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A theory has been developed for the mechanical stabilisation of plastically deformed austenite by

balancing the force which drives the transformation interface against the resistance from

dislocation debris in the austenite. The work has been used to explain why very large strains are

required to mechanically stabilise certain stainless steels, and also to interpret the subunit

mechanism of bainite growth.
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Introduction
Displacive transformations involve the coordinated
movement of atoms. Such movements cannot be
sustained against strong defects such as grain bound-
aries. This is why martensite plates are unable to cross
grain boundaries. Less drastic defects such as isolated
dislocations also hinder the progress of such transfor-
mations, but can often be incorporated into the
martensite lattice. However, it is well established1–7 that
when the strain in the austenite becomes sufficiently
large, the motion of glissile interfaces becomes impos-
sible, causing the transformation to halt.

This applies to all cases involving the translation of
glissile interfaces, whether their motion leads to a phase
change,1–18 or simply to a reorientation of the lattice as
in mechanical twinning.19 The phenomenon is known as
mechanical stabilisation and is a sure way of distinguish-
ing the displacive and reconstructive mechanisms of
solid state transformations.20

The primary purpose of the present work was to
express the phenomenon of mechanical stabilisation
into a theoretical framework capable of predicting the
strain required to initiate stabilisation. The problem
is one of dislocation interactions since a glissile trans-
formation interface has a dislocation structure which
has to move through any obstacles that exist in the
austenite.

Method
A theory for predicting the onset of mechanical
stabilisation is developed here by balancing the force
which drives the motion of the interface against the
resistance of the dislocation debris created by the
deformation of the austenite.

Deformation at low homologous temperatures is
produced by the translation of dislocations. For a
density r of dislocations, each with a Burgers vector of

magnitude b, the plastic strain is given by

e~rbL (1)

where L is the average distance moved by the disloca-
tions.21 For a given dislocation density, the spacing

between the dislocations is given by l~r{1=2. The mean
shear stress t needed to force dislocations past each
other is, in these circumstances21

t~
Gb

8p(1{n)l
~

Gbr1=2

8p(1{n)
(2)

where G is the shear modulus and n the Poisson’s ratio.
On combining with equation (1) and noting that the
force per unit length is tb

tb~
Gb3=2

8p(1{n)

e

L

� �1=2

(3)

the mean free distance L must decrease as the plastic
strain increases22

L~
dD

dzDe
(4)

where D is the original grain size of austenite
before straining and d is a coefficient equal to ,1 mm
(Ref. 22).

Apart from dislocation strengthening, solid solution
hardening will also contribute to the resistance to
interface motion.23,24 Solid solution hardening coeffi-
cients for a variety of solutes in austenite have been
reported for tensile strength25 and were converted into
shear stress equivalents tS using the Tresca criterion.
This adds to the resistance owing to any dislocation
debris.

Chemical driving force
The stress tT driving the motion of the interface
originates from the chemical free energy change DG of
transformation23

tT~wDG (5)

where w is a constant assumed to be equal to unity
and DG~Gc{Ga, i.e. the magnitude of the driving

force. DG is a function of temperature and the
composition of the steel – it was calculated using the
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software MTDATA, which accesses thermodynamic
data (SGTE database) to calculate phase stabilities
and free energies. The stored energy of matensite is
,600 J mol21 (Ref. 27) and that for bainite is
,400 J mol21 (Ref. 28), values which were subtracted
from the calculations obtained using MTDATA. When
multiplied by Burger’s vector b, this gives the magnitude
of force per unit length available for the austenite/
martensite interface to move.

Mechanical stabilisation occurs when the stress
driving the interface equals that opposing its motion

tT~tztS

bDG~
1

8p(1{n)
Gb3=2 e

L

� �1=2

ztSb (6)

this equation can now be used to calculate the critical
strain for mechanical stabilisation.

Results and discussion
All calculations were carried out using the data
listed in Table 1, beginning with austenitic stainless
steels alloys 1–4 as listed in Table 2. The reason for
varying the nickel concentration was to study the
effect of the chemical driving force for transformation
on the stabilisation to martensitic transformation.
All the calculations were carried out allowing for
solid solution strengthening and for a variety of
temperatures.

Austenitic stainless steels
Figure 1a shows the chemical driving force (before the
subtraction of 600 J mol21 stored energy) as calculated
using MTDATA. It is seen that these are very large
driving forces, especially for 300 K which is normally
the ambient deformation temperature. It is therefore not
surprising that the critical strain e calculated using
equation (6) is large, ranging from 2.9–4.5, the larger
value corresponding to the smallest nickel concentra-
tion, i.e. the largest DG, as shown in Fig. 1b.

In physical terms, this means that the mean free path
L has to be very small ,1 mm, as illustrated in Fig. 2.
Huge plastic strains are required to achieve the necessary
defect density so such a result may at first sight seem
unlikely. However, recent work on 316L austenitic
stainless steel deformed to a true strain of e56.3
confirms that severe deformation is indeed necessary to
mechanically stabilise the austenite.29

Figure 2b shows the curve obtained by fitting to
experimental data from the 316L experiments.29 It was
demonstrated in the same work that on the basis of
thermodynamics, the alloy should be able to transform
completely into martensite, were it not for the fact that
the deformed austenite becomes mechanically stabilised.
In fact, the amount of strain induced martensite
achievable is limited to 57%, much of this forming at
low strains before the onset of stabilisation. On the basis
of the fitted curve (Fig. 2b), the onset of mechanical
stabilisation, i.e. the strain at which strain induced

Table 1 Values of inputs in calculations

Property Value

Shear modulus of austenite, Pa 861010

Poisson’s ratio 0.27
Burgers vector, m 2.52610210

d, m 1026

Grain size, m 461025

Table 2 Chemical compositions in wt-%

Alloy C Mn Si Cr Ni Mo N

Alloy 1 0.05 1.5 0.75 18.0 6.0 0.0 0.03
Alloy 2 0.05 1.5 0.75 18.0 8.0 0.0 0.03
Alloy 3 0.05 1.5 0.75 18.0 10.0 0.0 0.03
Alloy 4 0.05 1.5 0.75 18.0 12.0 0.0 0.03
316 L 0.01 0.53 0.75 17.1 11.9 2.0
Bainitic 0.4 3.0 2.0

a variation in DG as function of alloy and temperature; b critical values of plastic strain for mechanical stabilisation of
austenite

1 Lines represent alloys 1–4 and points alloy 316L
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martensite ceases, is about e^2?3. The calculated data
for 316L are presented as points in Fig. 1b; they show
that the critical strain for mechanical stabilisation is
3.45, 2.25 and 1.45 for the temperatures 300, 400 and
500 K respectively. The large strain data of the
experiments29 are based on wire drawing and it is
conceivable that the temperature rises by ,200 K
during the deformation.30 The calculations are therefore
judged to be consistent with the experimental data.
Furthermore, the analysis shows that the reason why
such large strains are needed to achieve stabilisation is
the large values of DG associated with such stainless
steels at the deformation temperature.

Bainitic steels
One of the fascinating aspects of the bainite reaction in
steels is that it occurs by a subunit mechanism in which a
platelet of ferrite grows to a limited size even though

there is no impingement with obstacles such as austenite
grain boundaries. The transformation then propagates
by the nucleation and growth of another subunit, the
collection of subunits being known as a sheaf.31 The
reason why each platelet only grows to a limited size is
that the shape deformation accompanying transforma-
tion is plastically accommodated in the austenite beside
the plate.32 This results in the creation of an intense
dislocation debris which renders the interface immobile,
as illustrated in Fig. 3.

Calculations were therefore carried out for the bainitic
steel listed in Table 2, which is also the steel from which
the micrograph in Fig. 3 originates, for a transformation
temperature of 623 K. As pointed out previously, the
stored energy used was 400 J mol21. The results are
presented in Table 3. The shear strain associated with the
growth of bainite is ,0.26 (Ref. 33) which on comparison
with the calculated data, is sufficient to generate local
mechanical stabilisation, and hence a subunit mechanism
of growth. Furthermore, the length of the subunit is
expected to become larger as this is qualitatively consistent
with experimental data on bainite that the plates become
more slender as the transformation temperature is reduced
(DG increased).18 Note that martensite forms in this steel
below ,500 K (Ref. 32).

Summary
A theory has been developed for the mechanical
stabilisation of plastically deformed austenite by balan-
cing the force which drives the transformation interface
against the resistance from dislocation debris in the
austenite. The key input to the model includes the
chemical free energy accompanying the transformation
and the transformation temperature.

The theory seems to explain why very large strains are
required to mechanically stabilise certain stainless steels
and provides a rationale for the subunit mechanism of
bainite growth.

Acknowledgements

The authors are grateful to Tata Steel (India), the
National Science Foundation (Taiwan) and the Royal
Society (UK) for funding this research.

2 a mean free path at point where mechanical stabilisation occurs as function of temperature and nickel concentration:

each set of points represents alloys 1–4, lowest Ni concentration corresponding to smallest L in each set and b frac-

tion of martensite as function of strain in 316L: bounding curves represent ¡1s uncertainties in modelling experi-

mental data29

3 Intense dislocation debris at and in vicinity of bainite

(aub)/austenite (c) interface:32 steel has chemical com-

position Fe–0.43C–3Mn–2.12Si (wt-%) and is trans-

formed at 350uC (623K)

Table 3 Data for Fe–Mn–Si–C steel

Temperature, K Critical strain

500 2.1
600 0.6
650 0.06
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