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Abstract The initial rate of martensite transformation in

Fe–Ni and Fe–Ni–Mn is described by the product of the

probability of a nucleation site existing in an austenite

grain times the probability of its propagation. The former

depends on driving force, the latter on defect mobility. The

onset of both athermal and isothermal martensite could be

modeled in a consistent way, which suggests that both

modes have common fundamentals.

Introduction

It is generally accepted that the onset of martensite trans-

formation results from the propagation of nucleation-

related defects, which exist in the austenite. Such defects

would have different potencies and would be scarce at the

Ms temperature. However, their number increases with the

driving force (the negative of the chemical free energy

change) available for the reaction [1]. Martensite trans-

formation is heterogeneous not only in the sense that

nucleation takes place at preferred sites but also in the

sense that it does not occur simultaneously in every aus-

tenite grains. Cech and Turnbull [2] were first to report the

latter behavior, regarding martensite transformation in a

Fe–30.2mass%Ni particulate of different particle sizes: ‘it

is the relative number of particles undergoing

transformation at a given temperature that varies with

particle size’. A similar remark applies to martensite

transformation in bulk polycrystalline material whether

isothermally or athermally transformed. The reaction is

first observed in a few clusters of partially transformed

austenite grains. Following this the reaction starts else-

where until it spreads over the whole polycrystal [3–7].

In this work, we consider the temperature dependence of

the number per unit volume of nucleation-related defects

characteristic of particulate Fe–30.2mass%Ni athermal

transformation, as basis to model the initial reaction rate of

isothermally transformed bulk Fe–23.2mass%Ni–2.8

mass%Mn. In both alloys, plate martensite is formed at

sub-zero temperatures.

Model development

Cohen and Olson [1] reviewed the data from Cech and

Turnbull [2] and concluded that the probability that at least

one nucleation site exists in a particle of mean volume q is

exponentially related to the number per unit volume of

material of sites for martensite nucleation, nT
v ; available to

propagate down to temperature T

Pq Tð Þ ¼ 1� exp �qnT
v

� �
ð1Þ

where a T superscript means ‘at temperature T’.

Moreover, for a large ensemble of particles, Pq Tð Þ can

be equated to the volume fraction of material in partially

transformed particles, Vg
v ; the parameter used to describe

the extent of the spread of martensite transformation over

the austenite grains in a bulk polycrystalline material, thus,

Pq Tð Þ ¼ Vg
v : This is justified by the fact that one nucleation

event is enough to partially transform a particle; therefore,

in the absence of particle–particle interaction, Vg
v is directly
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related to nT
v : By considering Vg

v to investigate the initial

nucleation rate we can avoid the complication of

autocatalysis.

The initial rate of an isothermal martensite reaction

dNv,0.002/dt, is commonly determined at 0.002 volume

fraction transformed

dNv;0:002

dt
¼ ni

vm exp �W�a
kT

� �
; ð2Þ

where m is the lattice frequency, ni
v the initial number of

nucleation sites per unit volume, and W�a is the activation

energy for martensite nucleation, k is the Boltzmann con-

stant and T is the absolute temperature [8, 9].

We propose here that the initial reaction rate at tem-

perature T, Iv, is given by the product of PT
q the probability

of nucleation site availability times PT
P ;the probability that

an existing nucleation site may propagate

dNv

dt
¼ Iv ¼

m
q

PT
q PT

P : ð3Þ

By similarity with Eq. 2 we consider PT
P to be thermally

activated, thus, PT
P ¼ exp � EP

kT

� �
;where EP is the activation

energy for propagation. Inserting PT
q and PT

q into Eq. 3

gives the initial rate of martensite reaction per unit grain

volume

Iv ¼
m
q

1� exp �qnT
v

� �� �
exp �EP

kT

� �
: ð4Þ

Athermal martensite transformation in particulated

Fe–30.2%massNi

To obtain values of nT
v ; we pursued Cohen and Olson [1]

and recovered data from Cech and Turnbull [2] by scan-

ning and digitizing their graphs. Non-conspicuous data

points were dismissed. The compiled data, typical of

athermal transformation in particulate Fe–30.2%massNi,

have been consolidated by reiteration to average out small

variations. The grain volume was calculated from the

particle diameter, D, by q = pD3/6. Recalling that Pq Tð Þ ¼
Vg

v ; Eq. 1 can be rewritten as

ln
1

1� PT
q

 !

¼ ln
1

1� Vg
v

� �
¼ qnT

v : ð5Þ

Figure 1 shows ln 1
1�V

g
v

� �
plotted against q at the

indicated temperatures. Linear regression of the data

exhibits high correlation coefficients, R, as shown in

Table 1. Thus nT
v should not depend on the particle size,

and its value can be calculated from the slope of the

straight lines fitted to the data. Table 1 depicts these values

of nT
v which increase with increasing the reaction driving

force. Athermal martensite transformation starts when the

driving force, DG reaches a certain threshold indicated by

the Ms temperature and, frequently, by a burst. As a

working hypothesis nT
v is assumed to increase with the

excess of driving force with respect to some threshold

driving force, DG0,

nT
v _DG� DG0; ð6Þ

where DG is the driving force available for the

transformation. This proportionality may be expressed as

equality by introducing a pre-factor n0
v and dividing the

excess driving force by kT

nT
v ¼ n0

v

DG� DG0

kT

� �
; ð7Þ

where n0
v stands for the value of nT

v when DG - DG0 = kT.

To check the concept, the data in Table 1 were plotted as

shown in Fig. 2. The values of DG were calculated after

Kaufman and Cohen [10].

A parametric least-square procedure was used to obtain

the values of DG0 and of n0
v that allow best fit of the data

with Eq. 7. The values of these parameters are given in

Table 2. Inspection of Fig. 2 discloses a high correlation

Fig. 1 Volume fraction of partially transformed particles shown as a

function of particle volume and transformation temperature, data from

Cech and Turnbull [2]. Some best-fit straight lines are not shown to

avoid overloading the figure

Table 1 Regression results from Fig. 1 and values of nT
v

Temperature (K) DG (J event-1) (10-21) nT
v (mm-3) R

233 1.990 8.73 � 102 0.96

223 2.074 1.81 � 103 0.98

213 2.157 2.67 � 103 0.89

193 2.317 5.90 � 103 0.96

162 2.552 1.44 � 104 0.94

123 2.820 2.78 � 104 0.93
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fitting. Noteworthy, DG0 is not far from DG at the highest

transformation temperature. As one might expect, the value

of n0
v obtained here, 5.54 � 104 mm-3, is in agreement with

the value of ni
v; 104 mm-3, normally admitted.

Eq. 7 may be substituted for nT
v in Eq. 4

Iv ¼
m
q

1� exp �qn0
v

DG� DG0

kT

� �� �	 

exp � EP

kT

� �
:

ð8Þ

At higher temperatures, when the reaction is first detected,

(DG - DG0)/kT is small. Therefore, the bracketed term in

Eq. 8 simplifies (x % 1-e-x) yielding

Iv ¼ mn0
v

DG� DG0

kT

� �
exp � EP

kT

� �
: ð9Þ

Moreover, if EP/kT is small (e.g. athermal mode of

transformation) the initial reaction rate will be much faster

and Iv becomes

Iv ¼ mn0
v

DG� DGv

kT

� �
: ð10Þ

In fact, it has been already suggested that the martensite

burst is a very fast isothermal reaction [11]. Notice that,

since Iv = mnv, Eq. 7 is recovered. Returning to Eq. 8, at

lower temperatures, below the elbow of the C-curve, kT

and DG�DG0

kT become large so that Iv approaches

Iv ¼
m
q

exp � EP

kT

� �
: ð11Þ

Thus, a simple Arrhenius plot allows determining EP.

Remarkably, Eqs. 9–11 inferred from the analysis of

athermal martensite transformation in particulate Fe–

30.2mass%Ni, meet some results derived from

application of classical reaction rate theory to isothermal

martensite by Borgenstam and Hillert [12]. Nonetheless

they were obtained upon distinct hypothesis.

Analysis of isothermal martensite transformation

in Fe–23.2mass%Ni–2.8mass%Mn

In the sequence, the C-curve of isothermal martensite

transformation in Fe–23.2mass%Ni–2.8mass%Mn will be

analyzed based upon Eq. 9. The data used for that purpose

were originally determined as described and tabulated by

Ghosh and Raghavan [9] . The authors extensively

described and discussed their experimental methods and

conditions and that will not be repeated here for brevity.

We selected their tabulated results for 0% (annealed), 1%,

and 2% plastic deformed material, and elastic stressed

(60.8 MPa) comprising a broad range of temperature and

conditions. A plot of the transformation temperatures

against nucleation rate at Vv = 0.002, dNv,0.002/dt, yields

C-curves of the start of isothermal martensite transforma-

tion. A plot of C-curves from their data is shown in Fig. 3.

Substituting dNv,0.002/dt for Iv in Eq. 9 yields

Fig. 2 Values of nT
v graphed as per Eq. 7. The slope of this plot is

equal to n0
v

Table 2 Regression results from particulate data plotted in Fig. 2

n0
v (mm-3) 5.5 � 104

DG0(J event-1) 2.0 � 10-21

R 0.99

Fig. 3 Transformation temperature plotted against initial nucleation

rate of isothermal martensite, dNv,0.002/dt, in Fe–23.2mass%Ni–

2.8mass%Mn under elastic load and after different amounts of plastic

deformation, data from Ghosh and Raghavan [9]. C-curves are

apparent, except for the elastic deformation
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dNv;0:002

dt
¼ mn0

v

DG� DG0

kT

� �
exp � EP

kT

� �
: ð12Þ

The least-squares procedure used to analyze the partic-

ulate data, Fig. 1, was applied also to the data from Ghosh

and Raghavan (see Fig. 3.). The experimental versus cal-

culated values of dNv,0.002/dt are shown in Fig. 4. The

parameters obtained are given in Table 3.

Temperature independent EP values were obtained in all

cases. Actually, the values of EP (4.3 - 8 � 10-21 J event-1)

are similar in magnitude to the activation energy

(*4 � 10-21 J event-1) for the ‘growth of a martensite

embryo’ obtained by Kurdjumov and Maximova [12–14].

Therefore, propagation as used here and ‘embryo growth’

are equivalent expressions. However, these EP values are

one order of magnitude less than the values of W�a (4.07 -

10.8 � 10-20 J event-1) reported by Ghosh and Raghavan

[9]. This can be ascribed to the fact that to calculate W�a in

Eq. 2 a temperature independent number of initially

available nucleation sites, ni
v; was assumed.

In the framework now described, bearing the behavior of

Fe–30.2mass%Ni particulate, the number of sites initially

available to propagate the reaction, nT
v ; is typical of the

reaction temperature.

The value of DG0 in Table 3 is about the same as the

driving force at the highest reaction temperature and that

was not affected by plastic deformation. However, elastic

loading increased DG0, as expected, since it is known that

the austenite stability is decreased by an external (elastic)

stress [15]. The hindering effect of small plastic strain on

isothermal martensite, also observed in athermal martensite

[16], has been previously reported [9].

Concerning n0
v; it is not clear at present why so widely

different values are obtained for the athermal and the iso-

thermal modes of martensite transformation. Nonetheless,

the existence of common fundamentals between athermal

and isothermal modes of martensite transformation was

pointed out by Kakeshita et al. [17] supported by experi-

mental results pertaining to martensite transformation

under magnetic field and hydrostatic pressure.

Summary and conclusions

In summary, by considering the temperature dependence of

the density of preferred nucleation sites for the initial

nucleation of martensite nT
v we could describe the onset of

martensite transformation either in athermal or isothermal

mode in a consistent way. The importance of thermal

activation in martensite transformation becomes prominent

at low temperatures (high driving force) under ordinary

conditions. The magnitude of the apparent activation

energy obtained supports the concept that propagation

depends upon defect mobility [12].
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