.
Five zones can be distinguished along the radius:

1: no transformation during heating

: only the pearlite is transformed into austenite with a
high carbon content

3: all the pearlite is transformed (about 60 % high carbon
austenite exists) and the ferrite becomes austenite with
a low carbon content

: the austenitization process has reached completion
and the homogeneization of austenite occurs;

5: austenite is homogeneous and the grain size increases

from 6 to 15 um at the surface.

Of course, these different austenitization states will

lead to different transformation kinetics during cool-
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Fig. 17. Comparison between experimental and calculated
lemperature evolutions during induction hardening
of a cylinder 16 mm in diameter.

ing. Figure 16 shows the radial distribution of micro-
structures at the end of cooling.

As expected, in zone 1 we find the original micro-
structure (60% pearlite, 40% ferrite). In zone 2, the
volume fraction of high carbon martensite increases at
the expense of pearlite. As a consequence of the low
Ms temperature (Ms~ 180°C) an amount of retained
austenite is obtained. There remains 40 % ferrite. In zone
3, the amount of high carbon martensite remains nearly
constant and the amount of low carbon martensite
increases. Zone 4 is made of a mixture of high and low
carbon martensites. The amount of high carbon
martensite increases slightly and the amount of low
carbon martensite decreases slightly. These evolutions
are to be related to the variations in Ms temperatures
with carbon content. Near the surface (zone 5), the
amount of homogeneous martensite reaches 95%. There
is 5% retained austenite. These microstructure distribu-
tions lead to a radial hardness distribution which is
characteristic of a surface hardening treatment. Hardness
is high (760 HV) and nearly constant down to a depth
of 2mm and then decreases progressively until the
original hardness of the steel (240 HV) is reached at
4.5mm in depth.

3.2.2. Application to an Induction Treated Cylinder

The calculation model has been applied to a cylinder
with 16 mm in diameter (length 48 mm) induction heated
and quenched in water at 20°C.
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The temperature evolutions are recorded during the
treatment by means of two thermocouples located in the
center and at a depth of 1.5mm from the surface in the
median plane of the cylinder.

Firstly, the surface heat flux densities have been de-
termined from the measured temperature evolution at
1.5mm from the surface. Then the model has been ap-
plied with the data described previously. The com-
parison between calculated and measured temperature
evolutions is shown in Fig. 17. It can be noted that
the heating is well described although the thermal
calculation does not take into account the eddy current
losses due to the electromagnetic field.

As cooling starts at the surface, differences between
experiment and calculated results appear. The cooling
law in the center is badly described by the calculation.
It must be underlined that quenching in vaporisable
liquid is a complex case from the point of view of thermal
calculations: the different heat transfer stages (film
boiling, nucleate boiling convection) may lead to high
local thermal gradients, consequently the temperature
measurements at one point does not necessarily represent
the cooling of the specimen.

Figure 18 shows the measured and calculated radial
distributions of hardness. It appears that the calculation
describes correctly the evolution of hardness except in
the center where the calculated values are above the
measured one. This difference is easily explained if we
refer to the distributions of microstructure. Experimen-
tally, the original ferrite—pearlite microstructure is kept
in the center of the cylinder?® whereas the calculation
gives a microstructure made of ferrite (40 %), bainite
(15%), martensite (5 %) at this point.

This difference is attributed to the discrepancy between
calculated and measured temperatures: in the centre,
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Fig. 18. Measured and calculated hardness profiles after an

induction hardening treatment.
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Fig. 19. Calculated radial residual stress profiles after fast

heating and cooling of a cylinder 16 mm in diameter.
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from the measurements it appears that the maximum
temperature reached on heating is lower than AC, and
no transformation has occurred, whereas the calculated
maximum temperature is 755°C and 20% austenite has
been formed. It must be noticed that the experiment
used here is a difficult case from the point of view of
comparisons between calculated and experimental re-
sults: as the maximum temperature in the center is close
to AC,, a relatively small discrepancy between measured
and calculated maximum temperatures leads to big
discrepancies between calculated and experimental
microstructures. Generally during surface hardening
treatments of workpieces, the thermal gradients are much
higher than in our experiment.

In addition to the thermal and metallurgical calcu-
lations the internal stress analysis during fast heat-
ing and cooling of cylinders is now performed. The de-
scription of the mechanical constitutive model can be
found elsewhere.>® In this paper we show only as an
example the calculated residual stress profiles for the
cylinder considered in Sec. 3.2.1.

4. Conclusion

We have developed a model for calculating phase
transformations during rapid heating and cooling in
steels. The concepts that are taken into account allow to
describe in a realistic way the kinetics of austenitization,
the state of austenite at the end of heating (carbon
content, grain size) and the subsequent transformation
during cooling for dilatometric specimens.

The application of the model to a cylindrical specimen
heated up with high thermal gradients shows that a
thorough description of the state of austenitization
and of the final microstructures along the radius is
obtained.

In the case of induction hardening the model leads to
satisfactory results as regards the predicted final mi-
crostructure and hardness distributions (if however the
temperature distributions during the treatment can be
predicted accurately).

In addition to the prediction of thermal and mi-
crostructural evolutions in cylindrical specimens, the
internal stress evolutions are also calculated. The
complete validation of the modelling by comparing
computed results and experiment is on course.

At present, the phase transformation calculation mod-
el is also associated with a 2D-3D thermal, mechani-
cal computer code in order to predict microstructure,
hardness, residual stresses in workpieces during surface
heat treatments (induction hardening, laser hardening).
This coupled thermal, metallurgical, mechanical model
will be a valuable guide for controlling and optimizing
heat treatments.
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