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A model for predicting the conditions for ferrite/pearlite band prevention in dual phase and TRIP steels has
been developed. The competition between processing parameters such as the austenitisation time and
temperature, the transformation temperature and microchemical segregation wavelength is explored. The
effects of alloy composition in the tendency to form ferrite/pearlite bands are quantified. A simple formula
combining processing parameters and compositions for describing band formation is presented. The calcu-
lations show that the most prominent factor for preventing banding is the control of the microchemical
wavelength. In addition to C and Mn, Al and Si concentrations have shown to play a smaller but significant

role in band formation behaviour.
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1. Introduction

The prevention of ferrite/pearlite banding in high
strength steels is an important technological boundary con-
dition to allow utilising the full potential of their mechani-
cal properties. The mechanism of formation of banded
structures has been reviewed by Bastein,” who determined
the relationship between the formation of dendrites in solid-
ification and microchemical inhomogeneity. The nucleation
of new phases occurs in composition distinctive regions
leading to the ferrite/pearlite band formation when cooling
from the austenitic region. Kirkaldy, Von Destinon-
Fortsmann and Brigham?® further established a quantitative
relationship between the heat treatment scheme and the mi-
crochemical wavelength A, defined as the average distance
between parallel bands of composition. Grange® observed
that austenitisation at temperatures over 1590K prevents
ferrite/pearlite band formation in Fe-C—Mn-Si steels. More
recently, Thompson and Howell? related austenite grain
size to band prevention, whereas GroBterlinden et al.> spot-
ted Mn segregation as the determining factor in banding.
There is therefore extensive literature reporting the compet-
ing factors leading to banding and its prevention,® however
the concepts are formulated such that quantitative rules are
hard to distil.

A predictive model quantifying the effects of themrome-
chanical treatment on band prevention may be of great use.
One of these models has been developed by Offerman et
al.” for a hot rolled medium carbon steel. In this model the
ferrite nucleation rates are calculated in composition dis-
tinctive regions of Mn, Si and Cr; and based on experimen-
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tal data, it is postulated that when the difference in ferrite
nucleation rates exceeds 6—8 %, ferrite/pearlite banding oc-
curs. Rivera et al.¥ further developed this concept by com-
bining it with the calculation of segregation due to solidifi-
cation employing a thermochemical database,” with the
theory of diffusion'” and with the classical nucleation theo-
ry.!) Their results were consistent with the experimentally
observed conditions for ferrite/pearlite band prevention re-
ported for a number of steel grades in the literature.” The
influence of processing parameters in banding was calculat-
ed for a number of industrial steel grades by introducing
“pband prevention plots”'*!'® as a means to relate the
austenitisation temperature (A7) and the transformation
temperature (77) with the austenitisation time (A4¢) and mi-
crochemical wavelength (A), an example of which is shown
in Fig. 1.

Although the band prevention plots provide direct infor-
mation for determining the processing conditions for pre-
venting ferrite/pearlite band formation for a given segrega-
tion wave length, separate plots are required for each steel
grade. The calculation time required for determining one of
such plots is significant as its determination lays on solving
the diffusion equation employing the finite differences
method in the multicomponent scenario. The present work
is aimed at quantitatively determining the effect of the gen-
eral processing conditions required for preventing banding
in high strength steels of varied composition. Furthermore,
it is intended to condense the outcome of such elaborated
calculations in a simple analytical equation of use to indus-
try. The experimental validation of the model will be pre-
sented in the companion paper.'?
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Fig. 2. Schematic representation of the heat treatment.

2. Model for Ferrite/Pearlite Band Prevention

The computer model combines the effects of solute seg-
regation due to solidification, the diffusion of the segregat-
ed components during homogenisation and the nucleation
of ferrite in regions possessing different concentration val-
ues during controlled cooling after hot rolling. The diffu-
sion is assumed to occur in the austenitic field ¥, and the
transformation either in the three phase region y+a+ 6 or
in the two phase region y+6 (where « stands for ferrite
and for O stands for cementite), as shown schematically in
Fig. 2.

2.1.

The first phenomenon leading to ferrite/pearlite banding
that takes place in alloy production is solidification. At this
stage, the primary and secondary dendrite arms advance to-
wards fresh liquid regions. This causes an inhomogeneous
solute distribution in the dendrite, where its centre contains
the low carbon content that characterises the liquid — 8-fer-
rite reaction at the alloy concentration. The dendrite edges
impinge with each other in the last stages of solidification,
requiring that such interfaces be characterised by the high
carbon concentration of the eutectic point. Therefore, the
liquid — J-ferrite composition and eutectic reaction compo-
sition provide the extreme composition values to be ho-
mogenised in the high temperature austenitisation treat-
ment. These were obtained for a variety of steels from a
thermochemical database.” The procedure employed for
each studied alloy grade was to reduce the temperature
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from the liquid field to the eutectic temperature. The J-fer-
rite composition and the composition of the last liquid in
equilibrium were assumed to be the initial segregation val-
ues present, which will approach the average alloy concen-
tration as homogenisation proceeds.” Reduced segrega-
tion values obtained from non-equilibrium solidification
processes may be incorporated in the model through assum-
ing an increased austenitisation time value. However, the
equilibrium composition values that are assumed capture
very well the expected compositional variations across the
dendrites as a function of alloy composition. Moreover, the
major responsible for the homogenisation of segregated re-
gions is the austenitisation process to be described next.

2.2. High Temperature Homogenisation

The alloy is homogenised in the austenitic region (Fig.
2). The evolution of the segregated solutes resulting form
solidification is numerically described by solving Fick’s
second law in the multicomponent scenario. Kirkaldy and
Young'” have expressed the solute kinetics with a finite dif-
ferences algorithm

At N : (O o
Citbi= i+ Z (D' =D )(Cy ' =CiT)
=1

X
(Ax)? £
+(D)(C 1 =2CH +Clih]

where C/*! is the k concentration at time i+ 1 in node j, At
is the size of the time interval, Ax is the distance between
nodes and D{,"'=0D/*'/dC, is the variation of & component
diffusion coefficient at node j+1, D{*!, with the p compo-
nent concentration, C,.

In the present calculations, the number of nodes was

taken as j=0,1,...,50. The presence of isoconcentrate
bands was expressed as the boundary condition

CHTI=CHT e (2)
for j=0, 50.

The carbon interdiffusion coefficients are approximated
15)
as

_ a‘uC /aN/(
Ol /ON

Ck

where subindex C stands for carbon and & for a substitu-
tional solute, and u and N stand for chemical potential and
mole number, respectively.

The carbon diffusion coefficient in austenite, D, is cal-
culated from'®

De=4.53%10"7-(1+Y(1—-Y.)-8339.9T")
Xexp{—(T~'=2.221X107%)(17 76726 436Y,)]

where 7 is the austenite temperature in K, and Y.=
Co/(1—C) is the site fraction of carbon in the interstitial
sublattice. D¢ is inm?s™ .

The diffusion coefficients for the substitutional solutes

were calculated from
Dy =D,y exp{—O,/RT}

where R and T are the universal gas constant and austeniti-
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sation temperature, respectively. D,, and Q, are the k com-
ponent diffusivity pre-exponential factor and activation en-
ergy for diffusion.

The updating of solute composition across microchemi-
cal bands with Eq. (1), is carried out by approximating the
initial extreme values present at the centre and edge of the
dendrites by a second order polynomial function. The de-
tails of this approximation can be found elsewhere.®

2.3. Transformation

The application of Eq. (1) for each alloy component pro-
vides the demise of the microchemical composition bands
originally present in the austenitic state. Recent experimen-
tal work from Offerman et al. indicates that the presence of
ferrite/pearlite bands can be determined when the differ-
ence r in ferrite nucleation rates across the microchemical
bands exceeds a threshold value of »=~0.06-0.08"'" and
when carbon can diffuse in austenite over an appropriate
distance consistent with pearlite formation along the micro-
chemical waves.” A value of =0 implies a uniform rate of
ferrite nucleation across the microchemical bands. A neces-
sary condition for an alloy to possess ferrite/pearlite band-
ing is the ferrite nucleation at approximately parallel prefer-
ential sites, which are compositionally dependent. The pa-
rameter 7 captures such effect. Consistent with previous ex-
perimental work, in the present model assumes that bands
form for »>0.07. Such a difference in nucleation rates may
be calculated as”

(dN/dt) v, —(dN/dt)
e
(dN/dt)

T
=1—exp {kT (AGEH—AGY, )} ................ (6)

B

where (dN/dt),, and (dN/dt),, are the changes in nucleation
rate in nodes N1 and N2, which are selected to maximise r;
kg is the Boltzmann’s constant, AGy, and AGY, are the
energy barriers for o nucleation at the compositions that
characterise nodes N1 and N2, respectively.

Referring to Eq. (6), 7 is a scaling parameter which was
taken as 0.0015 for all alloys. The need of this parameter
has been discussed elsewhere.'® ") The effects of composi-
tion across the microchemical bands are captured by ob-
taining the energy barriers

AGH = 4(22yay Yy )3
272,AG?

where z,, z, and z; are geometrical parameters that depend
on the type of nucleation site in the austenite grain,”
Yey=0.6 Jm ? and y,,= 0.85Jm ™ are the interfacial ener-
gies per unit area of the o/y interface and y/y grain bound-
ary” and AG, is the driving force for volume nucleation.
AG, was obtained from

AG=Cf " =G =G (U = 1) eveee ()

which represents a dot product. AG, was approximated by
dividing AG,, over the ferrite molar volume. Therefore,
AG, captures the influences of all the alloy components,
and the original simplification of assuming the steel to be a
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Table 1. Composition of studied grades.

GRADE | C wt% Siwt% | Mnwt% | Alwt% | Crwt% Fe wt%
DPI 0.1356 0.1319 1.4852 0.03 0.3723 balance
DP2 0.065 0.11 1.41 0.051 0.741 balance
DP3 0.15 0.2 1.9 0.03 0.2 balance

TRIP1 0.2 1.65 1.65 0.038 - balance
TRIP2 0.2 0.3 1.5 1 - balance
TRIP3 0.2 1.5 1.5 - - balance

Table 2. Diffusivity and activation energy for diffusion em-
ployed in calculations.

Compkonent Ti;}?gzr?tére D, /10" m’s’! o,/ 10° T mol™ | Reference
Si 1173-1613 7.0 286 2
Mn 1173-1573 0.178 264 =
Mn 1573-1613 0.486 276 %

Al 1173-1613 3.5 286 &
Cr 1173-1373 0.21 300 m
Cr 1373-1613 10.8 292 L

system of the type Fe—C—X (where X is a substitutional
solute such as Mn) was removed. Thus, all the chemical po-
tential cross effects are accounted.

3. Application of the Model to Dual Phase and TRIP
Steels

The outlined model was applied to a variety of high
strength dual phase and TRIP steels which composition is
listed in Table 1.

Apart from the chemical potentials, the Gibbs energies
for o formation and the initial segregation values obtained
form MTData, the other input parameters for the present
model are the diffusivity and activation energy for diffu-
sion. The employed literature values are listed in Table 2.

The progress in solute homogenisation was obtained
from Eq. (1). This microchemical component variation with
time is an input to obtaining the driving force for ¢ forma-
tion (Eq. (8)), and the variation of its nucleation rates (Eq.
(6)). One example for solute homogenisation is given in
Fig. 3 for DP1 austenitised at 1 473 K and A=50 um for the
indicated times. Figures 3(a)-3(e) show the nodal progress
in solute concentration. These figures indicate that the
progress towards homogenisation depends on the diffusivity
of the concerned species. C will reach a homogenous con-
centration within the first 10s of heat treatment. Con-
versely, Mn will not homogenise even after about 3 600 s of
heat treatment. Those effects derive from the diffusivity of
C being several orders of magnitude larger than those from
the substitutional components. The homogenisation behav-
iours of the rest of the solutes lay in between C and Mn.
The shifting towards an equilibrium composition is highly
dependent on the wavelength and the temperature, as it will
be assessed next.

Nodes N1 and N2 are those that maximise the difference
AG,, and hence r. They were chosen by the computer pro-
gram in every time step progressing towards homogenisa-
tion. It was seen that nodes N1 and N2 usually correspond-
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Fig. 3.

ed to nodes 0 and 50, indicating that the extreme composi-
tions are those that maximise the ferrite nucleation driving
force within the MTData typical accuracy range of 10~ in
solute atom fraction. The progress in the concentration of
nodes 0 and 50 is shown in Fig. 3(f).

Band prevention plots were generated for all steel grades
shown in Table 1 for a variation of the microchemical
wavelength through further rolling at an austenitisation
time of 3600s (Fig. 4) and through the variation of the
austenitisation time by increasing the homogenisation time
for a microchemical wavelength of 25 um (Fig. 5). These
figures indicate that the non-desirable regions where fer-
rite/pearlite bands will be present are on the left and top of
each figure, i.e. for high transformation temperatures and
low austenitisation temperatures.!*> They show a limiting
minimum value for the transformation temperature. Thus, a
critical minimisation transformation temperature can be
achieved irrespective of microchemical wavelength and
austenitisation time for low values of austenitisation tem-
perature. It is, however, preferable to have a value for the
transformation temperature as large as possible, such that
the kinetics of ferrite formation can be controlled at the
cooling rate required by the aimed microstructure. Figures
4 and 5 also indicate that the limiting value for the transfor-

Progress in nodal microchemical concentration of DP1 across microchemical bands for 1473 K and A=50 um.

mation temperature is composition dependent.

Figures 4 and 5 are an aid in determining the processing
conditions for preventing the formation of ferrite/pearlite
bands. A decrease in the microchemical wavelength
through further rolling or an increase in austenitisation time
allows lower austenitisation temperatures for a desired
transformation temperature (Figs. 4 and 5). This has al-
ready been pointed out elsewhere.®!> The influence of the
wavelength and alloy composition remains, however, to be
explored.

The symmetry of Figs. 4 and 5 suggests the possibility to
approximate the transformation temperature with an analyt-
ical expression. An Arrhenius type of approximation is sug-
gested due to the nature of the thermally activated process.
Furthermore, a dependence of the type A#/A” is suggested
by exploring Eq. (1). Several approximations were tried,
and the best fit was obtained with

At
TT =a+0.06 — &"'47T
12

a=997+1665c.—5cs—43Cy,— 185, crne..
—33 1392 244c.+201 e+ 134cy,+1286¢,, ...(11)

b

where TT and AT are the transformation and austenitisation

383 © 2005 ISIJ
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Fig. 4. Effect of microchemical wavelength variation in band prevention plots for the studied grades at an austenitisation
time of 3 600s. The solid lines are obtained from the numerical computations and the dotted lines result from em-

ploying Eq. (9).

temperatures in K, A is the microchemical wavelength ex-
pressed in metres and At is the austenitisation time in sec-
onds. The coefficients a and b are expressed in K, they de-
pend on the alloy compositions of C, Si, Mn and Al ex-
pressed in weight fraction, namely c., cg;, Cypy Cap- It Was
observed that the application of Eq. (9) fitted extremely
well all the numerical results shown in Figs. 4 and 5 with
the expressions C and A4 shown above. C determines the
slope of the band prevention plots and A depends on the
point where Figs. 4 and 5 converge. The application of Eq.
(9) is shown in the dotted lines adjacent to each band pre-
vention plot in those figures.

Equation (9) provides a new framework for exploring the
influences of the composition and the microchemical wave-
length.

3.1. Composition

Equations (10) and (11) indicate dependence of banding
behaviour on Al and Si composition in addition to the influ-
ence of Mn and C that has been spotted in previous
works.*® This dependence is of a lower degree and was
corroborated by a number of computer experiments set in
alloys of compositions around those shown in Table 1. If

© 2005 ISIJ

those are taken as reference compositions, and the new
alloy compositions are normalised to them, the transforma-
tion temperature was obtained employing the numerical
model for an austenitisation temperature of 1373K, an
austenitisation time of 3600s and a microchemical wave-
length of 75 um. Figure 6 shows the results of those calcu-
lations, indicating that Mn is the major component influ-
encing banding followed by C. This is in agreement with
previous experimental work,*® however Al and Si play also
a role in the transformation behaviour.

3.2. Microchemical Wavelength

The variation of transformation temperature with micro-
chemical wavelength for an austenitisation temperature of
1473K is shown in Fig. 7. In this figure, the region in
which ferrite/pearlite bands are expected to form is on the
top right, i.e. for large microchemical wavelengths (low de-
grees of rolling) and high transformation temperatures. The
application of Eq. (9) to the different steel grades is indicat-
ed by the dotted line, reproducing with remarkable accura-
cy the results of the numerical computations. It is worth
noting that band prevention is most sensitive to microchem-
ical wavelength values under 20 um. This corresponds to
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the case of many industrial steel grades, where different
sections of the sheet may possess a variation in microchem-
ical wavelength. The application of Eq. (9) should thus ac-
count for such wavelength dispersions.

3.3 Applicability of the Model

Equations (9) and (10) were derived combining semi-em-
pirical methods with thermokinetic approaches. The accu-
racy of their application to a large number of experimental

385

alloys possessing the compositions indicated in Table 1 will
be explored in the companion paper.'? The accuracy of Eq.
(9) may be tested by applying it to the band prevention
scheme reported by Grange® for alloy grades G1 and G2
shown in Table 3. It was experimentally found that
ferrite/pearlite bands may be prevented in grades G1 and
G2 by applying a 600s heat treatment between 1588 and
1 618K followed by air cooling. The use of Eq. (9) will re-
quire that the value of the transformation temperature

© 2005 ISIJ
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Table 3. Composition of G1 and G2 alloys studied by Grange.
Grade | Cwt% | Siwt% | Mnwt% | Pwt% S wt% Fe wt%
Gl 0.25 0.005 15 0.015 0.006 | balance
G2 0.25 0.22 15 0.015 0.019 | balance

TT=Ae3, implying that, on cooling form the austenitic re-
gion, no significant difference in the ferrite nucleation rate
will cause banding. The value for the austenitisation tem-
perature was calculated from Eq. (9) for wavelengths be-
tween 15 and 19 um (corresponding to those reported) and
an austenitisation time of 600s. The results are shown in
Table 4, indicating a required austenitisation temperature of
1587 to 1626, in close agreement with the range experi-
mentally obtained by Grange.”

4. Summary and Conclusions

A simple algebraic expression for determining the pro-
cessing conditions for ferrite/pearlite band prevention in
high strength steels is provided. The equation relates the
austenitisation time and temperature, microchemical wave-
length, alloy composition and transformation temperature.
The equation incorporates the alloying effects of Al and Si
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Table 4. Austenitisation temperature required for preventing

ferrite/pearlite band formation for different wave-

lengths.
AT (K)
Grade | Ac3(K)
A=15um | A=19 um
Gl 1059 1587 1623
G2 1065 1590 1626

in addition to those of Mn and C, and it was demonstrated
that the segregation of other components plays a negligible
effect in the prevention of the formation of ferrite/pearlite
bands. The equation provides a simple and accurate
methodology to obtaining the processing conditions for
band prevention without the use of complex thermochem-
cial databases and numerical methods. Microchemical
wavelength was shown to play a dominant role in banding
for values under 20 ym.
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