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The Martensite Transformation

M. WUTTIG
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TETSURO SUZUKI

Physics Department, Yokohama City University, Yokohama 236 (Japan)

The martensite transformation is, essen-
tially, a deformation caused by the free energy
difference of the austenite and martensite
phases. It may be considered from two aspects.
One concerns the structural relationships be-
tween the two phases, which are largely
known and interpreted [1]. The other has to
do with the transformation mechanism. It is
this aspect of the martensitic transformation
which is presently not entirely clear. There-
fore, it will be considered in this paper.

The martensitic deformation strains may be
almost infinitesimal, finite, ho}nogeneous, or
inhomogeneous in character. Consequently,
all aspects of the theory of elasticity and plas-
ticity enter into the interpretation of the
transformation mechanism. Suggestions can be
found which try to interpret the onset of the
transformation in terms of an elastic instability
{2 - 4], a dislocation instability [5 - 7], as
well as an instability of various lattice waves
of finite wavelength and amplitudes [8], or
combinations thereof [9]. All these, and simi-
lar unnamed suggestions, address themselves
to the mechanics of the transformation and
not so much to the nature of the driving force.
Since the nature of this force will determine
the transformation mode, we will address our-
selves to it in an effort to highlight what infor-
mation about this force is currently lacking.

Consider a first order martensite transfor-
mation. Both the austenite and martensite are
in equilibrium in the vicinity of the transfor-
mation temperature, Mg, as indicated in Fig. 1.
This is the figure commonly used in discus-
sions of phase transformations and its mecha-
nisms. Its nature suggests that an expression
of the free energy up to the fourth power, in
one order parameter, be studied. In general,
though, more than one order parameter will
have to be considered, as exemplified by the

many different martensite phases in Fe-Mn-C
alloys [10] among others. This observation
leads to Fig. 2 which is reminiscent of the
classical rate theory of diffusion [11] except
that the abscissae now are order parameters
instead of normal co-ordinates. The formula-
tion of a rate theory of the martensite trans-
formation will then proceed along the lines of
classical diffusion theory if it can be assumed
that order parameters and normal co-ordinates
are equivalent.

A consideration of the complete space
spanned by all order parameters raises the
question as to whether it is necessary to in-

AG

AUSTENITE
MARTENSITE

N/

ORDER PARAMETER

Fig. 1. Free enthalpy of austenite and martensite at
the Mg temperature. Only one order parameter, a de-
formation parameter is considered.
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Fig. 2. Free enthalpy of austenite and martensite,
many order parameters considered.
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clude into the theory of the martensite trans-
formation the coupling between order para-
meters. This appears to be essential if one
wants to understand the pre-martensitic fluc-
tuations observed by neutron scattering [12,
13] as well as electromicroscopically [14 - 17].
As these fluctuations will lead eventually to
the transformation proper, their understanding
is of central importance. In the following,
therefore, we will discuss some consequences
of the coupling mechanism.

The simplest situation arises if only two-
order parameters need be considered. One of
them has to be a deformation parameter, the
other one need not be. The consequence of
the coupling can be explored most easily in a
quasiharmonic approximation. In this approxi-
mation, the free energy, AG, is given by

AG(x1,%3) = Ay x5 + Appxyp + Agpx3. (1)

In eqn. (1), the x; denote the two order para-
meters and the A;; are coefficients which only
depend on an external variable such as tem-
perature, magnetic field or pressure. The corre-
sponding equations of motion of the coordi-
nates, x;, of the point representing the phase
on the AG surface are now coupled and, hence,
its motion is modulated. The modulation leads
to a phenomenon which has as its analog the
self-trapping distortion controlling interstitial
diffusion [18]. It is thus possible that the
martensite transformation proceeds in a self-
sustaining fashion.

Return to Fig. 1. When discussing the mar-
tensite transformation in terms of it, hence,
only in terms of one-order parameter and rate
theory, it is assumed that the potential varies
with time as shown in Fig. 3(a). Other ways
in which the potential may change are pre-
sented in Fig. 3(b) and (c). Figure 3(c) corre-
sponds to the self-trapping mechanism by
which the parent austenite ““digs’’ itself
through the potential barrier. Superimposed
on the vibrations, the frequency of which are
given by the curvature of the local potential,
we may find interphase oscillations of longer
duration, leading to periodical changes of the
position of the minimum. Such an oscillatory
pattern corresponds to the coupling mecha-
nism envisaged in the previous paragraph if
the eigen frequencies of the two order para-
meters are sufficiently different.

The mechanism shown in Fig. 3(c) has been
suggested for the martensitic transformation
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Fig. 3. Different intermediate stages in the course of
the martensite transformation: (a) reaction rate
theory, the activated state is treated like an equi-
librium state; (b) the activated state is not an equi-
librium state; (c) self-trapping mechanism, the system
is always in equilibrium. Note that the abscissae for
the second order parameter has been omitted.

in NbsSn and V;8i [19], as well as many in-
sulators [20]. For the two alloys it has been
suggested that the second-order parameter be
given by the Jahn—Teller splitting of the de-
generate 3d band at the center of the Brillouin
zone as both transformations are uniform.
Since the self-trapping mechanism is con-
ceptually capable of interpreting the low fre-
quency pre-martensitic oscillations observed
in a variety of materials, it might well be gen-
erally operative. Indeed, a coupling mecha-
nism has already been mentioned in connec-
tion with the w-transformation [21].

The splitting of degenerate electron energy
levels is proportional to the applied or fluc-
tuating field. Since one of the split bands will
be shifted to lower energies by the splitting,
the constant, A,;, in eqn. (1) will be negative
[22]. The constant, A,;, in the same equation
will be, in general, positive, since in most
cases all phonon frequencies remain finite at
the martensite start temperature [23]. As the
experimental evidence further indicates that
the deformation order parameter changes
faster with time than the other order para-
meter [13 - 15], egn. (1) becomes for small
times

AG(x4,t) = =A%, (t) + Ay %1 (2)?
where

Ay =A3x5, X, = const.



Local equilibrium is thus attained at a finite
deformation,

xq1(t) = A12/244,,

and the position of the minimum varies ap-
proximately as X, # X, in qualitative agree-
ment with the mechanism depicted in Fig.
3(c). It should be noted that this mechanism,
in principle, obviates the need for a separate
discussion of the stability of the parent aus-
tenite with regard to small and large fluctua-
tions of the order parameter.

The coefficient A, in eqn. (1) represents a
many-body-force driving the martensitic trans-
formation. Other possibilities exist, however.
It can be assumed, for instance, that the
gradient energy provides the driving force [24,
25]. In this case, the inclusion of higher order
terms in the expression for AG becomes essen-
tial, and the transformation is necessarily of
first order. The transformation proceeds by
distorting initially sinusoidal, large amplitude
lattice waves of comparatively large wave-
length. As the distortion grows, periodic modu-
lations occur which represent a dynamic mar-
tensite nucleus. The essence of this mechanism
is that the kinetic energy of the lattice wave
becomes concentrated in certain regions facili-
tating their co-operative activation [25]. In
general, a combination of the two mechanisms
will be operative.

Most martensitic transformations are not
characterized by a volume instability, they
are heterogeneously nucleated. One might
thus ask what character such a nucleus has in
terms of the two mechanisms sketched above.
There will be ““electronic” and ‘‘mechanical”
nuclei. The former are represented by regions
in the crystal where the electronic degeneracies
are already split, i.e., by defects of symmetry
lower than that of the austenite. This inciudes
many point defects, all dislocations, interfaces
and surfaces. The latter must provide the
large amplitude lattice wave, i.e., it is a point,
line, or planar defect without symmetry re-
striction. Either nucleus is in a sense “invisible”
and ““autokatalytic” and we thus rediscover a
previous suggestion [26].

The foregoing paragraphs contain the frame-
work of a theory of the initial stages of mar-
tensite formation conceptually applicable to
all metals and alloys. In its simplest form, it
applies to certain almost second-order marten-
sites. In general, other coupling mechanisms
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such as spin-orbit [27] or magnetoelastic [28]
coupling must be considered, and higher order
terms in all order parameters must be included
in the series expansion for AG. Such higher
order terms are conceptually necessary for
first order transformations. Quantitatively,
their importance can only be assessed if the
nature of the predominant driving force is
known. The lack of knowledge of this driving
force for classical martensites presently pre-
cludes such an assessment, and it is probably
in this area where we find our knowledge
about the martensite transformation most
wanting. Does the Jahn—Teller splitting or the
gradient energy provide the predominant
driving force? Are both forces independent of
each other? If the Jahn—Teller splitting is
operative, which degeneracies are split? Degen-
eracies inherent in the symmetry of the
Brillouin zone or accidental degeneracies?
Where are such degeneracies located? In short,
information about the electronic structure of
austenite is lacking. This statement might be
surprising in view of the efforts made to ob-
tain such information. It must be recalled,
though, that only small segments of the Fermi
surface will be affected by the splitting. There-
fore, we can summarize by saying that “We do
not know small but important details of the
electronic structure of the austenite which
control the martensite transformation”.
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