The Bain Strain, Lattice Correspondences, and
Deformations Related to Martensitic Transformations

J.S. BOWLES AND C. M. WAYMAN

The contribution of E. C. Bain in identifying the correspondence and pure strain involved
in ferrous martensitic transformations is reviewed, together with later work which has
confirmed Bain’s hypothesis. Modern crystallographic theories of martensitic transforma-
tions have their origin in Bain’s recognition that a pure strain by itself would produce a
major accommodation problem between the parent and product phases; thus, additional
lattice invariant processes have been introduced. Some aspects of the crystallographic
theories are considered and attention is drawn to the increased number of factorizations
of a total strain that become possible when sequences of three (or more) strains are con-
sidered instead of the usual two. Some implications of the recent double shear theory (and
double interface mechanism) and plastic accommodation model are examined. The nuclea-
tion of martensitic transformations with respect to the Bain strain is considered briefly.

IN 1924 in a classic paper concerned with ‘“The
Nature of Martensite,”” E. C. Bain introduced the con-
cept that a structural change of a certain kind might
occur by means of a homogeneous deformation in
which the product phase is derived from the parent by
a simple ‘‘upsetting’’ process.' It seems to have been
implicit in the thinking of the time that the martensitic
reaction in steels is diffusionless, as evidenced by
Bain’s comment that ‘“The outstanding characteristic,
perhaps, of martensite is the complete allotropic
change from y to @ iron and the completely suppressed
precipitation of carbide.’”” Bain alsc appreciated that
the transformation could involve only small relative
displacements of neighboring atoms: ‘It is reasonable,
also, that the atoms themselves will rearrange with the
greatest possible facility by a method that will require
the least temporary distortion; we cannot expect an
atom to squeeze through some narrow spacing, for
instance. A mode of atomic shift was conceived by the
author some months ago and was later discussed with
Dr. Ancel St. John who, in the meantime, had thought
of the same scheme of things and accepted it as highly
probable. It is not surprising that this should have
occurred, as it is the only easy method of constructing
a body-centered atomic structure from a face-centered
cubic crystal.” Attention was then drawn to Figs. 1
and 2 (taken from the original in which the figure
designations were 3 and 4), and the Bain strain, as
we now know it, was discussed. It was pointed out that
‘““There are three axes in the austenite grain on which
this change may take place by the upsetting procedure
just indicated,’’ and suggested that these different
variants must be operative in practice: ““Unless this
movement is compensated by encountering soon the
opposite state of affairs along any given direction a
rupture would ensue.’’ This last comment seems to
anticipate that ferrous martensite plates should be
twinned, which is now known to be the case in a number
of transformations.

In a recent communication® Bain, commenting on the
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program of this symposium, stated: ‘I would like to
have a clearer impression of what the characteristics
of ‘Bain Strain’ may be, than I can now envision. I
fear it may conceivably relate to the ‘upsetting’ of the
body -centered tetragonal lattice in any F.C.C. austen-
ite to form martensite or ferrite, a rational enough
end result, but one very difficult for me now to model,
as actually occurring so simply and reasonably as I
once imagined.”’

This question of simplicity vs reality will be con-
sidered in the present paper, in addition to other
aspects of the Bain strain. Also to be discussed will
be lattice correspondences, as implied by homogene-
ous (Bain) strains. Further, since the homogeneous
deformation as specified by the Bain strain can be
only a part of the total transformation crystallography
for any given martensitic transformation, other re-
quired and related deformations such as the ‘‘inhomo-
geneous shear’’® or ‘‘complementary strain’’* are dis-
cussed, In particular, attention is drawn to the
increased number of factorizations of the total strain
that becomes possible, depending on the number of
component strains and their order of occurrence.
This, in turn, leads to an examination of recent multi-
ple shear theories and attendant consequences such as
a double interface mechanism for the propagation of
martensite plates. Finally, some comments are made
on the nucleation of martensite, a propos the original
strain suggested by Bain.

THE BAIN STRAIN AND LATTICE
CORRESPONDENCES

Figs. 1 and 2 indicate that for steels, martensite
may be derived from austenite by a homogeneous
distortion in which a (100) axis of austenite is con-
tracted by about 20 pct to become the martensite ¢
axis and two (110) axes in austenite are extended by
some 12 pct to become martensite g axes. These
strains are large by any measure, The ‘‘upsetting’’
process suggested by Bain also indicates that a corre-
spondence between the fcc and bec lattices exists. In
general, a correspondence defines lattice points (and
hence lattice vectors) in the parent that are trans-
formed into specified lattice points (vectors) in the
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Fig. 1—Bct lattice delineated in austenite (fcc) structure.!
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Fig. 2—Bct lattice of austenite and bec lattice of « iron pro-

duced by upsetting the former; drawn to scale for comparison.!

martensite. In the transformation depicted in Figs. 1
ard 2 the lattice points and atoms are identical since
in each phase the structure is the lattice, but more
complex correspondences are thought to apply in mar-
tensitic transformations in some materials (e.g.,
uranium®). The general crystallographic theory of
martensitic transformations deals with lattices and

is thus independent of the nature of the atoms which
occupy lattice sites.

There seems to be little doubt that the Bain corre-
spondence implied by Bain’s ‘‘upsetting’’ process is
correct for steels. This correspondence can be in-
ferred from known orientation relationships (e.g.,
Greninger -Troiano, Kurdjumov-Sachs, Nishiyama) but
these also served to indicate that the simple strain
envisaged by Bain does not alone describe the whole
transformation. This follows since the martensite unit
cell axes are found to be rotated with respect to the
{001) and (110) austenite axes from which the former
are generated.* Thus, in a localized region of the

*Taking the Kurdjumov-Sachs relationship, (111)a It (011)p and [101] 4 Il
[ﬁ 1] M as representative, it is easily shown that the martensite axes are rotated
about 10 deg about a direction in the austenite which makes an angle of ~70 deg
with the (001) contraction axis.

product phase the transformation seems to be com-
prised of the Bain strain and a rotation, this combi-
nation being termed the total lattice strain 84 by
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Bowles and Mackenzie.! In equation form ST = RB
where R and B are matrices which designate a rigid
body rotation and the Bain strain respectively, It can
be seen from Figs. 1 and 2 that the (100) and (110)
austenite axes from which the three (100) martensite
axes are generated in Bain’s upsetting process are
mutually orthogonal axes which remain orthogonal in
the martensite lattice, i.e., they are principal axes.
Since every lattice correspondence implies a set of
principal axes and a pure strain which extends these
axes to their final lengths without rotation, it is clear
then that the strain identified by Bain is the pure
strain component of the martensite transformation in
steel. The term ‘‘Bain Strain’’ has thus become a con-
venient description for the pure strain component of
martensitic transformations in general, and of course
figures prominently as one of the strain matrices with
which the modern crystallographic theories are con-
cerned.

The tetragonality of martensite in steels containing
carbon or nitrogen is consistent with the correspond-
ence implied by the Bain strain. Whereas in cubic fer-
rite the octahedral interstitial sites are occupied at
random (i.e., along each of the cube axes), in tetragonal
martensite there must be a preferred occupancy of
sites, only those octahedral sites along the martensite
¢ axes being filled, so producing the observed tetrag-
onality. Even though the carbon atoms in the austenite
are distributed at random (along the midpoints of the
{100) axes of the austenite unit cell) the carbon atoms
in the martensite become ordered automatically as a
consequence of the Bain strain. This follows since the
fce austenite may also be referred to a bet unit cell
of axial ratio v2 and in this cell the carbon atoms are
ordered. The interstitial atoms need only remain in
situ as the Bain strain occurs reducing the axial ratio
to a value much closer to unity.

An even more direct experimental verification of
the Bain correspondence follows from work on an
ordered Fe-Pt alloy containing 25 at. pct Pt.® For this
material the fcc matrix orders into a CuzAu structure
during annealing near 650°C. Transformation of the
ordered austenite into martensite then occurs during
subsequent cooling below room temperature. Using
transmission electron microscopy and diffraction pat-
terns, Tadaki and Shimizu® showed that martensite
(001) and (i11) reciprocal lattice sections (both con-
taining superlattice reflections) were in the configura-
tions which would be obtained had the martensite
formed by the Bain distortion of the ordered parent
phase.

Further verification of the Bain strain was provided
recently by studies of the transformation behavior of
thin films of iron vapor deposited on the {001} surfaces
of copper® and nickel’ films. Up to certain film thick-
nesses iron deposited on copper and nickel at relatively
low temperatures is (pseudomorphically) fcc and the
overgrowth is completely epitaxial, the cube planes
and directions in Fe/Cu or Fe/Ni being parallel, In
both cases continuous iron films are formed in the
early stages of growth and are strained to match the
substrate lattice. There are important differences,
however; iron has a smaller lattice parameter than
copper, but a larger one than nickel, so the iron de-
posits on copper are in tension while those on nickel
are in compression.
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As the iron films increase in thickness, ‘“nuclei’’ of
bee iron form, presumably martensitically. It is quite
clear that the iron-substrate misfit stresses interact
with the Bain strain and aceordingly determine the
orientation of the transformed bec with respect to its
fce iron matrix. In partially transformed films the
parent-product orientation relationship has been
measured and the relationships are close to the Pitsch
Kurdjumov -Sachs, Nishiyama, and Bain relations in
cases studied, although as might be expected® the
orientation relationship in thin films is not exactly
that which obtains between austenite and martensite
in the bulk. The important point, however, is that in
each case’ the orientation relationship is consistent
with its being prescribed by the iron-substrate misfit
stresses. For iron films in tension on copper the
orientations of the transformed regions are such that
the expansion axes of the Bain strain lie in the plane
of the film, whereas for iron films (in compression)
on nickel, variants of the coniraction axis of the Bain
deformation lie in the film plane. In either situation
it is as though film-substrate interaction strains
““assist” the principal strains of the Bain deformation.
These examples involving particularly simple and
well-chosen geometry constitute powerful evidence
that the Bain strain in iron under stress occurs.

For a given transformation between two lattices an
infinite number of possibilities exist for the corre-
spondence. An example of an alternative correspond-
ence’ for the fee to bee transformation is shown in
Fig. 3. In this case, however, the principal strains are

b

larger than those implied by the Bain correspondence
and the carbon atoms would not be shifted from their
positions in austenite to their preferential ¢ axis align-
ments in bet martensite. To move the carbon atoms to
their correct final positions ¢shuffle’’ motions (of
carbon atoms) would be needed in addition to the homog-
eneous strain implied by the correspondence of Fig. 3.
When superlattices or preferred arrangements of
interstitial atoms are not present to aid the identifi-
cation of the correct correspondence it must be de-
duced by other means. The first suggestion that was
made’® for determining the correct correspondence
from the infinite number of possibilities that exist for
any particular transformation was that the logical cor-
respondence would be the one involving the smallest
atomic displacements, Such a selection procedure
requires a knowledge of the orientation relationship
and is therefore restricted in its application to those
cases for which this relationship is known. A later
proposal by Lomer® avoids this difficulty. He suggested
that the correct correspondence is always the one for
which the associated principal strains are smallest.
This criterion requires no knowledge of the orientation
relationship. For the fcc-bce Bain correspondence it
is well-known that the associated principal strains are
smaller than for other possible correspondences.
Even though the principal strains from the Bain cor-
respondence in steels and iron alloys are small com-
pared to those associated with alternative fcc-bee
correspondences, they are large compared with those
involved in many nonferrous transformations. For

Fig. 3—Alternative fcc-bee lattice correspondence
involving larger principal strains than required by
the Bain correspondence, This correspondence
does not homogeneously convey interstitial atoms
(carbon) to selected positions along the martensite
tetragonal axis and thus shuffle motions would be
required.®
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example, in the fcc-bet transformation in In-T1 alloys'!
the strains vary from 1 to 2 pct and are thus an order
of magnitude smaller than for steels. As would be
expected from theoretical considerations, the observed
width of the transformation twins is inversely propor-
tional to the relative agnitude of the principal strains,
being as small as 50A in steels.

In some martensitic transformations all the atomic
movements are not prescribed by the homogeneous
Bain strain implied by the lattice correspondence. A
correspondence must of course relate unit cells con-
taining equal numbers of atoms in the initial and final
structures. If the transformation is between structures
which both have only one atom in each primitive unit
cell, the Bain strain will describe the movement of
every atom. If, however, the primitive unit cells of the
two structures contain different numbers of atoms,
then the correspondence will relate non-primitive
cells. In this case, the Bain strain will describe the
movement of only a fraction of the atoms and the re-
mainder will undergo shuffling movements. This
situation has been considered in detail by Christian,'*’*?
who proposed that the definitive feature of a marten-
sitic transformation is the existence of a lattice corre-
spondence, with no diffusive mixing of atoms other than
the shuffles needed to complete the structural change.

An example of this behavior is found in the well-
known nonferrous martensitic transformation occur-
ring in Au-Cd alloys containing about 47.5 at. pct Cd.'
The lattice correspondence believed applicable to this
transformation is shown in Fig. 4, in which case an fct
unit cell is delineated within four CsCl unit cells of the
parent phase., The martensitic product is base-centered
orthorhombic with cadmium atoms taking the positions
[0,0,0] and [0, ,+] and gold atoms the positions [4,2,0]
and [}, +,+)."> If the structure were face-centered
orthorhombic, the previous coordinates would be
[0)0’0] and I.O’ %’El]’ and [‘;’;‘zl: ] and [%1 0 %] respec-
tively. The correspondence in Fig, 4 involves rather
small principal distortions™ (5, 1.4, and 3.5 pet along
the orthorhombic a, b, and ¢ axes respectively) but it
is to be noted that half the atoms in the martensite unit
cell are displaced from face-centered positions, It is
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Fig. 4—Cubic-orthorhombic lattic corre~
spondence for the § to 8’ martensitic
transformation in Au-Cd alloys showing
both ‘“‘direct’’” and ‘‘shuffle’’ atomic move-
ments.

f.c. positions

implied therefore that in the course of transformation
half of the atoms undergo homogeneous movements, as
indicated by the lattice correspondence, whereas the
other half, in addition to this, undergo shuffles. This
situation is not extraordinary in the sense that both
homogeneous and shuffling movements are also involved
in mechanical twinning. For example, in the case of
(301) [103] twinning in tetragonal tin, only half'® the
atoms undergo the strict twinning displacements; the
other half undergo shuffle motions to satisfy the re-
quirement that the deformation be lattice invariant.

In even more complex situations such as the 8 to «
transformation in uranium, if the correspondence is
deduced from the minimum principal strains criterion,’
it turns out that the majority of atoms must undergo
shuffling motions, Lomer examined some 1600 possible
correspondences for the uranium case and concluded
that only a few of these resulted in reasonably small
principal strains, and even then shuffles were needed
for the majority of the atoms.* Although the principal

*In the “best”” correspondence only one atom in thirty is placed in its correct
position due to the homogeneous distortion.
axes of the Bain strain are usually rational, in the case
of uranium, the minimum principal strains criterion
leads to axes that are not rational. Procedures for
determining the principal axes and strains are well-
established.’”**"”

FURTHER ASPECTS OF THE BAIN STRAIN

As mentioned earlier, Bain recognized that the oc-
currence of his proposed atomic movements as a
homogeneous strain would involve a major accommo-
dation problem and that the misfit between the mar-
tensite and the surrounding austenite would be reduced
if different variants of the Bain Strain occurred on a
sufficiently fine scale. The phenomenological theories
of martensite,”’'® which were developed about 20 years
after the publication of Bain’s paper, were derived
from a detailed consideration of this accommodation
problem. These theories have their origin in the con-
clusion that the homogeneous change of shape accom-
panying the formation of 2 martensite plate must be,
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at least approximately, a strain in which the interface
between the martensite and the parent phase is undis-
torted and unrotated, i.e., the shape change is an
invariant plane strain, Since the Bain strain is not an
invariant plane strain, the transformation cannot be
described as a simple homogeneous distortion of the
parent lattice. It is necessary to propose, therefore,
that in addition to the pure (Bain) strain, other proc-
esses that do not produce any further distortion of the
martensite lattice also accompany the transformation
and that the resultant of all these strains is an invari-
ant plane strain. The additional processes that have
been considered in these theories are slip, twinning,
faulting, and the rigid body rotation, R, mentioned
earlier,

The phenomenological theories are concerned with
the relationships that exist between the Bain strain,
the shape strain, the rotation, and the shear processes
that comprise the so-called inhomogeneous™® or com-
plementary® strain. Some detailed aspects of these
theories will be considered later, but it will be suf-
ficient at this stage to indicate the differences in the
approaches adopted in the original theories of Wechsler,
Lieberman, and Read (WLR), and Bowles and Mackenzie
(BM). In the WLR theory the shape strain was derived
as the resultant of R, B and an inhomogeneous
shear. In the BM theory® the total strain 8 = RB,
which describes the homogeneous lattice strain occur-
ring over a range of a few unit cells, was derived as
the resultant of the shape strain and a complementary
shear. The two approaches are equivalent.

It was originally proposed by Bowles-Mackenzie that
the complementary strain is part of a twinning shear in
the martensite.* This hypothesis implies the possibility

*Without going into detail here, it can be mentioned that an internally twinned
martensite is mathematically equivalent to one which is internally slipped. Further-
more, the inhomogeneous shear aspect of the total transformation can as well be
referred to the parent phase. That is, algebraically a “predeformed” austenite fol-
lowed by the Bain deformation is equivalent to a martensite formed by the Bain
mechanism followed by an inhomogeneous shear. Both situations provide for a
macroscopically undistorted plane of contact, or habit plane.

that oppositely directed complementary shears could
produce twin orientations within a martensite plate,
and it is now well known that the plates produced in
many martensitic transformations are twinned on a
very fine scale. The existence of twins in a martensite
plate means that there are two martensite orientations
and two total lattice strains, 8. The formation of these
twin martensite orientations involves two different Bain
strains but, provided that the lattice correspondences
for the twins are crystallographically equivalent, it

can be shown that the two Bain strains are variants of
one another and that the twinning plane is generated
from a plane of symmetry in the parent lattice. This
result was demonstrated first by Bowles and Mackenzie
for Type I twinning but has recently been shown by Ross
and Crocker™ to hold also for Type II twinning. In fer-
rous martensites containing twins, the twinning plane is
{112}y, which is generated from {110}4, and it is clear
from Fig. (1) that the plane (101)y is symmetrically
disposed with respect to the [100] 5 and [001] 4 direc-
tions. These axes become the martensite ¢ axes in the
two twin orientations in the martensite. Thus, the
modern theories confirm Bain’s expectation that the
contraction of a <100> austenite axis to generate a mar-
tensite ¢ axis could not continue to occur over a very
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great distance. The formation of twinned martensite
plates in which different variants of the pure (Bain)
strain operate alternately on a fine scale to reduce the
mis{fit between the parent phase and the martensite and
allow the shape strain to be an invariant plane strain,
is a feature of many martensitic transformations.*

*When the martensite is not internally twinned (e.g., “lath™ martensite m low-
carbon steels) a single correspondence relation and Bain deformation applies to an
entire plate. ln general, the reason(s) for a particular operative substructure (in-
homogeneous shear) in a given material are still rather obscure.

The twinning plane is apparently always generated
from a symmetry plane of the parent lattice but in
some cases the twinning system is not that observed
during plastic deformation. Examples of this behavior
are to be found in a number of bce to hcp martensitic
transformations which produce martensite plates
twinned on the {1011} plane.”

FORMULATIONS OF THE THEORY ON
MARTENSITE CRYSTALLOGRAPHY

The notations and focal points originally taken by
BM and WLR are different, but algebraically the
central equations are identical. In each case the shape
strain (surface tilt) is macroscopically homogeneous
and an additional inhomogeneous deformation is re-
quired. Formally, the complementary strain C em-
ployed by BM is the matrix inverse of the inhomog-
eneous shear used by WLR. While certain insights are
to be gained by the WLR approach in which the Bain
strain is taken as an entity and in effect it is con-
sidered what other lattice invariant processes are
required to allow a known habit plane to be macro-
scopically invariant, following the BM type of analysis
may form a more convenient basis of departure for
the analysis of strain sequences and alternative the-
oretical factorizations.

In the original BM theory, the invariant line strain,
S, derived from the total strain St by removing a
suitable dilatation, was factorized into two invariant
plane strains, a shape strain, Sh = I + m,d,p{, and a
complementary shear C = I + m,d,p;.* The elements

*The complementary shear is a lattice strain but does not contribute to the
macroscopic shape change because its effects are annulled by an equal and oppo-
site lattice invariant deformation. In the various equations m, d and p’ respectively
refer to the magnitude of the strain, the direction of displacement, and the normal
to the plane which is invariant; I denotes the unit (3 X 3) matrix.

of the component strains refer totheir positions before
the strain 8 and since Sh was assumed to occur first
the factorization was written

S = (I + mz8d.ps87") (I + mud,p!) = (SCS7")Sh (1]

where (SCS™) is an invariant plane strain on the plane
P-S™! and in the direction 84, to which p} and 4, are
transformed in the final lattice.

It was noted by Bowles and Mackenzie that an altern-
ative factorization of 8 is

S = 8hC

and this order of factors has been used in recent
papers as a more convenient representation than that
given by [1]. This factorization describes a mathemati-
cal sequence of strains in which the complementary
strain C occurs first as an invariant plane strain on
the elements ps and d: in the initial lattice, followed by

2]
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the shape strain Sh. When Sh occurs second it is, of
course, no longer the same lattice strain, for it is
occurring on the plane and direction that have been
displaced to pi{ and d, in the final lattice; the macro-
scopic shape change it describes is, however, the
same as before because the macroscopic elements of
the strain have not changed.

In the WLR analysis'® the approach was somewhat
different and the shape strain 8h = I + m,d,p, was re-
garded as the resultant of the lattice strain 8 and a
lattice invariant shear, C~' =1 - m,d,p; so that

Sh=8C™,

This relationship is clearly the same as [2] and the
alternative representation,

Sh = (SC™'87) (8)
is equivalent to [1]. In this case, since both (C™") and
(SC™'87!) are lattice invariant, § represents the same
lattice strain whether it occurs first or second. The
strain (SC™'8™") has rational elements in the final lat-
tice if the elements of C™' are rational in the initial
lattice.

An alternative expression for the factorization de-
scribed by Eq. [1] can be obtained by substituting
8 = 8hC to give*

*These expressions are quite general and do not depend on the component
strains being invariant plane strains. Any strain S = $,S,, where 8, and 8, are not
necessarily invariant plane strains can be written as

S=(8S,8")(8:)=(8:5:8: 7" }8.)
and the factorization given recently by Dunne and Wayman®' can be written as
$=(5;)(S78:5) =(5,)(5,7'8,8).

S = (ShCSh™") (Sh)

= (I + m,Shd.p;8h™") (I + m,d,py) (3]

In this form the strain (ShCSh™') is clearly an invariant
plane strain on the plane and direction to which d, and
p, are displaced by the shape strain, Sh. The distinc-
tion between this description of the ‘‘second’’ strain
and that given above is trivial for the case of factori-
zation into two strains, but it assumes more signifi-
cance when the factorization of 8 into three strains is
considered. The need to consider factorization of the
total lattice strain into three strains has arisen from
the failure of the original theories to explain the full
crystallography of certain martensitic transformations,
in terms of two component strains. The dilatation of
about 12 pct which was originally suggested® to account
for (2252) ferrous martensite crystallography has now
been shown by direct measurement to be absent® and
evidence that there may be more than one complemen-
tary shear occurring in some transformations is
accumulating,”®*~®* Thusrecently attempts have been
made to explain martensite crystallography in terms
of a complementary strain that is not a simple shear.
Theories have been developed independently by Acton
and Bevis®® and Ross and Crocker®’ for the case where
the complementary strain consists of two shears, and
Bowles and Dunne®® have described a model of the (225)
transformation in which the complementary strain is
even more complex.

It is easily shown that in factorizing a total lattice
strain St into a shape strain 8h and two other strains
8. and 8;, expressions analogous to Egs. [1]and [3] can
be written, Thus,
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Table I. Equivalent Representation of ST = ShS, S;3

BM Expressions WLR Expressions

St =ShS; S,

Sr=Sh (8:835,)S,

St =(8hS,8;8, ' Sh™*)ShS,

St =(ShS,8,S,Sh") (ShS,Sh) Sh
St =(ShS,Sh")ShS,

St =(ShS,Sh™!) (ShS;8h™")Sh

Sh=S1S;7's,™"!
Sh=S8r(S;7'S;7'8;)8;™!
Sh=(S78;7'8, ' 8;877)S1S;”
Sh=(S718;'8,'S5877) (5185 7'817)ST
Sh=(S1S;'ST")S7S,™"
Sh=(S18;7877) (818, S171)ST

Note that still more sequences can be derived, e.g., Sh=S18,"(5;8;8;:).%!

ST = 8h8,8; [4]
and
8;= (8h8.8:8,™* Sh™"') (ShS,Sh™) (Sh) (5]

If 8, and 8; are also invariant plane strains (5] be-
comes

ST = (I + m3sh82d3p3,82 -1 Sh-l) (I + m2shd2p2,sh-1)
(I + md;p)

where d, and pi and d; and p; are the elements of the
strains 8, and 8; in the initial lattice. In addition to
these, however, many other equivalent phenomenologi-
cal descriptions become possible when three compon-
ent strains are considered. Other factorizations of 81
into sequences of lattice strains, in accordance with
the BM and WLR approaches, are shown in Table I.

It is evident that the strains 8, and 8;, provided they
are ‘‘modified’’ suitably, can be considered to occur
in any order both before and after Sh to produce the
same St. If 8, and S; are simple shears, then the
“‘modified’’ versions are shears on the planes and
directions to which the shear plane and direction have
been displaced by preceding strains. It should be noted,
however, that a simple interchange in the order of S
and 8; is not permissible.*

*This is only possible if (p;d3)d, p5 = (p3d2)dsp).

If the WLR approach is used and the shape strain Sh
is described as the resultant of S| and two lattice
invariant strains S, and §;7, then the second set of
expressions shown in Table I can be derived. These
two sets of expressions reveal the relationship to one
another of the various current theories involving three
strains. In the Ross-Crocker and Acton-Bevis theor-
ies the strain S, is considered to be part of the twin-
ning shear and 8,7' is taken to be a supplementary
shear, Su, for which various specific systems are sug-
gested. These theories are presented in terms of the
first expression in the right hand column of Table I,
but any of the other expressions could have been used.
The plastic accommodation model of Bowles and
Dunne®® is derived from a consideration of an ‘‘accom-
modation’’ strain, P, occurring in the austenite at the
edge of an advancing (225) plate. As they have pointed
out, however, the model is equivalent to a hypothesis
that the complementary strain is composed of the
twinning shear* followed by the inverse of the accom-

*Bowles and Dunne also consider the possibility that §; is a combination of a
shear on (111)f with the twinning shears.
modation strain P, i.e., S; is considered to be part of
the twinning shear and 8; = P™*. Thus the main differ-
ence between the current theories lies in the hypotheses

METALLURGICAL TRANSACTIONS



made about 8;. Ross and Crocker and Acton and Bevis
propose that 8; is a simple shear, while Bowles and
Dunne propose that it is an invariant line strain result-
ing from multiple slip.,

Further accurate experimental measurements are
needed to test the current theories, but on the evidence
at present available it seems that neither the double
shear theories nor the plastic accommodation models
are tenable in their present form. Dunne and Wayman®’
have made a detail ed assessment of the double shear
theories and they conclude that although a shear in
the twinning direction is 2 major component of the
complementary strain, the remaining part is neither
a simple rational shear as required by the double
shear theories nor is it the result of multiple rational
shears as required by the plastic accommodation
model,

MECHANISMS AND PHYSICAL IMPLICATIONS

Although the original crystallographic theories were
phenomenological, in later modifications there has
been an increasing tendency to attribute real physical
significance to the component strains, The first and
most significant development in this direction was the
application by Bullough and Bilby*® of the concept of
surface dislocations to the martensite interface. In the
BB theory, the boundary between the parent phase and
the martensite is considered to consist of an array of
dislocations which accommodates the mismatch be-
tween the two lattices. When this interface moves
normal to itself, generating the martensite lattice, the
motion of the dislocations produces the lattice in-
variant (complementary) strain, and the macroscopic
shape change produced is an invariant plane strain.
Such an interface is glissile and can move without
changing its structure provided that the lattice invar-
iant (complementary) strain is a simple shear.

The surface dislocation concept provides an elegant
mechanism for growth of martensite plates normal to
the habit plane but does not reveal how the habit plane
interface is created and, of course, is not applicable
when the complementary strain involves two unrelated
shears as in the double shear theories.*’*’ In this
case, the interface would need to contain two sets of
dislocations and ordinarily would not be glissile.

To avoid this difficulty, Ross and Crocker proposed
that the boundary consists of two closely-spaced par-
allel interfaces, each containing one set of dislocations
and each producing one of the lattice invariant shears.
They drew attention to the fact that such a double inter -
face description implies a real physical significance
for the shears in their analysis and for the order in
which they occur. Ross and Crocker believed that the
region between the two interfaces would have the
structure of a single crystal of martensite and pointed
out that this agreed with their conclusion that the two
most satisfactory mechanisms they had found both
involved the supplementary shear, 8u, preceding the
twinning shear, They thus interpreted the transforma-
tion twins as forming in this martensite between the
two interfaces. This mechanism, however, implies
that the untwinned martensite lattice can be generated
by the passage of the first interface, which contains
only the single set of dislocations that produce the
supplementary shear. In other words, it is being im-
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Fig. 5—Sequence of strains implied by a double interface
mechanism when Sh = SyTwSu. Interfaces 1 and 2 produce
the shape changes Shy and 8h, respectively. The total lattice
strains which generate the intermediate lattice from the
parent and the martensite from the intermediate lattices are
Sty and 8y, respectively.

plied that 81 = S8h8u, which is not correct; the reason
for the development of the double shear theories was
the failure to discover any simple shear, Su, which,
combined with an invariant plane strain on the (225)
habit plane, would generate the martensite lattice in
its observed orientation relative to austenite.

It is clear, therefore, that if a double interface
mechanism does occur, the first interface cannot gen-
erate the final martensite lattice and probably not even
the total shape change. The sequence of events re-
quired by a double interface mechanism in which a
supplementary shear occurs at the first interface is
shown in Fig. 5.

This sequence amounts to not one transformation,
put two consecutive transformations, each occurring
by a surface dislocation mechanism. Such a mechanism
is possible only if both transformations have the same
habit plane, and so far it has not been proved that the
component shape strains Sh; and Sh, can have the same
habit plane,

An interesting possibility that arises from Fig, 5 is
Sh, = I. This could happen if Interface 1 generated an
intermediate structure that could be transformed to
martensite by a shear on the martensite twinning
system, The second interface would then simply be the
boundary between the finally twinned martensite and
the intermediate lattice, and this interface would have
no associated shape change.

The acceptability of the double interface mechanism
depends finally, of course, on whether or not it can be
established that two independent lattice invariant
shears are involved in the transformation. As men-
tioned earlier, Dunne and Wayman’s results indicate
that this does not seem to be possible, and if such is
the case, then it will be necessary to examine other
kinds of mechanisms. A possible modification of the
surface dislocation mechanism is suggested by the
ideas developed by Bowles and Dunne in the derivation
of the plastic accommodation model. They considered
the propagation of a (225) martensite plate in the direc-
tion of the close-packed line lying in the habit plane and
concluded that the decrease in interatomic distance
along this line would need to be accommodated by
deformation of the austenite in front of the growing
plate. They pointed out that for this plastic accommo-
dation strain to be a homogeneous lattice invariant
strain plastic deformations associated with each incre-
ment of growth of the plate must be localized at the
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tip (or edge) of the growing plate,

Such a plastic strain differs from the lattice invari-
ant strain produced by a surface dislocation in that
the dislocations producing it must move away from the
edge of the plate into the austenite at an angle to the
habit plane. This suggests that the moving interface
{(which might not necessarily be parallel to the habit
plane) may be able to maintain a constant form only by
periodically generating dislocations which move away
into the austenite.

If the movement of the interface involves the genera-
tion of dislocations which move away into the parent
phase, these dislocations would have to be normal
stable dislocations of the parent phase. The inhomogen-
eous strains that are generated by the movement of an
interface normal to itself without changing its structure
are not restricted in this way however, and they need
not necessarily be processes that normally occur dur-
ing plastic deformation. An interesting example of this
is provided by the bee to hep transformation in titanium
and its alloys. These transformations produce plates
that are twinned on a {1011} plane that is generated
from a {110} symmetry plane in the parent phase so
that both orientations have equivalent correspond-
ences.”” This mode of twinning is not observed when
bee titanium is deformed plastically. The extension
of a twinned product as the interface advances into the
parent phase without changing its structure does not
involve the occurrence of a twinning shear in the final
lattice. In a double interface mechanism it may involve
the shearing of a transition product in opposite direc-
tions to form twins but this in no way implies that the
shearing process should be a favored twinning shear
in the final lattice. This distinction between trans-
formation twinning and deformation twinning suggests
that in assessing which ‘““deformation modes’’ are to
be regarded as ‘‘reasonable’’ or ‘‘physically realiz-
able’’ inhomogeneous strains for a martensitic trans-
formation, conventional criteria do not necessarily
apply .*

*{1012}, {1121}, {1122}, and {1124} twin modes have been reported, the
first two of these being predominant.?°

MARTENSITE NUCLEATION

Although the phenomenological theory of martensitic
transformations deals with initial and final states and
does not pretend to indicate actual atomic paths, the
simplicity and probable utility of the Bain strain cannot
be denied. Various investigators have suggested
“‘physical’’ means according to which the austenite-
martensite structural change might occur. Kurdjumov
and Sachs,’ for example, employed two consecutive
shears to generate martensite, the first consisting of
a(112)[111] 4 shear followed by another on (112)[111],,.*

*These shears do not produce the correct structure and some atomic readjust-
ments are required.

Although this early mechanism is not consistent with
all of the observed crystallographic features of the
transformation, their work was the first example of
using shears, a physically realistic entity, to effect a
structural change. Zener® later pointed out that a
half-faulted fcc lattice is in a near-bce configuration
and suggested that elastic instabilities may be respon-
sible for the particular atomic movements in marten-
sitic transformations. A number of subsequent ‘‘shear’’
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models for structural changes have appeared in the
literature. Kelly and Nutting®® reactivated the
Kurdjumov-Sachs mechanism, with some modification,
in an attempt to account for the formation of untwinned
lath martensite in stainless and low carbon steels.

Shear models have also led to stacking fault nuclea-
tion hypotheses.” A major difficulty with this approach
is the problem of determining whether a fault caused
the event or was simply a consequence, i.e., the faults
observed in association with plates of martensite may
have arisen because the austenite is deformed by the
growing martensite.**

It is commonly accepted that structural imperfec-
tions such as dislocations may play a role in the nucle-
ation of martensite. For example, the strained region
in the vicinity of a dislocation in the austenite may
find itself in a near martensitic {i.e., bce) configura-
tion.*® Classical nucleation theory simply does not
apply to the nucleation of martensitic transformations.
There are a number of difficulties in applying the
“‘critical particle size’’ and activation barrier ap-
proach; not the least is the simple fact that in a number
of systems martensitic transformations occur at very
low temperatures where thermal activation cannot be
appreciable. One well-known nucleation theory™® holds
that preformed embryos are frozen-in and become
critical at low temperatures, but there are difficulties
with this approach.

It has been recognized that kinematic paths for phase
transitions may be related to lattice vibration modes.*’
A different approach to the martensite nucleation
dilemma has been suggested by Clapp,*® who envisions
that standing phonon waves cause atomic displacements.
According to the model, planar defects such as free
surfaces and grain boundaries enhance the formation
of standing waves. In essence the phonon model pro-
vides for coordinated atomic motions out of the equi-
librium positions and this is a means for providing
the collective movements implied by the original Bain
model. A major weakness of the phonon model is that
the extent of collective atomic excursions is on the
order of a few percent, and there are presently no pro-
visions for strains as high as 20 pect, as demanded by
the Bain strain for steels. Nevertheless, classical
nucleation models failing and frozen-in embryos sub-
ject to criticism, the phonon nucleation approach to
phase transformations may be quite promising, and at
the least is a fresh departure from tradition.
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