Thermodynamics and Kinetics of Martensite

J. W. Christian*

I. Introduction

Troiano and Greninger [1] and Kurdjumov [2] considered kinetics to
be as important as crystallography in defining the characteristics of
martensitic reactions. In supporting this view, I shall ignore the
exigencies of the time-table and look backwards to nucleation as well
as forwards to today's papers. I take as my starting point the ex-
cellent survey of kinetics and nucleation theory in ferrous martensite
presented by Magee [3]. He distinguished two kinds of kinetic behaviour,
"dynamically stabilized" and 'isothermal', and further sub-divided the
latter into cases where martensite forms predominantly in bursts during
cooling and those in which most of the transformation is isothermal.

To these categories, we must add thermoelastic martensite which occurs
in many non-ferrous systems.

Magee concluded, in contrast to earlier theories, that the average
volume of a martensite plate is independent of the volume fraction of
martensite and that nucleation sites which are autocatalytically acti-
vated by previously formed plates are overwhelmingly more important
than randomly-distributed pre-existing sites. He suggested that the
rate-limiting step may be the propagation of the interface.

IT. Thermodynamics

Although some displacive phase transitions may be thermodynamically
second or higher order, the transformations which the metallurgist re-
cognizes as martensitic involve large distortions of the unit cell and
changes in symmetry and are all first order. It is then possible to
define an equilibrium T temperature by the intersection of two indepen-
dent free energy curves? and to define a driving force as the difference
between these curves (see Fig. 1). The free energy as a continuous
function of configuration along some path from A to B in Fig. 1 may,
more controversially, be given by a Landau expansion [4]

2 3 4
AG =Pn~ +Qn” + Rn + ... (L)
where n is an appropriate order parameter which in the case of martensite
represents a finite homogeneous deformation. Fig. 2 shows the relation

between AG and n at different temperatures; the perfect parent phase
becomes mechanically unstable at Tu when the minimum at n = 0 changes
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into a maximum and the free energy decreases continuously from n = 0
ton=n. At Tu’ P = 0, and writing P = a(T—Tu) and neglecting higher

terms in (1) To - Tu Q2l4uR. If the parent lattice remains mechani-

cally stable at Ms, L. Ms < T ; it is an open question whether even,
in principle, T exists fot mos? transformations.
u

Figs. 1 and 2 show the free energies of homogeneous, stress-free
volumes of the parent, product and intermediate structures. When a
martensite region forms within a constraining matrix, additional energy
arises from the non-uniformity of the structure and may be approximately
divided into coherency strain energy, surface energy and defect energies.
In evaluating experimental thermodynamic data, it is important to take
account of this additional stored energy.

2.1. Enthalpies and Free Energies in Ferrous Alloys

According to early calculations [5], the difference AG 1in chemical
free energies of austenite and martensite is 1200 J mol ~ St the M of
all binary Fe-C alloys. Later work [6-7] has shown, however, that for
both Fe-C and Fe-N alloys, ﬁGC at M increases §£rongly from < 1100
J mol in pure iron (see belcw) to 2400 J mol at 10 at % solute.
Early estimates for substitutional alloys gave too large a variation of
AG ~with composition; it now appears that AG increases slightly with
soTute content and reaches v1450 J mol ~ at Fe-10 at % Cr. Ternary
solutes in Fe-Ni may either raise or lower &Gc [871.

There is still uncertainty about the value of M and hence AG for
pure iron. The limiting arrest temperature of “820Kk°found in verycfast
cooling curves [9-15] represents a reasonable extrapolation of the Fe-N i
data [6], but if M_ varies rapidly with interstitial content at low
levels, the experiﬁental values may be lowered by residual interstitials
[1]. An alternative is M  =970-1000K which is consistent with extra-
polation of dilute substiButional alloy data; much depends on whether
the arrest temperatures observed in these alloys represent bainitic or
martensitic reactions [16-18]. In recent work, four different arrest
plateaux are reported by Wilson [13,19] and three by Morozov et al [l4-
15] who used high purity zone refined iron. Both groups obtained
metallographic evidence that the transformation at 820K produces lath
martensite, and in a rapidly cooled Fe-0.01% C alloy Morozov et al also }
found an arrest at 690K which is attributed to lenticular martensite.
The _yalue of 820K for M_ appears more probable_and hence AG =1100 J
mol ™~ [20]. If M_ is 970K, AG is ~400 J mol © and calorimStric data
on alloys indicat& that this i§ inadequate to produce heavily dis-
located lath martensite.

Recent calorimetric measurements [21] indicate that the stored
energy of ferrous martensite varies with the morphology and substruc-
ture. The heat evolved when lath martensite is formed in Fe-29 wt% Ni
at 266-133K corresPOEES to an enthalpy of transformation (evaluated at
570K) of 1600 J mol independent of transformation temperature and
volume fraction. The enthalpy change is similar for Fe-30.3 wt% Ni b
transformed at 243-198K, but at lower temperatures, where plate
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martensite is formed, it rises steeply to >2600 J mol ~. Lee et al
[21] conclgie that the stored energy in lath martensites may be up to
1150 J mol higher than in twinned martensites.

Combination of the free energy and calorimetric data suggests that
the net driving force at M_ is very small for lath martensite, but may
be appreciable for plate martensite. Indeed, Argent [22] has computed
M curves for Fe-Cr and Fe-Co alloys on the assumptions that the net
driving force is zero (i.e., there is no nucleation barrier), that
surface and dislocatigT entropies may be neglected, and that the stored
energy is 1000 J mol ~. The values are in reasonable agreement with
experiment, and the estimated M_ for pure iron is 855K. Note that the
assumption also implies that adfabatic heating [23-24] is not signif-
icant for lath martensites.

Lee et al considered the stored energy to arise from dislocations
or twin boundaries, but there are also contributions from the inter-
phase interfaces and the coherency strains. For oblate spheroidal
plates of dimensions a and ¢, and for laths with a>*b>>c, the inter-
facial energy per unit volume is E =3c¢/2c whgre ¢ is the specific
interfacial free energy., With o =%200 mJ m ~ and ¢ = 1 um, E_is
insignificant (0.3 MJ m ~=2 J mol ), but this term is, of cogrse,

important in classical nucleation theory since if ¢ = 1 nm, ES2 kJ
mol ~. The energy due to internal twinn%ng is similgEIy Et2 o/t
where t is the twin sggaration, and if ¢~ = 200 mJ m and t = 20 nm,

Et is only ~100 J mol .

The elastic energy per unit volume of a transformed oblate spheroid
with the same shear modulus u and Poisson's ratio as the isotropic
constraining matrix is usually quoted as Ee = Ac/a where [25-26]

A= [1(2-0)/8(1-v) s’ Zen(s2+ £y 2)

and s and £ are the shear and normal strain e unconstrianed in-
variant plane strain (IPS) shape defoggation. With pu = 5.107" Pa, s =
0.18, £ = 0.05, we obtain E = 85 My m ~=600 J mol ~ for a typical c/a =
0.05. This may be an overestimate since linear elastic theory has been
used for large strains, and the energy may also be decreased by plastic
deformation or by formation of plates in groups, or of laths (which
otherwise have larger Ee) in self-accommodating packets.

Egn (2) is derived by replacing the stress-free strains of the
martensite plate by the strains of the average or shape deformation,
and in the real situation additional strain energy arises from the
alternating twins or from the interface dislocations. Mura el al [70]
have treated the twin case in which the stress free strain is periodic
and they find that the elastic energy does not tend to zero as c/a>0,
but rather to a constant value per unit volume given by

g 2
Ee = f(l—f)(Cll~612)(el—€2) (2a)
where f is the volume fraction of one orientation. Cll and C are
the anisotropic elastic stiffnesses of the plate and el, 82 are the
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principal strains of the lattice (Bain) deformation.ﬂ Numerical estimates
from eqn (2a) give a very large energy of “14 kJ mol = for steels, and
although the use of linear elastic theory severely restricts the accuracy,
it is noteworthy that the estimate considerably exceeds the available
driving force. An even larger energy was obtained by Kato et al [73]

from a somewhat unusual model of slipped martensite.

The reason for the apparent paradox is that for a plate of finite
thickness, the additional energy should be incorporated into the surface
energy, as is implied but not clearly stated in the work of Khachaturyan
and Shatalov [74] who also used anisotropic elasticity and gave the
first treatment of the periodic twin structure. They showed that the
strain energy caused by the heterogenity of the plate arises from strains
located near the habit plane so that it is proportional to the area of
this interface. The interface dislocations of a single crystal of
"slipped"” martensite, or the periodic structure of twinned martensite,
thus raise the interfacial free energy from a low value characteristic
of a fully coherent interface to an effective value (assumed above to be
200 mJ m ) appropriate to the semi-coherent interface. If the twin
thickness is now held constant as c¢ + 0, the energy per unit volume
tends to a large constant value. It follows that the energy of eqn (2a)
whilst relevant to some nucleation models, does not enter into the free
energy balance for appreciable volumes of transformed product, and it is
justifiable for most purposes to use eqn (2) together with an appropriate
value for the effective surface free energy. The formulation of the
theory developed by Khachaturyan is not restricted to an ellipsoidal
shape, and in a later paper [75] he has shown how to calculate the habit
plane shape which minimizes the strain energy.

Lath martensites contain dense tangles of lattice dislocations, the
untwinned regions of plate martensites contain arrays of screw dis-
locations, and accompanying plastic deformation causes dislocation
tangles and pile-ups in the surrounding austenite. For a dislocation
density p, the energy is

| By = (oub’/4mK) [In(R/x_) + B] 3)
where 1>K>1-v, R and r are outer and inner CE& E?f r%dll and B varlﬁs
with assumptions about® pile-ups. With p = nd R/r = 10
Li et al estimate E, as 120-2800 J mol " the larce uneertalqty arises

mainly from the measured dislocation densities in lath martensites [27]
which at the upper limits give very high stored energies. The origin of
the dislocations inside laths and partly twinned plates is unknown,

but if they are also due to induced plastic deformation, any contri-
bution of E, to stored energy should be balanced by a greater reduction
in Ee' Thus E + E + E = (for macroscopic plates) should represent
the upper limif of storeg energy, and any difference between laths and
plates might only be due to the better elastic accomodation of the
latter. The conclusion fails, however, if the dislocations do not
accommodate the shape change.

For an Fe-13.77% Ni-0.86% C steel transformed at 297-188K, the
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