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Abstract

The kinetic theory for the growth of pearlite in binary and ternary steels is imple-
mented to ensure local equilibrium at the transformation front with austenite, while
accounting for both boundary and volume diffusion of solutes. Good agreement is on
the whole observed with published experimental data, although the reported growth
rate at the lowest of temperatures is much smaller than predicted. To investigate
this, experiments were conducted to replicate the published data. It is found that the
cooperation between cementite and ferrite breaks down at these temperatures, and
surface relief experiments are reported to verify that the resulting transformation
product is not bainite.
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1 Introduction

Pearlite contributes to the success of many commercial steels, for example
those for rails, ropes for bridges and elevators, and tyre cords. In three dimen-
sions, a colony of pearlite is an interpenetrating bi-crystal of cementite and
ferrite [1], often approximated to consist of alternating lamellae of ferrite and
cementite. The characteristic feature of pearlite is the fact that the ferrite (α)
and cementite (θ) grow cooperatively, sharing a common transformation front
with austenite (γ), where the excess carbon partitioned into the austenite as
the ferrite grows, is absorbed by the adjacent cementite. The passage of this
carbon occurs via the austenite at the transformation front, so the growth
of the colony is modelled assuming that the rate is controlled by diffusion in
the austenite ahead of the front [2–6]. Diffusion in the interface can be faster,
and there are models for pearlite growth involving boundary diffusion control
[7, 8]. There is of course, no reason why the solute is limited to either the
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volume or boundary, and there are models that deal simultaneously with both
diffusion fluxes [9–11]. It has been suggested that diffusion behind the α/γ
interface, towards the cementite, may also play a role [12], but this would
lead to the thickening of the cementite behind the transformation front, and
the evidence for such an effect is lacking. Strain resulting from the volume
change has been claimed to reach 1000 MPa in the elastic limit, and only
relieved by the diffusion of carbon. This stress driven diffusion thus acceler-
ates the pearlite reaction [13]. The model is unphysical because it neglects
the diffusion of iron that is necessary in a reconstructive transformation [14];
this relieves transformation strains including the volume change. In [13], the
transformation in pure iron would be dramatically suppressed because to the
absence of carbon diffusion, and this is patently not the case.

Assuming therefore, that the general problem is best treated by accounting
for both the boundary and volume diffusion fluxes, there remain difficulties in
dealing with ternary or higher order steels, especially if local equilibrium is as-
sumed at the interphase boundaries. The well-known complication is that the
diffusivities of the substitutional and interstitial solutes are vastly different,
so unlike the case for binary steels, it becomes necessary to discover condi-
tions where the two or more solute fluxes can keep pace whilst maintaining
equilibrium locally at the interface [14–18]. This difficulty is discussed in more
detail later in the text, but from an experimental point of view, there is no
doubt that substitutional solutes are partitioned between the phases at all
temperatures where pearlite is observed [19–21]. Pandit and Bhadeshia [11]
found it necessary to make approximations when dealing with ternary alloys.
Those estimations do not strictly satisfy the simultaneous conditions of local
equilibrium and flux balance at all the interfaces involved in the growth of
pearlite. In this paper we attempt to resolve this difficulty, bearing in mind
that the kinetic theory for pearlite is of interest in many current scenarios
[22–27].

2 Methods

The diffusion-controlled growth of pearlite in a binary steel, including both
the volume and boundary fluxes, is given by [10]:

v =

(

2DV +
12sDBδ

S

)

S

SαSθ

(

cγαe − cγθe
cθγ − cαγ

)(

1−
SC

S

)

(1)

where v is the growth rate, s is the arbitrary length which is normal to
growth direction, DV and DB are volume and boundary diffusion coefficients
in austenite respectively, S is the interlamellar spacing, SC is the critical in-
terlamellar spacing when the α/θ interfaces that are created during pearlite
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growth consume all the available free energy so that the growth rate becomes
zero. cγθ is the concentration in austenite that is in equilibrium with cementite,
and other terms like this have similar meaning. These equilibrium composi-
tions are here calculated using ThermoCalc with the TCFE6 database [28].

In equation 1, the values of interlamellar spacing S, the diffusion coefficients
and boundary thickness δ = 2.5 Å can be obtained from the published litera-
ture [5, 29–31]. The diffusivity of carbon in austenite is concentration depen-
dent, so a weighted average value is used instead [32]:

DV =
∫ cγα

cγθ

D{c, T}

cγα − cγθ
dcγ (2)

where c is the mean carbon concentration in the steel.

The situation is more complex for Fe-C-X steels containing a substitutional
solute (X) in addition to interstitial carbon. Local equilibrium requires the
compositions at the interface to be maintained at levels that are consistent
with a tie-line of the Fe-C-X phase diagram. At a constant temperature, this
is in general not possible to achieve for the tie line passing through cMn, cc
because the rate at which each solute is partitioned must then equal to that
at which it is carried away from the interface by diffusion. It is necessary
therefore that

at α/γ interface:

⎧

⎪

⎨

⎪

⎩

v(cγαC − cαγC ) = −DC∇cC

v(cγαMn − cαγMn) = −DMn∇cMn

(3)

at θ/γ interface:

⎧

⎪

⎨

⎪

⎩

v(cγθC − cθγC ) = −DC∇cC

v(cγθMn − cθγMn) = −DMn∇cMn

(4)

where the subscripts identify the solute. Given that DMn ≪ DC, it becomes
impossible to simultaneously satisfy either equation 3 or 4 if the tie-line passing
through cMn, cc is selected.

Pandit and Bhadeshia [11] argued that in the context of experimental data,
local equilibrium could not be assumed for both the α/γ and θ/γ interfaces.
They therefore proceeded to adopt the tie line connecting the θ/γ interface
passes through cMn, cc (Fig. 1), neglected the role of carbon and calculated the
growth rate on the basis of the diffusion of manganese through the interfaces
rather than the volume ahead of the interface.

A different procedure avoiding the difficulties encountered in ref. [11], can be
based on the following equations that are analogous with equation 1:
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where the velocities vC and vMn are calculated on the basis of the diffusion of
only carbon or only manganese, respectively. Clearly, since there is only one
transformation front, the equations must be solved such that vC = vMn. Bear-
ing in mind that the interlamellar spacing is also identical in these equations,
a further condition arises that:

DC

DMn

=
RMn

RC

with

⎧

⎪

⎨

⎪

⎩

Di ≡ Di
V +

6sDi
Bδ

S

Ri ≡
c
γα
i −c

γθ
i

cθγi −cαγ
i

(6)

The Ri condition ensures that the weighted average of the ferrite and cementite
yields the mean composition of the steel. With these two constraints and in
addition the local equilibrium condition, it has been found possible to find
unique interface compositions at the growth front by coupling the conditions
and the velocity equations to thermodynamic calculations using Thermo-Calc
with TCFE6 database; the application package was designed as follows:

• a trial θ/γ interface composition is set, selected from possible such tie-lines
for the given transformation temperature.

• The α/γ interface composition tie-line is selected such that cαγC,Mn, cθγC,Mn ∋

c̄C,Mn (where cαγC,Mn, cθγC,Mn means the line connecting the compositions of
ferrite and cementite, and c̄C,Mn is average composition in the system).

• If equation 6 is not satisfied by these choices then the process is repeated
until a solution is found.

• This solution provides the interface compositions to substitute into equa-
tion 5 to calculate the single velocity v = vC = vMn of the transformation
interface.

3 Results and Discussion

3.1 Mixed diffusion controlled pearlite growth in Fe-C

There are several methods that can be used for measuring the growth rate
of pearlite: particle size analysis method [30], the maximum nodule radius
method [33] and the Cahn & Hagel method [34]. Neutron depolarisation [35]
and three-dimensional X-ray microscopy [36] can also be used to measure
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individual colony growth rates. The experimental data of Frye et al. [29] based
on the maximum nodule radius method were used to obtain the boundary
diffusion coefficient of carbon. This is because the method is based on the
assumption that the largest module correctly represents the actual growth
rate, whereas the other two methods rely on averaged values. The term SC

S
was

calculated by taking derivative of equation 1 with respect to the interlamellar
spacing, S, and solving the resulting equation for SC that satisfies:

dv

dS
= 0 (7)

Equations 1 and 7, when used with the experimental value of v, have two
unknowns. They can therefore be solved iteratively to find the values of DB

and Sc

S
. 1 As a result, the boundary diffusion coefficient for carbon is found

to be

DC
B = 1.84× 10−3 exp

(

−
124995 Jmol−1

RT

)

m2 s−1 (8)

where R is the gas constant and T is the temperature, in Fig. 2. The boundary
diffusion activation energy, QB = 125 kJmol−1, is lower, as it should be, than
the corresponding value for diffusion in the volume of the austenite, QV =
135 kJ.

Fig. 3 shows calculations based on equation 1 and the experimental data of
Brown and Ridley [30], and Frye et al. [29]. The carbon diffusion coefficient
derived using Frye’s data has been applied unmodified to the data from Brown
and Ridley, and yet there is excellent closure between experiment and theory.
Fig. 4 illustrates the ratio of volume to boundary diffusion fluxes and the deep-
endence of S on the transformation temperature. As expected, the boundary
flux dominates at low temperatures where diffusion within the austenite lat-
tice is relatively sluggish. Fig. 4b is the set of all solutions which satisfying
equation 7. When DV is negligible relative to DB,

SC

S
tends towards 2

3
in the

low temperature range.

3.2 Mixed diffusion-controlled growth for Fe-Mn-C

The diffusion coefficients of manganese in the boundary and austenite are from
Fridberg et al. [37]:

DMn
B = 2.16× 10−4 exp

(

−
155000 Jmol−1

RT

)

m2 s−1 (9)

1 Mathematica source code freely available on
www.msm.cam.ac.uk/map/mapmain.html
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DMn
V = 1.34× 10−4 exp

(

−
286000 Jmol−1

RT

)

m2 s−1 (10)

There will be some uncertainty in DB
Mn because it is assumed to be identical

to that for the grain boundary diffusion of iron [37]. Equation 1 for the ternary
system was tested against experimental data on 1wt% Mn and 1.8wt% Mn
eutectoid steels from the work of Razik and Ridley [31].

As shown in Fig. 5, the mixed diffusion controlled-growth model explains the
pearlite growth rates within an order of magnitude. A careful examination of
the tie-lines operating during growth showed that at low temperatures, there
is very little partitioning of manganese between the phases and partitioning
becomes prominent for transformation at temperatures near the eutectoid.
The extent of partitioning is predicted well using our mixed diffusion model,
when compared against the microanalytical data of Hutchinson et al. [21] for
Fe-3.50Mn-2.46Cat.% steel at 898K [21], Fig. 6. It is likely that during the 10 h
treatment, soft impingement occurs and that might explain the discrepancy
observed for that transformation time. The measured growth rate was 1.08×
10−8ms−1, which compares well with our calculated value of 9.46×10−9ms−1.

Table 1
Calculated Mn concentrations (at.%); the mean value for the alloy is 1.07 at%.

c
γθ
Mn

c
θγ
Mn

c
γα
Mn

c
αγ
Mn

823K 0.37 1.13 10.3 1.06

958K 0.773 1.81 3.89 0.942

3.3 Metallography for the Fe-Mn-C system

In Fig. 5, it is seen that the measured growth rate at low temperatures tends
to be significantly slower than that calculated. It was not felt that there are
any options in modifying the theory to obtain a better fit; for example, if the
transfer of iron atoms across the interface is limiting, then we would not be
able to explain the low-temperature data for Fe-C to such a high degree as
illustrated in Fig. 3. Therefore, an Fe-0.8C-1.0Mnwt% alloy was made and
the microstructure and growth rates of pearlite were measured for samples
transformed at 958K and 823K, consistent to the experiments of Razik et
al. About 500 g of steel sample was charged in a refractory crucible made of
Al2O3 (OD 60mm × ID 52mm × H 100mm).

The steel sample in the crucible was melted in a reaction chamber made of a
quartz tube equipped with water cooled brass end caps in an induction fur-
nace. Argon gas purified by passing through silica gel and Mg chips heated at
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723K (450 ◦C), was passed through the reaction chamber during the experi-
ment and the sample solidified by natural cooling. The sample was the sealed
in an evacuated quartz tube, homogenised at 1250 ◦C for 48 h and hot-rolled at
1000 ◦C to 12mm thickness and water quenched. The final chemical composi-
tion was Fe-0.79C-0.98Mnwt%. Specimens 3mm diameter and 10mm length
were wire cut for dilatometer experiments (Dilatronic lll, Theta Inc). The heat
treatments were conducted in the dilatometer, with the sample austenitised
1100 ◦C and left for 10min, cooled to transformation temperature, 823K and
958K and finally quenched to room temperature.

Transformation at 958K led to the classical round pearlite colonies, the shape
of which was affected only by the presence of the austenite grain boundaries
Fig. 7. However, it is evident that the classical shape generated by the coopera-
tive growth of ferrite and cementite clearly broke down during transformation
at 823K (Fig. 8). The transmission electron micrograph shown in Fig. 8d
was obtained by machining a sample specifically from the spiky transforma-
tion product using focused ion-beam milling. It is evident that the cementite
and ferrite do not share a common transformation front, with disconnected
cementite particles present within the predominantly ferritic matrix. When
this happens, the growth rate should decrease because the lack of cooperation
would increase the diffusion distances, and with the shapes observed, bound-
ary diffusion at the transformation front would make a smaller contribution
since the flux becomes less parallel to the interface.

It could be argued that the spiky transformation product observed for 823K
is in fact bainite. Experiments were therefore done to see whether this non-
cooperative growth product results in the surface relief that is typical of bai-
nite, as opposed to diffusional transformation produces that only result in
volume changes. Metallographically polished but un-etched samples were heat
treated using the dilatometer, and then inspected for surface relief. The sam-
ple was austenitised at 1100 ◦C and left for 10min, cooled to transformation
temperature, 823K, stayed for 3.6 s, then quenched to room temperature.
Hardness indents were used as fiducial marks to correlate surface relief with
the same area after very light etching using 2% nital in ethanol with less than
10 s. Fig. 9 shows with clarity that the only surface relief is from the few plates
of bainite that formed during the quench, with neither the spiky nor regular
bainite exhibiting any such upheavals.

Table 2 compares our experimental data, derived specifically from isolated,
spherical pearlite colonies, using the largest colony method, against those from
ref. [31]. There is good agreement for transformation at 958K but our growth
rate for 823K is larger and more consistent with the calculated values. We
are not able to explain this discrepancy at this moment. It is noteworthy that
neutron depolarisation experiments [36] gave a pearlite growth rate of 1.19×
10−7ms−1 at 953K in a Fe-0.715C-0.611Mn-0.266Cr-0.347Siwt%, consistent
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with the present work if the differences in substitutional solute concentrations
are neglected.

Table 2
Comparison of measured growth rate [31] against our experimental data.

958K 823K

Measured rate / m s−1 [31] 1.63 × 10−7 9.54 × 10−6

Measured rate / m s−1, current work 1.09 × 10−7 2.30 × 10−5

Calculated rate / m s−1 1.87 × 10−7 3.12 × 10−5

4 Conclusions

It has been possible to find solutions that satisfy local equilibrium at the
pearlite transformation front for both the Fe-C and Fe-C-Mn systems. The
method used to achieve this involves independent calculations of growth ve-
locity based on each solute, followed by iteration to achieve the same growth
rate irrespective of solute. The method takes into account both boundary and
volume diffusion, gives satisfactory closure between theory and experiment.

The largest discrepancy between published data on the Fe-Mn-C system and
theory exists at the lowest transformation temperature, where we have demon-
strated that two forms of pearlite form, one represented by the regular spheroidal
colony and the other by a spiky morphology where the cooperation between
ferrite and cementite breaks down. In such circumstances, the growth rate
equations derived for cementite and ferrite sharing a common transformation
front with austenite do not apply. When the growth rate is measured only
for the spheroidal colonies of pearlite, even the low temperature data closely
approximate theory.

Finally, it has been demonstrated that the spiky transformation product does
not lead to the surface relief effect associated with displacive transformations.

Acknowledgments: Seung-Woo Seo especially thanks Minsu Kim and Hyun Woo
Mun for their help with the experiments.
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Fig. 1. Fe-Mn-C phase diagram and tie-lines (red) used in [11].

Fig. 2. Arrhenius plot from which DB was derived based on experimental data on
Fe-0.8 wt%C steel assuming mixed diffusion-controlled pearlite growth.
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Fig. 3. Calculated growth rate of pearlite for mixed diffusion model compared
against experimental data.

(a) (b)

Fig. 4. (a) The ratio of volume to boundary flux versus temperature in Fe-C eutec-
toid steel. (b) The ratio of critical interlamellar spacing, SC to S as a function of
temperature.
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Fig. 5. Mixed diffusion-controlled model applied to 1.0 and 1.8 wt%Mn eutectoid
steels and experimental data for comparison.

Fig. 6. Mixed diffusion-controlled model predicts the interface composition of
pearlite in Fe-3.50 at%Mn-2.46 at%C steel at 898K. UMn is the ratio of the Mn
to Fe atoms.
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(a)

(b)

Fig. 7. Microstructure of isothermal transformation at 957K held for 2min by op-
tical micrograph. (a) and (b) show spherical shape of typical pearlite morphology.
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(a) (b)

(c)

(d)

Fig. 8. Optical micrographs of isothermal transformation at 823K held for (a) 3.6 s
and (b) 5 s. (c) Scanning electron micrograph (3.6 s). (d) Transmission electron
micrograph (3.6 s).

13



(a)

(b)

Fig. 9. Corresponding images from the surface relief experiments. The dark-etching
spiky form of pearlite where the ferrite and cementite do not grow at a common
transformation front does not exhibit any surface upheavals. Nor does any of the
pearlite. It is only the few plates of lighter-etching bainite that show the surface
relief. (a) Unetched sample, (b) after light etching. Samples transformed at 823K
for 3 s.
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