A Model for Ferrite/Pearlite Band Formation and Prevention

in Steels

P.E.J. RIVERA-DIAZ-DEL-CASTILLO, J. SIETSMA, and S. VAN DER ZWAAG

A model for predicting the conditions under which ferrite/pearlite band formation occurs, and therefore
the conditions in which it can be avoided in steels, has been developed. The model requires as input
the alloy composition and microchemical segregation wavelength, and provides in turn the homoge-
nization temperature and time in which the alloy should be held in the austenite region for band
elimination. The model was applied to three alloys and predicted with accuracy the conditions under
which bands were observed to disappear in different investigations from literature. The conditions
under which the model can be applied to any alloy are explored.

I. INTRODUCTION

FERRITE/PEARLITE and ferrite/martensite banding in
steels is a well-known phenomenon that has been recognized
for several decades.!"’ In the quest for alloys with optimum
mechanical properties, the factors influencing the formation
of ferrite/pearlite bands have been the object of a great deal
of attention.””! Most of the work has relied on experimental
verification of the conditions for band formation as a conse-
quence of isothermal treatment and alloying.!!

A major problem on developing models for predicting
band formation has been the lack of quantitative data for the
evolution of the austenite-ferrite transformation leading to
band formation, and a criterion for the degree of banding.
By measuring the degree of anisotropy resulting from an
unequal distribution of ferrite and cementite regions, Kop
et al.™ have provided a method to quantify the degree of
banding due to the unequal dilatation behavior in directions
normal and parallel to the bands.

The evolution of the austenite — ferrite/pearlite transfor-
mation leading to banding has recently been studied by Offerman
et al® In an elegant method, they have measured the ferrite
fraction formed as a function of time with neutron depolarization
(ND) experiments during isothermal annealing, and combined this
with electron probe microanalysis (EPMA) measurements for deter-
mining the influence of the solute local compositions on band
formation. With the aid of a thermochemical database
(MTData!®), they provided solid evidence for linking band for-
mation with the difference in the nucleation rates of ferrite
resulting from the presence of microchemical bands. In their
method, however, the driving force for ferrite nucleation was
calculated by taking into account the influences of only a lim-
ited number of components (Fe, C, and Mn).

In the present work, a more general thermodynamic/
thermokinetic model is developed for quantifying the form-
ation and prevention of bands as a function of austeni-
tization and transformation temperature and time, and alloy
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composition, so that the influences of the process condi-
tions can be tracked down for alloy design and microstruc-
ture optimization.

II. MODEL

The model has been has been divided in three steps: solid-
ification, diffusion in the austenitic region, and transforma-
tion. With regard to the ferrite/pearlite banding phenomenon,
the main consequence of the solidification process is the
presence of solute concentration gradients across the bands.
Therefore, we constrain our description of solidification in
terms of obtaining from a thermochemical database!® approxi
mate values for the initial concentration bands present in the
alloy.

The diffusion of segregated solutes is mathematically
described using a finite differences multicomponent approach,
which takes into account carbon cross-diffusion effects. The
alloy is then allowed to transform, and the differences in the
ferrite nucleation rate across the microchemical bands are
calculated at different temperatures. It has been assumed that
ferrite/pearlite bands do not form when the difference in
local ferrite nucleation rates does not exceed 6 pct.'”! A more
detailed description of the model is given as follows.

A. Solidification Process

The solidification process occurs as dendrites advance
into fresh liquid regions. As the interface advances, some
solutes are incorporated in the dendrite whereas others are
rejected into the liquid. Such a partition effect will cause
the concentration gradients leading to microchemical bands.
The present model assumes that the limiting concentration
values across bands are those that characterize 6 ferrite when
it first forms, and those characterizing the last fraction of
liquid when it transforms into solid; i.e., the & ferrite com-
position in the liquid — liquid + & ferrite transformation
and the liquid composition in the liquid — solid transfor-
mation for each studied alloy.

In an alloy of k components, there are 2k of such limiting
values of composition across bands; these will be the initial
boundary conditions for the diffusion process described in
Section B and have been obtained from a phase diagram and
thermochemical database (MTData!®).
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B. Theory of Diffusion

Isothermal changes during austenitization of banded steels
are a consequence of solute redistribution. This phenomenon
can be described with Fick’s second law in the multicom-
ponent scenario:

ac = V-DVC [1]
ot

As suggested by Kirkaldy and Young,”! Eq. [1] can be
numerically solved employing a finite differences algorithm:

i+1j
Ck - k

(A ) 2[ Dl = DG = Gy +

DL)(CHT =20 + Y] [2]
where CL™ " is the k concentration at time i + 1 in node j;
At is the size of the time 1nterval Ax is the distance between
nodes; and ka = 6Dk / aC, is the Varlat1on of k com-
ponent diffusion coefficient at node jt+1, D" ', with the p
component concentration, C,,. When solving Eq. [2] the sta-
bility condition

2
At =0.25 (ATX) [3]

has to be satisfied for nonoscillatory solutions.®

In the present calculations, the number of nodes was taken
asj=0,1, , 50. The presence of isoconcentrate bands
was expressed as the boundary conditions

alt=alt! [4]

for j = 0, 50.
For dilute solutions, Brown and Kirkaldy™ demonstrated
that the interdiffusion coefficients D¢, can be approximated as

a[.Lc/aNk

D, 5
duclING D [5]

Ck —

where the subindex C stands for carbon and k for a substi-
tutional solute, and w and N stand for chemical potential
and mole number, respectively.

The carbon diffusion coefficient in austenite, Dcc, is cal-
culated as!'"

Dec = 4.53 X 1077 (1 + Yo (1 — Y)8339.97 ') X
exp {—(T"" = 2.221 X 107%)(17,767 — 26,436Y() } [6]

where T is the austenite temperature in Kelvin, and Y. =
Cc/(1 — Cp) is the site fraction of carbon in the interstitial
sublattice. The value of Dcc is in m? s~

The diffusion coefficients for the substitutional solutes
were calculated by!”!

Dy = Dyoexp {—Q/RT} [7]

where R and T are the universal gas constant and austenitiza-
tion temperature, respectively. The terms Dy, and Q, are the
k component diffusivity pre-exponential factor and activation
energy for diffusion, whose values are shown in Table 1.

In the present model, only the interdiffusion coefficients
of C are taken into account; thus, the interdiffusion coeffi-
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Table I. Diffusivity and Activation Energy Values Used
for Calculations
Component ~ Temperature ~ Dyo/107*  Q,/10°
k Range/K m? s ! Jmol™!  Reference
Mo 1173 to 1573 25.1 323 11
Mo 1573 to 1613 0.036 240 12-14
Cr 1173 to 1373 0.21 300 15
Cr 1373 to 1613 10.8 292 16
Mn 1173 to 1573 0.178 264 13, 14, 17
Mn 1573 to 1613 0.436 276 18
Si 1173 to 1613 7.0 286 19
P 1173 to 1523 0.01 183 20
P 1523 to 1613 8.7 273 21
S 1173 to 1613 7.52 236 22 to 24

cients of the type Dy, where i # C and i # j were assumed
to be zero.

In applying Eq. [2], it becomes necessary to approach the
initial concentration variation between bands by a mathe-
matical function. The nodal concentrations have to satisfy
two conditions: (1) in the first time-step, i = 0, and the k
concentrations in the initial and final nodes (C¢" 0, 2% are
those appearing after solidification; and (2) the k average
solute concentration across the bands Cy{x, 7}* must be equal

*Braces are used throughout to indicate the argument of a function.
Thus, Cy {x, t} means that the composition of component k, Cy, is evaluated
at the linear dimension x and time 7.

to the average alloy concentration; i.e.,

d
_ 1 1
Ck:dJ k{XI}dX—i E [8]

J_]

where d is the half-distance between the bands.

Therefore, the initial concentration profile was approxi-
mated as a second-order polynomial described by C {x} =
fiox? + fiux + fio» Where

foo = G° [9]
6 i,50 i.0 i0
Ja = 2 (C -G = G [10]
1 150
Jo = c?[ = fud — C } [11]

The approximation as a second-order polynomial was
chosen for mathematical convenience. Despite this may
produce rather sharp concentration profiles around the
nodes C°, C050 (i.e., in the first time-step), these will
quickly soften as the computation progresses in further
time-steps.

The only concentration profile that was not possible to
approximate with a second-order polynomial was that of S.
This component is rejected to the liquid phase during solidi-
fication, and appears as a concentration spike between bands,
as will be shown in Section IV.
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Mass balance must be ensured for subsequent time-steps;
thus, for i = 1, Eq. [8] must be satisfied. This condition was
set by allowing

d d
AC {x.t
0= Jz{tx}dt-dxz jACk{t}'dx
x=0 x=0
50 ) ) B
= > - [12]
j=0

Equation [12] was imposed by counting all those con-
centration variations with time larger than zero (SLA =

Gt - gheatt - ol > 0> and lower than
j

zero (SLO = > -

J
making them equal by using a correction factor Cy such that

Sta = CgSio. The value of Cr was typically five orders of
magnitude lower than S; 5 and S; .

Gheqg-ali< o), and

C. Ferrite Nucleation and Band Formation Criterion

In a recent work, Offerman et al.™™ provided evidence
showing that the formation of ferrite/pearlite bands depends
on the presence of both chemical bands and the isothermal
transformation temperature, such a process being governed
by the localized nucleation of ferrite grains at different rates
across the concentration bands. In the classical nucleation
theory, the rate of ferrite nucleation is given by

dN _ kT AG*A QD}
7 N, h exp{ T }exp{ T [13]

where N is the number of nuclei, N, is the number of poten-
tial nucleation sites, k is the Boltzmann constant, h is the
Planck’s constant, A is a scaling factor,”?! Qp, is the activation
energy for self-diffusion, and

AG* _ 4 (ZZ‘Yay - Zlyyy)3
27 ;3AG,

[14]
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Fig. 1—Molar Gibbs energy for ferrite formation.
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is the energy barrier for nucleation on austenite/austenite
grain boundaries. Equation [14] has been derived for nucle-
ation of ferrite in austenite grains assumed to possess
tetrakaidecahedron morphology.”%! In such a model, ferrite
nucleation may occur at the boundary, edge, or corner of
the austenite grains; z;, 2, and z3 are geometrical parameters
that depend on the type of nucleation site in the austenite
grain; for nucleation at the edge of the tetrakaidecahedron,
71 = 0.72, z, = 1.3, and z; = 0.096.1! The driving force for
nucleation per unit volume, AG,, was calculated for each
studied alloy, by taking into account the contributions of
its main diffusing components. For a given alloy
composition C, if u} is the k component chemical poten-
tial of pure metastable austenite, w, is the equilibrium chem-
ical potential of the k element in ferrite at the transformation
temperature, and C'” is the equilibrium composition of fer-
rite nucleating at the transforming temperature, then the
molar driving force for nucleation, AG,, is given by the
distance XY in Figure 1. This can be approximated as
AG, = Gk = G e = G (uk — ) [15]
which represents a dot product. The term AG, was approxi-
mated by dividing AG,, over the ferrite molar volume.

In the present model, the Gibbs energy for ferrite nucleation
has been calculated for each of the 51 nodes j =0, ..., 50)
at each time-step. Then, it becomes possible to compare the
difference between the nucleation rates between two nodes,
say, N1 and N2, by using the parameter

(dN/dt)x,

A
=1—exp {kT(AG’;“ - Acﬁz)} [16]

At each time-step, the nodes N1 and N2 have been cho-

sen to provide the maximum value of r through maximizing
AGY, — AGﬁzl. The critical value of r above which ferrite/

pearlite bands are assumed to form is r = 0.06 to 0.08."

III. EXPERIMENTAL INPUT

The three alloys shown in Table II were chosen due to
the previous experimental work performed on them. Alloys
1 and 2 were studied by Grange.”! He reported that for
both alloys, microstructural banding is removed by heat
treating for 600 seconds between 1588 and 1618 K, and

Table II. Composition of Studied Alloys

Alloy Alloy Alloy
Component 1/Wt Pct 2/Wt Pct 3/Wt Pct
C 0.25 0.25 0.364
Si 0.005 0.22 0.305
Mn 1.5 1.5 0.656
S 0.006 0.019 —
P 0.015 0.015 0.014
Mo — — 0.016
Cr — — 0.177
Fe balance balance balance
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then air cooling, and below that temperature range, the
600-second treatment was noticeably less effective in
removing banding. Offerman et al."®! studied the alloy Fe-
0.364C-0.305Si-0.656Mn-0.014P-0.021S-0.177Cr-0.016Mo-
0.092Ni-.226Cu-0.017Sn (wt pct), from which alloy 3
(Table II) contains most of its main components. Offer-
man reported that after heat treating the alloy for 30 minutes
at 1173 K, and cooling to 953, 961, 975, 987, 1000, 1013,
and 1031 K, and holding there for 4.5 hours for allowing
transformation to occur, banding disappeared just for the
sample transformed at 953 K.

The concentration ranges after solidification for each alloy,
as obtained from MTData, are shown in Table III. These are
the initial values for the diffusion process.

IV. RESULTS
A. Alloy 1

An additional required input for running the model was
the band wavelength; this was estimated as 19.5 um from
the micrographs published by Grange.?”? The only fitting
parameter is A, which was given the value of 0.0015 for
optimum results; this value was employed for the three
alloys.

For heat treatments at 1173 and 1593 K, the nodal con-
centration variations with time are shown in Figures 2 and 3,
respectively, for each diffusing component.

Figures 2 and 3 show a faster flattening of the con-
centration profiles as the temperature is increased. The C
reaches equilibrium just within 0.6 seconds in the case
of 1593 K treatment; Si and Mn, which at 1173 K show
virtually no changes in their concentration profiles after
900 seconds of treatment, will reach an approximately
flat profile after 600 seconds at 1593 K; similarly, the
flattening of S and P concentration profiles is significantly
accelerated with the heat treating temperature. A conve-
nient way to compare the relative flattening velocity for
each component is by plotting the concentration of each
solute in nodes 0 and 50; flattening approximately occurs

Table III. Compositions at the Center of the Bands
and Half-Distance between Them for Each Studied Alloy

Alloy Component k COO/Wt Pct C0/Wt Pct
1 C 0.0423 0.7346
1 Si 0.0027 0.0093
1 Mn 1.0903 2.0552
1 S 0.000 0.3481
1 P 0.014 0.0307
2 C 0.0413 0.7269
2 Si 0.1215 0.3607
2 Mn 1.0548 2.0643
2 S 0.000 1.1372
2 P 0.0141 0.0308
3 C 0.061 1.040
3 Si 0.177 0.550
3 Mn 0.447 0.966
3 P 0.013 0.031
3 Mo 0.011 0.032
3 Cr 0.152 0.222
1,2,3 Fe bal. bal.
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when these concentrations become equal, as shown in
Figure 4 for 1593 K.

Figure 4 shows that all components will be characterized
by flat concentration profiles after 900 seconds (15 minutes).
Furthermore, it reveals that such flattening is attained first
by C, approximately one time order of magnitude later by S,
and at around 600 seconds by P and Si, respectively. The Mn
is the last component to flatten; this happens after 600 seconds.

With the nodal compositions at different time-steps, it
becomes possible to calculate from MTData the nodal Gibbs
energy for the y — « transformation, both when austenite
is the only phase present (point X in Figure 1) and at the
equilibrium Gibbs energy (point Y in Figure 1). The energy
difference provides the nodal driving forces through Eq. [15],
which are then inserted in Eq. [16] for obtaining the maxi-
mum relative differences in nucleation rates across the bands
(r). Figure 5 shows the change in r with transformation tem-
perature for samples heat treated for 900 seconds at tem-
peratures ranging between 1173 and 1613 K as indicated.
Consistent with Grange’s experiments,?’! Figure 5 reveals
that banding disappears when heat treating the alloy at tem-
peratures equal to or larger than 1593 K, if bands are assumed
to disappear under values of r between 0.06 and 0.08."

Figure 5 and forthcoming plots of the variation of r with
transformation temperature display a monotonic increase
of r with transformation temperature; this is due to the fact
that a lower volume free energy change for the y — y + «
transformation is present as the difference between austen-
itization and transformation temperature is reduced. For the
same reason, the r plots are shifted upward as austenitization
temperature is increased and transformation temperature is
kept constant.

Figure 6 shows the variation of r with transformation tem-
perature for an alloy heat treated at 1593 K for the indicated
times. It shows that the nucleation rate parameter » decreases
with increasing treating time. If the average values of r are
taken into account, r,,, the only treating times characterized
by r,, = 0.06 are 600 and 900 seconds.

B. Alloy 2

For alloy 2, the microchemical band wavelength was taken
as 13.9 um.*” The solute redistribution is shown by plotting
the solute concentrations as a function of time for heat treat-
ments at 1173 and 1593 K in Figures 7(a) and (b), respec-
tively. These figures show that the heat treatment at 1173 K
even for 10° seconds is unable to remove microchemical
bands, whereas the 1593 K heat treatment effectively removes
them within 600 seconds.

The maximum values of r as a function of transformation
temperature for a number of 900-seconds heat treatments is
shown in Figure 8, whereas Figure 9 displays the evolution
of r-transformation temperature curves with time for alloy
2 heat treated at 1593 K. Again, the calculations precisely
follow Grange’s observations!?’! that bands are considered
to disappear (with 7 = 0.06")) for heat treating between 1593
and 1613 K for 600 seconds or more. In fact, shorter times
or lower temperatures should be sufficient.

C. Alloy 3

The nucleation rate parameter r can be scaled by choosing
an appropriate value of A in Eq. [16]. In the previous two
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Fig. 2—Local composition changes with time for 1173 K treatment. Time (7) in seconds.

alloys, it has been seen that the band elimination is coincident
with a flattening of the concentration profiles, so it appears
that the chosen value of A = 1.5 X 1072 is simply one that
produces values of r = 0.06 at temperatures equal or larger
than 1588 K. For testing the accuracy of the present model,
the alloy studied by Offerman et al. was selected, since they
discovered that bands disappear after a 30-minute heat treat-
ment at 1173 K (which is expected to be too low as an
austenitization temperature) and further transformation at
temperatures equal to or lower than 953 K./

Figure 10 shows the solute redistribution as a function of
time for a 1173 K heat treatment. Very small changes are
observed after 1800 seconds, apart from C, which reaches
a flat equilibrium profile after approximately 100 seconds.
The variation of the parameter r with transformation tem-
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perature is shown in Figure 11; consistent with the obser-
vations of Offerman er al., the only transformation tem-
peratures with r = 0.06 are those lower than or equal to
953 K.

The model was further applied to alloy 3 in order to eval-
uate if bands can be eliminated by heat treating at 1613 K
for 30 minutes, and then allowing transformation in the range
of temperatures between 940 and 1040 K. The results for
the concentration profiles flattening are shown in Figure 12,
and the variation of r with the transformation temperature
is shown in Figure 13. These figures show that although
there is a considerable flattening of the concentration pro-
files of P, Cr, and Si, and a complete flattening of C, import-
ant variations in the concentrations of Mn and Mo remain;
the variations of r with the transformation temperature thus
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Fig. 3—Local composition changes with time for 1593 K heat treatment. Time (7) in seconds.

vary only a little as compared to those from the alloy heat
treated at 1173 K (Figure 11).

V. DISCUSSION

A model for prediction of the conditions leading to band
formation and prevention has been developed. The main
input of the model is the alloy composition and the band
wavelength. The model was first applied to the alloys stud-
ied by Grange,”?”! who observed that bands are eliminated
after heat treating for 10 minutes or more at temperatures
between 1588 and 1613 K. Our calculations show a rapid
flattening of the C concentration profiles and elimination
of those related to Si, Mn, S, and P just before 600 seconds
of heat treatment. The results show a reduction of r for dif-
ferent transformation temperatures when the heat treatment

430—VOLUME 35A, FEBRUARY 2004

time and temperature are increased. When Offerman’s cri-
terion of band elimination is employed, the model precisely
predicts the heat treatment times and temperatures leading
to band elimination.

It is natural to expect that the model will predict band
elimination in Grange’s alloys because bands are expected
to disappear at large temperatures and heat treating times
due to the solute homogenization leading to minimization
of the differences in Gibbs free energy for ferrite formation
across the microchemical bands. Offerman’s alloy provided
a means to test the capability of the model for predicting
band elimination at low transformation temperatures and at
much lower heat treating temperatures than in Grange’s case.
The model has even predicted that under Offerman’s heat
treatment times, it is not possible to eliminate bands even
after treating at much higher temperatures (1613 K); further
experimentation is required to prove this.
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line) for (a) 1173 K and (b) 1593 K.

It is worth noting that some other criteria have been pro-
posed for band prevention. Offerman et al.’® have approxi-
mated the distance over which carbon diffuses in the austenite
as dec = (D¢ )2, where D¢ is the diffusion coefficient of
carbon in austenite and ¢ the period of time between the onset
of the ferrite formation and the onset of the pearlite formation.
They observed that d sharply increases around the tempera-
ture where bands appear (963 K) in alloy 3. Although we
did not employ this criterion, our method is consistent with it,
as the diffusion of both carbon and substitutional solutes in
austenite are calculated through Eq. [2], and thus the nodal
composition variation with time is obtained, and the local
driving force for ferrite nucleation calculated.

The calculations performed here demonstrate a strong link
between alloy composition, heat treatment time, and tempera-
ture (leading to the flattening of concentration profiles), and
microchemical segregation wavelength. Furthermore, it is now
possible to predict the conditions under which ferrite/pearlite
bands in steels may be eliminated. Alloy 3 calculations strongly
suggest that some substitutional solutes such as Mo and Mn
behave as “band stabilizers,” while a decrease in microchemical
segregation wavelength will speed up solute diffusion and
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Fig. 11—Variation of r with the transformation temperature for alloy 3 heat
treated at 1173 K. The dotted line (r = 0.06) represents the limit above
which banding occurs.!
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which banding occurs.!
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homogenization, through reducing Ax in Eq. [2]. Further
research using this model will allow us to quantitatively deter-
mine the effects that composition, microchemical segregation
wavelength, heat treatment and transformation time, and tem-
perature have on band prevention in general; these calcula-
tions would be of great use for the steel industry.

The necessity of using a scaling parameter of A << 1,
which in the present work has been estimated as A = 0.0015,
is well in agreement with previous work from Aaronson and
co-workers?®2*3% and Offerman et al.®" This finding seems
to indicate that crystallography must play a role in deter-
mining the critical nucleus shape and AG*.282%30]

The multiangle approach presented in this model (solidifi-
cation, diffusion, and nucleation) can be further improved by
adding the stages of ferrite/pearlite growth kinetics; this would
precisely determine the configuration of the microstructure
obtained after transformation and would validate the model.
The inclusion of transformation kinetics will be dealt with
in a forthcoming publication.

VI. CONCLUSIONS

1. There is a relationship between the differences in ferrite/
pearlite nucleation rates across the microchemical bands
and the ferrite/pearlite band formation. For differences
in the nucleation rate (r) lower than 6 pct, the formation
of ferrite/pearlite bands can be prevented.

2. There is a marked tendency to decrease r with an increase
in austenitization time and temperature, but such a decrease
can be hindered as segregation of components such as Mn
or Mo are present.

3. The control of microchemical segregation wavelength
is important for ferrite/pearlite band prevention; the lower
it is, the faster is the solute homogenization and low-
ering of r.

4. The model outlined here can be applied in general for any
steel where the phase composition and chemical potential
variations with concentration are known. The general influ-
ence in band prevention of parameters such as heat treating
time and temperature, transformation time and temperature,
and microchemical segregation wavelength can be quantified.
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