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Thermodynamic Analysis of Isothermal
Transformations of Hypo-eutectoid

Fe—C Austenites

The thermodynamics of decomposition reactions of under-
cooled austenite in Fe~C alloys were studied using a regular
solution sublattice model for austenite and ferrite and tak-
ing cementite as a stoichiometric compound. From a Gibbs
free energy point of view intermediate transformations, not
leading to stable phases, are possible: carbide formation
above the A, temperature, and carbon enrichment in
austenite below the A, temperature, The differences in
chemical potential of Fe and of C between both sides of the
transformation front were calculated as a function of the
degree of transformation and related to the kinetics of
transformation interface progress and carbon rearrange-
ment, respectively, Experimental evidence for the occur-
rence of carbide formation above the A, temperature
was obtained. A thermodynamic calculation of the onset
of the pearlite formation in hypoeutectoid Fe-C alloys is
presented,

1 Introduction

The transformation from austenite to ferrite is the principal
phase transformation of technological interest in steel
production, in particular of low alloy construction steels.
Despite numerous studies the austenite/ferrite phase trans-
formation in Fe-C alloys is still not completely understood.
Since the solubility of C in ferrite is very low, the formation
of ferrite not only requires a transformation of the Fe
lattice from an fec (y) to a bee () crystal structure, but also
the diffusion of C away from the ferrite nucleus: the re-
maining austenite enriches in C. Although the quantitative
relation between the thermodynamics and the kinetics of a
phase transformation is unknown, it is tempting to consider
the mobility of the transformation interface as the conse-
quence of the difference in the chemical potential of Fe
between ferrite (o) and austenite (y) at the interface [1]. The
rearrangement of C can be conceived as the consequence of
the difference in the chemical potential of C between ferrite
and austenite at the interface., Against this kinetic back-
ground it is interesting to consider the chemical potential
differences between ferrite and austenite upon progressive
transformation.

Attempts have been made, starting in the 60’s [2], to link
the thermodynamics of the Fe-C system with the kinetics of
the transformations in different temperature regions. No
quantitative agreement was achieved [3 to 7]. In such treat-
ments, it has often been assumed that so-called local equi-

librium [8] prevails at the moving o/y interface [7, 9 to 11].
This concept requires that for both phases the chemical
potentials of Fe and those of C at both sides of the moving
interface should be equal. As a consequence the C concen-
tration of the austenite at the interface should be equal to
the concentration indicated by the (y-+a)/y phase
boundary in the Fe~C phase diagram, irrespective of the
degree of transformation.

Recently, deviations from the local equilibrium concept
have been applied to describe the formation of bainite [12,
13]. Massive transformation prior to diffusional transfor-
mation is suggested by {14] allowing non-equilibrium con-
centrations of carbon in austenite and ferrite at the
interface at early stages of the transformation. Recently,
employing microscopical, diffraction and dilatometric tech-
niques, experimental evidence was obtained indicating that
local equilibrium appearts not to be valid for intermediate
stages of the austenite/ferrite transformation, at least not in
pure Fe—C alloys [15]. Hence, in this paper the local equi-
librium concept is not imposed. A primitive model pre-
sented here for the non-equilibrium carbon concentration
at the interface can already explain experimental resuits
obtained in this work. The carbon concentration of the
austenite at the interface is allowed to vary with the stage of
the transformation,

2 Transformations

Thermodynamic calculations are presented for the case that
the alloys are quenched from the austenite single-phase field
to a suitable temperature where the transformation pro-
ceeds; it is taken that no transformation takes place during
the quench. Two different transformation reactions are
considered;

Transformation {. Decomposition of the supersaturated
austenite (y,) into (pro-eutectoid) ferrite (o) and C enriched
austenite (y,)

Y, 2o+,

where y and x’ denote the atom fractions of C in the

austenite prior to and during (after) transformation, respec-

tively, According to the mass balance, the mean carbon

atom fraction in the austenite increases from y to x' by:

4= X" % (0
1—f

where y, is the atom fraction of carbon in ferrite and

where [ is the fraction of the atoms incorporated in the
transformation product ferrite. The compositions of ferrite
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Fig. 1. Hlustration in schematic Fe~C phase diagrams of austenite
decomposition in ferrite and carbon enriched austenite, y, — o + v,
above the A, temperature (reaction (1a)) and below the A, temper-
ature (reaction (1b)). The A, temperature is taken as 1000 K.
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Fig. 2. Illustration in schematic Fe-C phase diagrams of austenite
decomposition in ferrite and cementite, y, ~ o -+ 6, above the A,
temperature (reaction (2a)) and below the A, temperature (reac-
tion (2b)). The A, temperature is taken as 1000 K.,

and austenite after completed transformations are given by
the (extrapolated) GP and (extrapolated) GS phase
boundaries of the Fe—~C phase diagram, respectively (Fig. 1)
[16]. If the reaction takes place above the A, temperature
(1000 K) it is denoted by (la). If the reaction takes place
below A, it is denoted by (1b).

Transformation 2. Decomposition of the supersaturated
austenite into ferrite and cementite (8):

p, o +0

The compositions of ferrite and cementite are given by the
(extrapolated) PQ and DK phase boundaries of the Fe—C
diagram, respectively (Fig, 2). If the reaction takes place
above A, it is denoted by (2a). If the reaction takes place
below A, it is denoted by (2b).

3 Thermodynamic Model

3.1 Gibbs Free Energies and Chemical Potentials

3.1.1 Austenite and Ferrite; the Regular Solution
Sublattice Model

In order to account for the dependence of the Gibbs free
energy on the carbon concentration, the following descrip-
tion is adopted. Austenite and ferrite can be conceived as
constituted of two interpenetrating sublattices: the M sub-
lattice, fully occupied by Fe atoms, and the I sublattice,
occupied by a mixture of C atoms and vacancies (V). The I
sublattice is formed by the octahedral interstices of the M
sublattice. The following contributions to the Gibbs free
energy can be distinguished: the Gibbs free energy of the
pure component M, the Gibbs free energy of the substitu-
tional binary alloy C-V and the Gibbs free energy due to
the interactions of M and C and of M and V. Including a
pair-wide interaction of nearest neighbours on the sublat-
tice occupied by C and V (leading to an excess enthalpy
term described by the interaction parameter L) while

Z. Metallkd. 85 (1994) 11

maintaining a random distribution of C and V on the 1
sublattice (leading to the Gibbs expression for the entropy
of ideal mixing), the total Gibbs free energy, G,,, according
to the regular solution sublattice model [17 to 19], for one
mole of Fe(C,V, )., is given by:

¢
Gp=(1 _y)G(l)’e +y: G?«‘BC‘./,, +y(1—y)- 5 ' LC,V

+ RT% phay+(1—p»)In(l -y} ©

where ¢/a denotes the ratio of the number of I sublattice
sites and the number of M sublattice sites and y designates
the site fraction of C on the I sublattice that can be
calculated from the atom fraction of C in the Fe-C alloy, x,
according to

a X

(3)

G, represents the Gibbs free energy for one mole of pure
Fe (with M-type lattice). Terms containing the Gibbs free
energy of one mole of V, G%, have been omitted since
obviously, GY =0. GYc,,, is the Gibbs free energy of one
mole of FeC,,. Values for Gf.,, and Ly result from
fitting of calculated phase diagrams to experimental data
and cannot be determined experimentally in a direct way
[20]. In the case of ferrite, the Gibbs free energy of the pure
Feis affected by the change in magnetic state on passing the
ferromagnetic transition temperature, T... The ferromag-
netic contribution to the Gibbs free energy of ferrite is
considered to be independent of the C concentration [20]
and its temperature dependence is well approximated by a
polynomial valid below T, and a polynomial valid above
Te[20, 21]. Numerical data for the calculation of the Gibbs
free energies of ferrite and austenite according to Eq. (2)
are provided in Tables Ala, b, d and e (see Appendix).

The Gibbs free energy of one mole of the binary mixture
Fe(C,V, _,)y, can formally be written as:

Tel—x

¢
Gyp=tip.+y- =~ He 4

with pir, and g as the chemical potentials of Fe and C,
respectively (recognising iy = 0). Then, by rewriting of Eq,
(2) it follows that:

¢ ., ¢
/LFc=G(!):ﬂ+E'y~'LC.V+ERTIH(1_'V) (5)
and;
a
.“c={‘g G%ec‘./,, T Fe +Lc,v} =2y Ley+RTIn 1 f)_y
(6)

3.1.2 Cementite

Cementite is taken as a stoichiometric compound: Fe,C.
Numerical data for the calculation of the Gibbs free energy
for cementite are listed in Table Alc (see Appendix).

3.2 Total Gibbs Free Energy Change
The chemical Gibbs free energy change, AG,,.m, calcu-

lated for the completed transformation of one mole of
Fe(C, V), is defined as:

AGchcm = Gﬁmll - Gsmrt (7)
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Thus it follows for:

Reactions (1a) and (1b):

AGuem =My G, + m, -G, —m, G, (8)
Reactions (2a) and (2b):

AGchcm =y Gz + Ny + G(l - l)’l.,t - GY, (9)
where 7; denotes the number of moles of Fe in phase i,
recognising that the initial stage is given by one mole of
austenite of composition FeC,,,,,: m, = 1. G,, G, and G,
are calculated using Eq. (2) and G, follows from Table Alc.

3.3 Chemical Potential Differences
Considering reaction (1), the chemical potential differences

experienced at the moving afy interface during transforma-
tion are defined as follows:

A.“Fe = (.u%e)m/v - (zu ?"e )y,":t (10)
and;
AHC = (:uaC)u/y - (Au-é‘ )-,'/:g (11)

where (4} )}y, is defined as the chemical potential of compo-
nent i in ferrite at the oy interface, etc. Obviously, after
completed transformation both Ayg, and Auc are nil, be-
cause equilibrium has been reached throughout the entire
specimen.

The local equilibrium model implies that Ay, and Auc
are nil at the interface during the entire transformation (see
Sect. 1). Obviously, this is physically unrealistic. Under
local equilibrium conditions there would be no driving
force for the (net)transport of carbon across the interface;
see also discussion in [ 14]. In particular during initial stages
of the transformation significant deviations from local equi-
librium may occur: In order to calculate Aue and Apg,
during the transformation, an assumption on the carbon
redistribution has to be made. In the absence of reliable
data, crude estimates have to be made for the carbon
concentration in both phases at the interface. This ap-
proach seems acceptable in view of the qualitative conclu-
sions to be reached (see discussion of results in Sect. 4.2).

The solubility of carbon in ferrite is very small and it is
assumed here that the carbon concentration in o at the oy
interface equals the (very small) equilibrium value (i.e.: the
value prescribed by the accepted Fe-C phase diagram:
[Cl%,). The chemical potential of carbon in ferrite then
equals the equilibrium value for both ferrite and austenite
(cf. Figs. 3a and b). During transformation, the occurring
carbon enrichment of the austenite involves that a carbon
chemical potential difference exists between the y/o inter-
face and the interior of the v grain, which drives the
diffusion of carbon from the interface into the y grain. The
migration rate of the yfo interface, the diffusion rate of C in
austenite and the austenite grain size determine the time
dependence of the carbon concentration in y at the y/u
interface. Usually, this is modelled assuming local equi-
librium at the /o interface, (H&)uy,=(HE)eg=(HE)y, =
(4t)eq> In which case the driving force for carbon diffusion
in austenite is related to line segment (a) in Fig. 3b. Non-
equilibrium conditions can prevail in practice. Then, the
carbon concentration at the interface in the austenite and
the corresponding chemical potential can be lower than as
prescribed by equilibrium. Thus the driving force for car-
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Fig. 3a. Schematic carbon concentration profiles at both sides of
the ferrite () austenite (y) interface for an intermediate stage of
the transformation, At the interface the carbon concentrations for
both the non-equilibrium situation, [C]{.n.q. and the local equi-
librium situation, [C]Z, and [C]Y,, have been illustrated. The time
dependent average carbon concentration in austenite is {[C]*); the
initial carbon concentration is depicted as [C]}.
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Fig. 3b. Schematic chemical potentials of carbon at both sides of
the ferrite () austenite (y) interface, corresponding to the carbon
concentration profiles sketched in (a) (uk)l,.q is the non-equi-
librium chemical potential of carbon in the austenite at the inter-
face; (u&)eq and (ul)., are the chemical potentials of carbon in
austenite and in ferrite under the assumption of local equilibrium,
(pt)y and {ut) represent the initial and average chemical poten-
tial of carbon in austenite, respectively.

bon transport across the interface is related to line segment
(b), while the driving force for diffusion of carbon in the
austenite is related to line segment (d), Modelling of the
carbon concentration profiles, using either local equilibrium
or non-equilibrium conditions, is beyond the scope of this
paper. To account for the non-equilibrium situation at the
ofy interface, it is assumed here that the carbon concentra-
tion in 7y at the y/a interface equals the (degree of transfor-
mation, i.e, time, dependent) average carbon concentration
of the austenite, {[C]">, (see discussion in Sect, 4.2). Gradi-
ents in the carbon concentration, which will certainly occur
during the transformation process, are neglected. Thus, on
the basis of Eq. (11), the driving force for the rearrange-
ment of carbon, which equals line segment (b), is approxi-
mated by line segment (c) (Fig. 3b).

The carbon rearrangement (leading to a certain carbon
concentration in y at the y/o interface) has an effect on Agig,
(and thus on the interface velocity, cf. Sect. 1) through the
presence of the carbon concentration in Eq. (5). In the
following the changes of Apg, and Apc are discussed as a
function of the fraction, f, of the atoms incorporated in the
transformation product ferrite.

Z. Metallkd. 85 (1994) 11
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4 Results and Discussion
4.1 Total Gibbs Free Energy Changes

The total chemical Gibbs free energy changes for the de-
composition of austenite into ferrite and carbon enriched
austenite are shown as a function of temperature in Fig. 4
for Fe-C alloys with a carbon concentration ranging from
0.0 to 0.8 mass%. Similarly, the total chemical Gibbs free
energy changes for the decomposition of austenite into
ferrite and cementite are shown in Fig. 5 as a function of
temperature for Fe-C alloys with a carbon concentration
ranging from 0,0 to 0.8 mass%. For these calculations the
carbon concentrations in ferrite, below A, for transfor-
mation (1b) and above A, for transformation (2a), have
been taken in accordance with the extrapolated phase
boundaries GP and PQ, respectively (see Figs. 1 and 2
and Table A2), If these carbon concentrations are taken
equal to those indicated by the corresponding equilibrium
phase boundaries (PQ and GP, respectively), no significant
changes occur in the calculated values for AG,,,.
Obviously, from a comparison of the AG,., values it is
seen that at temperatures above A, ferrite formation with
associated carbon enrichment of the austenite (reaction
(1a)) will lead to the most stable configuration, whereas at
temperatures below A, formation of ferrite together with
cementite (reaction (2b)) will lead to the most stable
configuration, However, rom the energy point of view, the
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Fig. 4. The total Gibbs free energy change as a function of
isothermal transformation temperature for the decomposition of
austenite according to y, » o+ 7y, for various carbon concen-
trations in mass% (Eq. (tf))‘ Reaction (1a) above A,: solid lines.
Reaction (1b) below A,: dashed lines.
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Fig. 5. The total Gibbs free energy change as a function "of
isothermal transformation temperature for the decomposition of
austenite according to y, - a-+0 for various carbon concentra-
tions in mass% (Eq. (9)). Reaction (2a) above A,: solid lines.
Reaction (2b) below the A,; dashed lines,
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Fig. 6a and b. Comparison of total Gibbs free energy changes for
reactions (la and b) (y, ~a+y,) and (2a and b) (y, »o+08) asa
function of isothermal transformation temperature for carbon
concentrations 0.2 mass% (a) and 0.4 mass% (b).

metastable transformations ( 1b) (below A,) and (2a) (above
A,) are also possible, The decomposition of undercooled
austenite into ferrite and carbon enriched austenite leads in
all cases to a decrease of the Gibbs free energy of the system
at temperatures below A, (reaction (1b); see also [2]). The
decomposition of undercooled austenite into ferrite and
cementite above A, (reaction (2a)) only leads to a decrease
of the Gibbs free energy of the system for limited ranges of
temperature and carbon concentration (see Fig. 5).

The Gibbs free energy changes for all four reactions can
be compared for alloys with carbon concentrations of
0.2 mass% C and 0.4 mass% C in Figs. 6a and 6b. Clearly,
in particular below A, the thermodynamically less preferred
transformation (reaction (1b)) already provides (far) more
than half of the energy gain due to the thermodynamically
preferred transformation (reaction (2b)). A similar state-
ment can be made concerning the situation above Ay,
although for the alloys given it only holds below a certain
temperature (well below 1044 K and 1013 K for 0.2 mass%
C and 0.4 mass% C, respectively). The locus of AG yem =0,
for reaction (2a) (see Figs. 6a and 6b) provides a metastable
phase boundary in the Fe-C diagram for the transformation
of undercooled austenite into ferrite and cementite above
A,; it is shown in Fig. 7.

Because a net Gibbs free energy gain can occur yet, kinetic
reasons can induce the thermodynamically less favoured
transformations (1b) and (2a). Below A, carbon enrichment
of austenite is possible, Similarly, above A, the formation of
metastable carbide is possible. When such carbide precipita-
tion occurs, the ofy interface may become pinned by the
carbide particles. At this place it should be recalled that for
the sake of simplicity it was assumed that the carbon in the
remaining austenite is distributed homogeneously, This is
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Fig. 7. Part of the Fe-C phase diagram showing the calculated
metastable (o + 0)/6 phase boundary.

compatible with a migration rate that is slow with respect to
the diffusion rate of carbon in austenite.

4.1.1 Experimental Observations

Experiments demonstrate that below A, pro-eutectoid fer-
rite formation (i.e. reaction (1b)) can occur before pearlite
formation takes place [24] (see also the theoretical and
experimental results presented in Sect. 4.2), To our knowl-
edge, evidence for the occurrence of carbide formation in
hypo-eutectoid Fe-C alloys above A, (reaction (2a)) has
not been presented until now. Experimental data obtained
in this work suggest that reaction (2a) is possible.

Thin-walled specimens (0.25 mm thickness) of high purity
Fe-C alloys containing 0.17 mass% C (and (numbers denote
mass¥o) 0.001 Cr; 0.007 Cu; 0.0007 Mn; 0.001 Mo; 0.004 Ni;
0.001 Sn) and 0.36 mass% C (0.001 Cr; 0.015 Cu; 0.0007 Mn;
0.001 Mo; 0.003 Ni; 0.001 Sn) were isothermally trans-
formed above A, at 1005 K, i.e. within the hypothetical
o+ 0 region (see dashed line in Fig. 7). The specimens
were quenched to room temperature after partial (about
70 %) or completed transformation. For experimental de-
tails see [ 15]. Optical analysis of the microstructure obtained
showed the presence of the phases to be expected: ferrite
(transformation product phase) and martensite (former
austenite which transformed during quenching to room
temperature),

However, in addition unusual precipitates were observed
at the majority of the ferrite/martensite interfaces. A typical
example is shown in Fig. 8 The size of the precipitates is
about 200 nm, which is close to the resolution of the optical

Table 1. Chemical potential differences and associated processes.

Fig. 8. Optical micrograph (bright field, oil immersion) of an
Fe-0.36 mass% C alloy after (partial) transformation at 1005 K
during 30s. Because of the quench to room temperature the
austenite phase was transformed into martensite. At the ferrite/
martensite interface small precipitates (see arrows) can be dis-
cerned.

microscope. Etching with Murakami etchant, which stains
carbides, supports the interpretation that the precipitates
formed are carbides.

4.2 Chemical Potential Differences during Transformation

The chemical potential differences Apu,., and Ay, as defined
according to Egs. (10) and (11), have been devised to
envisage energy changes for iron and carbon individually at
the ofy interface. They can be calculated along the lines
discussed in Sect. 3.3 as a function of the fraction of ferrite
formed. A negative value for Ay, drives the transforma-
tion from y—o and a positive value for Aue- indicates
carbon uptake by the austenite (see also Table 1). Note that
as a consequence of the definition of f (= fraction of the
atoms incorporated in the transformation product ferrite),
the value of f for completed transformation will be smaller
than one for all alloys.

The fraction f reached when Ap., =0 and Apc=0 are
plotted vs. temperature in Figs. 9a,b and 10ab for
0.2 mass% C and 0.4 mass% C, respectively. Regions in
these figures where Apyg, and Ap are positive or negative
have been designated by + and — signs.

Aftyse Auc
>0 =0 >0 =0
interface no interface C uptake by no
migration transformation migration remaining transformation
into ferrite into austenite: austenite (1b)
formation of (la), (1b") or
ferrite (1a), (1b") pearlite
or formation
pearlite (2b)
formation (2b)
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Fig. 9a and b. (a): The {raction f of the atoms incorporated in the
transformation product ferrite for an Fe-0.2 mass% C alloy as a
function of isothermal transformation temperature for Agp, =0
(cf. Eq. (9)) for austenite decomposition according to v, = o+,
above A, (reaction 1(a)) and below A, (reaction {1b)). The result
for reaction (1b") (see text) has been presented too. The signs +
and — indicate regions in the diagram where Ay, >0 and
Apip, <0, respectively; (b): as (a) but for Ape, (Eq. (11)).

Clearly for reaction (1a) both Aug, and Ay favour the
formation of ferrite combined with carbon enrichment of
the remaining austenite (Aup, <0; Aue > 0). For tempera-
tures above A, on increasing / (from zero) Ay, gradually
becomes less negative due to the increase of the carbon
concentration y’ in the austenite. The fractions f for reac-
tion (la) at which the driving forces for interface migration
(Apg,) and carbon rearrangement (Aue-) become nil, are
exactly the same, and this occurs when the equilibrium
fraction of ferrite, as indicated by the Fe-C phase diagram
(see Fig. 11a), has been formed.

From the energy point of view, at temperatures below A,
reaction (1b) may occur because of kinetic preference (cf.
Sect. 4.1). Now, the fraction f reached when Apg, =0 for
reaction (1b) is smaller than that indicated by the accepted
equilibrium phase diagram for completed transformation
(the latter value, f,,, is indicated by the nearly horizontal
lines in Figs. 9a,b and 10a,b). For these calculations the
assumed carbon concentration in ferrite for reaction (1b)
was obtained by extrapolation of the values for the equi-
librium carbon solubility in ferrite above A, (Table A2).
However, the maximum solubility of carbon in ferrite ac-
cording to the accepted phase diagram below A, is lower
than this value (cf. Fig, 2a and Fig, la: PQ vs. extrapola-
tion of GP). Adopting the carbon solubility in ferrite as
indicated by the accepted phase diagram below A,, the
calculations of Apg, and Aue were also performed. The
results are denoted as (1b') in the figures. Obviously, the
effect on Apy,, and thus on the values of f reached when
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Fig. 10a and b. (a): The fraction / of the atoms incorporated in
the transformation product ferrite for an Fe-0.4 mass% C alloy as
a function of isothermal transformation temperature for Aup, =0
(cf. Eq. (10)) for austenite decomposition according to y, » o+,
above A, (reaction 1(a)) and below A, (reaction (1b)). The result
for reaction (1b’) (see text) has been presented too. The signs +
and — indicate regions in the diagram where Apg, >0 and
Auy < 0, respectively; (b): as (a) but for Apc, (Eq. (11).

Aig =0, is of minor importance. However, the locus of
points (in the f-T diagrams) where Auc=0 is affected
pronouncedly. Now consider Figs. 9b and 10b. The vertical
lines drawn at 850 K indicate an isothermal transformation
of undercooled austenite starting from the abscissa (where
the fraction of ferrite is zero; fully austenitic state). Initially,
the chemical potential difference for carbon is strongly
positive, favouring carbon uptake by the austenite. Accord-
ing to reaction (1b’) carbon uptake could thus occur until
the point A is reached at which Apc = 0. At this stage, Aug,
is still strongly negative (see Figs. 9a and [0a), providing a
driving force for ofy interface migration, i.e. favouring the
continued formation of ferrite, However, beyond point A
further carbon uptake by the austenite cannot take place.
In other words: the Gibbs free energy change for the system
for transformation (1b') is still negative, because it is gov-
erned by Ay, but Ape opposes further carbon enrichment
of the austenite. This result is interpreted here as that the
condition Ape =0 terminates reaction (1b’). Beyond point
A the transformation continues as a reaction (2)-like eutec-
toid transformation: formation of pearlite. The ferrite
formed at temperatures below A, before Ape =0 according
to reaction (1b') is denoted as pro-eutectoid ferrite. Hence,
the transformation process at temperatures below A, can
consist of two successive processes. First the transformation
of vy, to o+7, (1b") takes place, which is followed by
transformation of v, to a+ 6 (2b) from the moment, ac-
cording to this work, that Ay =0 (see also Table 1). The
driving force for the eutectoid transformation is provided
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Fig. 11a and b, The chemical potential differences Aug, and Aue
(see Eqs. (10) and (11)) as a function of the fraction f of the atoms
incorporated in the transformation product ferrite for the de-
composition of austenite for a Fe-0.2 mass% C alloy during
isothermal transformation at 1050 K, where reaction {1a) proceeds
(y,—=o+1v,) (a); at 850 K, where two reactions occur succes-
sively: v, > o+ v, (reaction (1b)) and, at the moment that Aue
has become nil, v, — o+ 8 (reaction (2b)) (b).

by App, only; Aue remains zero and because no further
carbon uptake of the remaining austenite occurs, Ay,
remains constant until all austenite is transformed (see Fig,
11b; during this process, ferrite and cementite are assumed
to be in equilibrium).

The total amount of ferrite formed after completed trans-
formation is a function of the gross carbon concentration
of the alloy only, ignoring the very small dependence on
temperature of the very small solubility of C in ferrite. An
immediate consequence of the two step process below A, is
that the ratio of pro-eutectoid ferrite and pearlite is not
fixed, but depends on both the carbon concentration of the
alloy and the isothermal transformation temperature, as the
stage of the transformation for reaction (1b’) where
A =0 depends on the temperature (see Figs. 9b and 10b):
the fraction of pro-eutectoid ferrite at which Ay =0 de-
creases with temperature and carbon concentration, For a
sufficiently low isothermal transformation temperature and
a sufficiently high carbon concentration, Ay would already
be negative before any ferrite is formed (see Fig. 10b for
T < 690 K). This means that the eutectoid-like transforma-
tion (2b) occurs without a preceding transformation (1b');
the specimen transforms to a 100 % pearlitic, or at sufficient
undercooling, bainitic, microstructure. The carbon concen-
tration in the metastable austenite at the moment of the
start of the pearlite formation at temperatures below A, can
be calculated from the fraction of ferrite where Ay equals
zero. The Ay =0 line thus obtained is shown in Fig. 12.
The figure suggests that the result can be conceived as an
extrapolation of the ES boundary in the Fe-C equilibrium
diagram (the notion of an extrapolated ES phase boundary
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has been adopted before [22, 23]). However, the Ay =0
line calculated is not really an extrapolation of the ES
boundary in the sense that it would describe the y/(y + 6)
equilibrium. The precise course of the Ay = 0 line depends
on the assumptions made for the carbon concentration in o
and y at the transformation interface. The only point made
here is that Apc =0 can be the criterion for the transition,
below the A, temperature, from reaction (1b) to reaction
(2b).

The calculations presented above hold for pure Fe-C
alioys. It may be argued that for steels, also containing
other elements, the results presented here would not be
valid (for example, segregation of the alloying elements,
other than carbon, at the o/y interfaces could affect appre-
ciably the thermodynamics prevailing there (cf. Egs. (10)
and (11)).

4.2.1 Experimental Observations

TTT diagrams indicate that, depending on the undercool-
ing, the formation of pro-eutectoid ferrite is followed by the
formation of pearlite [24]. In the literature, kinetic factors
have been suggested as the origin for this phenomenon.
Nucleation of pearlite would be facilitated by pro-eutectoid
ferrite [25] and in semi-empirical models [26] an incubation
time for the pearlite reaction longer than that for the
pro-eutectoid ferrite reaction was incorporated. In this
work, the transition from pro-eutectoid ferrite formation to
pearlite formation during isothermal transformation is as-
cribed to thermodynamics (Apue = 0) rather than to trans-
formation kinetics.

Occurrence of the two step reaction below A, was investi-
gated by analysing the carbon redistribution quantitatively
in high purity (see Sect. 4.1) binary Fe-0.17 wt.% C speci-
mens after partial transformation. A thin-walled specimen
(0.25 mm thickness) of the alloy was austenitised at 1373 K
for 10 min, quenched to 973 K and isothermally trans-
formed for 5s at this temperature, leading to a fraction
transformed of about 35 %. The specimen was subsequently
quenched to room temperature (cooling rate >400 K s
during the first second). The resultant microstructure (see
Fig. 13a) is composed of ferrite (transformation product)
and martensite (core of the former austenite grains; formed
during the quench) and troostite (located in the former
austenite between the martensite and the ferrite; troostite
forms during the quench if the cooling rate is slightly lower
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Fig. 12. Part of the Fe~C phase diagram showing the Apic =0 line
for reaction (1b’).
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Fig. 13a. Optical micrograph (bright field, oil immersion) of an
Fe-0.17 mass% C alloy after austenitising at 1373 K for 10 min,
quench to and (partial) transformation at 973 K during approxi-
mately 5s. The specimen is subsequently quenched to room tem-
perature. Because of the quench to room temperature the austenite
phase has become martensitic. Indications of a troostite- and
Widmanstitten (ferrite} microstructure in the (former, i.e. before
quenching) austenite phase at the ferrite/(former) austenite inter-
face are observed, The arrows in the figure indicate the line-scan
which is represented in (b).
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Fig. 13b, Carbon concentration profile across a remaining austen-
ite grain for an Fe-0.17 mass% C alloy after partial (ca. 35%)
transformation at 973 K for approximately 5s. The carbon con-
centration data have been obtained by Electron-Probe Micro
Analysis (EPMA) using wavelength dispersive spectrometers and a
10 kV electron beam of 100 nA, leading to a lateral resolution of
less than 1 um (for more details see [28]).

than a critical value above which only martensite forms

[271".
The corresponding carbon concentration profiles were
measured applying electron-probe micro analysis (EPMA)

'} The occurrence of troostite at the austenite grain bouqdarics is
a consequence of the relatively low cooling rate achlev_ed‘by
quenching with helium gas, in particular during the beginning
of the quench [15]. The interpretation of the observed morphol-
ogy as troostite formed during the quench (and not as some sort
of very fine pearlite resulting from transformation at the trans-
formation temperature beyond the stage indicated with A in
Figs. 9b and 10b) is supported by the occurrence ol this same
troostite morphology at the austenite grain boundaries after
quenching from transformation temperatures above A, (where
pearlite cannot form at the transformation temperature), apd
the observation of Widmannstitten ferrite also present (which
can only have been formed upon quenching).
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with a counting statistical accuracy of 0.02 mass% C. The
incident electron 10 keV beam had a lateral size of about
0.5 pm, which, according to Monte Carlo simulation for the
paths of the electron beams, corresponds to an excited
specimen volume of lateral size <0.8 um, even not consid-
ering the effect of absorption of the emitted C K radiation
which further reduces the lateral size (depth of information
<0.3 um) (for further details of measurement and evalua-
tion see [28]). As follows from the carbon concentration
profile shown in Fig. 13b, the carbon concentration in
the y at the y/o interface (0.45 mass% C to 0.65 mass% C) is
significantly larger than the initial carbon concentration in
the austenite. The carbon concentration in the ferrite is
larger than the equilibrium value (~0.05 mass% C versus
=0.02 mass% C); check measurements on pure Fe before
and after the measurements on the specimens concerned
suggest that the carbon concentration measured for the
ferrite is reliable.

If local equilibrium would prevail, the carbon concentra-
tion in the austenite at the austenite/ferrite interface should
have a value of about 1.0 mass% C (as follows from an
extrapolation of the GS phase boundary in the Fe—-C phase
diagram according to the formula given in Table A2),
which is significantly larger than the experimental value
(0.45 to 0.65 mass% C). Considering the lateral resolution
of the EPMA measurements (see above) and the carbon
concentration profile in austenite near the interface, it may
be argued that the carbon concentration in austenite at the
interface is somewhat higher than the value read from the
figure. However, it is very unlikely that this could explain
the large difference with the prediction according to local
equilibrium. According to all other (about 10) measure-
ments performed, the carbon concentration in austenite at
the austenite/ferrite interface never exceeded 0.65 mass% C
before pearlite formation was observed. (Note that for the
experiment concerned, the maximal carbon concentration
in austenite before pearlite formation starts equals about
0.72 mass% C, according to the Aus = 0 criterion; see Fig,
12.) This leads to the conclusion that local equilibrium is
not operative under the prevailing conditions.

Adopting the experimentally observed values for the car-
bon concentration in austenite at the austenite/ferrite inter-
face, the driving force for interface migration, Ay, can be
calculated (cf. Sect. 3.3) for the experiment discussed. It
follows that Apg, = —200 J/mol. The corresponding value
of Ayc, i.e. the driving force for carbon redistribution, is
approximately 2300 J/mol. Recognising that there are many
more Fe atoms than C atoms, it is concluded that an
appreciable amount of the Gibbs free energy released by the
phase transformation is used to drive the austenite/ferrite
interface. This result, in conjunction with the observation of
a carbon concentration profile within the austenite, leads to
the conclusion that the kinetics of the austenite decomposi-
tion are controlled by both interface mobility and carbon
diffusion within the austenite. The occurrence of local equi-
librium would imply that the interface reaction is not of
importance for the kinetics of the transformation [29].

The calculations in this paper were based on the assump-
tion that the distribution of carbon in austenite is homoge-
neous, This crude approximation does not affect the general
conclusions reached. However, it should be realised that the
stage of transformation where Ay = 0 is determined by the
specific change of the carbon concentration in the austenite
at the interface upon progressive transformation (cf. Eq.
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(11)). Therefore this stage of transformation depends on
the interface mobility, the austenite grain size and the
temperature. The present estimate of the carbon concentra-
tion in austenite at the interface, equal to the average
carbon concentration in the austenite, can be considered as
an underestimate corresponding with an overestimate for
the stage of transformation where pearlite formation starts,

5 Conclusions

Knowledge of the thermodynamic properties of ferrite,
austenite and cementite, leads to the following conclusions
about the afy transformation in Fe~C alloys:

(i) Because of the associated appreciable reduction in total
Gibbs free energy, two intermediate transformations,
not leading to the stable phase(s), can occur if they are
favoured kinetically:

— below the A, temperature: decomposition of austen-
ite in ferrite and carbon enriched austenite, followed
by pearlite formation; as is well known from TTT
diagrams.

- above the A, temperature: decomposition of austen-
ite into ferrite and iron carbide for restricted ranges
in temperature and carbon content.

Experimental results exist which are compatible with

the occurrence of these intermediate transformations,

From the total Gibbs free energy change, a metastable

(o + 0)/y phase boundary above the A, temperature

can be calculated.

(i) — Adopting the non-occurrence of local equilibrium, it
is proposed that the decomposition of austenite into
ferrite and carbon enriched austenite below the A,
temperature occurs until Aue =0. At that stage Aug,
is still negative. Beyond this stage, austenite decom-
position proceeds as an eutectoid transformation:
pearlite forms. As a consequence the amount
of pro-eutectoid ferrite is predicted to depend not
only on gross carbon concentration but also on the
transformation temperature, The eutectoid transfor-
mation continues until the whole specimen is trans-
formed while Ay, remains constant and Ay = 0.

- The kinetics of the formation of pro-eutectoid ferrite
upon austenite decomposition are controlled by both
interface mobility and carbon diffusion within the
austenite.

Appendix: Compilation of Thermodynamic Data

Contributions to the Gibbs free enrgy G, for one mole
Fe(C, V). (see Eq. (1)) for ferrite and austenite are given
in Tables Ala and Alb, The Gibbs free energy for cementite
Gy is given in Table Alc. G, is given in Table Ald. The
data hold for temperature range: 298,15 K < T < 1811 K.
The reference states H™ = H,gs — H, and S, = Shog for Fe
and C are given in Table Ale.

Phase boundaries in the Fe-C diagram are presented in
Table A2 by giving the corresponding carbon content as a
function of temperature. Results labelled *“‘this work” were
obtained here by fitting to the data of [16].
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Table Ala. Ferrite [20, 21). G, indicates the ferromagnetic con-
tribution; 7 = T[T, with T as the Curie temperature of ferrite.
(T-=1043 K).

G2 1224.83 + 124.134 - T — 235143 - T In (T)
—0.00439752 - T2 — 5.89269
x 10-% . T3 4 77358.5 - T
o Gy + HEL (o)
l—yp
Glecy, | 322050 +75.667 - T +GY, +§ * GO aomite (J/mol)
Grnug ~9180.5+9.723 - T —9309.8
1:4 'CIO Tl('
A+ o+ ) (O/mol
(<) <6+135+6‘00)(/m0)
-4 -4 ~24
Grag —6507.7 - (-H)‘ +3—1“5“+ 1500) (J/mol)
(t>1)
ch'v —190 - 7' (J/mol)
¢ 3
a

Table Alb. Austenite [20].

G2, —237.57 + 132416 - T —24.6643 - T - In (T))
—0.,00375752 - T? — 5.89269
x 107%. T3 477358.5 - T~! + H! (Jmol)

Glec, | 77207 — 15877 T + G, +§ GOumnie (J/mo)
ZIC“L‘-“"’ —34671 (J/mol)

¢ 1

a

Table Alc. Cementite [20].

GY — 10745 +706.04 - T —120.6- T - In(T)
+ HE + 3HE (J/mol)

Table Ald. Graphite [30].

—17369+ 17073 T —243 - T-In(T) —4.723
x 1074 T2 42562600 - T~ — 2.643
X108 T-24+1.2x 100 T2 4+ HE (J/mol)

[
G graphite

Table Ale. Reference states of Fe and C [20], The subscripts refer
to the corresponding temperature in K,

Element Phase Hygy — H, Saon
(J/mol) (J/mol/K)

Fe bee at 298.15 K 4489 27.28

C graphite at 298.15 K 1054 5.74
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Table A2. Phase boundaries in Fe-C phase diagram. Carbon content in at.% as a function of temperature 7 in K.

Phase boundary Temperature at.% Source
range
Yl(e+y) [873, 1273] 547472 x 10* ~1.38709 - T + 1.18089 x 10~*+ T —3.37774 x 10-7 . T? this
work
af(o+y) [873,1273] 6.5594 x 10-' — 5.5361 x 10~*- T this
work
of(o. - ) [473, 1000] 100 x 10¢"-05 - 4040/7) [31]
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