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It has been demonstrated that the theory of martensite crystallography is capable of accounting 
successfully for the form and crystallography of a range of plate- or lath-shaped transformation 
products, even when the formation of the product phase involves significant substitutional dif- 
fusion. These transformations include the precipitation of metastable hexagonal y' (Ag2A1) 
plates in disordered face-centered cubic (fcc) solid-solution A1-Ag alloys, the formation of or- 
dered AuCu II plates from disordered fcc solid solution in equiatomic Au-Cu alloys, and the 
formation of metastable 9R oq plates in ordered (B2) Cu-Zn and Ag-Cd alloys. The application 
of the theory to these transformations is reviewed critically and the features common to them 
identified. It is confirmed that, in all three transformations, the product phase produces relief 
at a free surface consistent with an invariant plane-strain shape change and that the transfor- 
mations are thus properly described as displacive. The agreement between experimental obser- 
vations and theoretical predictions of the transformation crystallography is in all cases excellent. 
It is proposed that successful application of the theory implies a growth mechanism in which 
the coherent or semicoherent, planar interface between parent and product phases maintains its 
structural identity during migration and that growth proceeds atom by atom in a manner con- 
sistent with the maintenance of a correspondence of lattice sites. In the case of the coherent, 
planar interfaces associated with 3" precipitate plates in AI-Ag alloys, there is direct experi- 
mental evidence that this is accomplished by the motion of transformation dislocations across 
the coherent broad faces of the precipitate plates; the transformation dislocations define steps 
that are two atom layers in height normal to the habit plane and have a Burgers vector at least 
approximately equivalent to an (a/6)(1 12) Shockley partial dislocation in the parent fcc struc- 
ture. However, for AuCu II plates, where the product phase is twinned on a fine scale, and for 
oq plates, for which the lattice invariant strain leads to a substructure of finely spaced stacking 
faults, the structures of the semicoherent interphase boundaries and thus the details of the trans- 
formation mechanism remain less clearly defined. 

I. INTRODUCTION 

IN the approximately 40 years since the original for- 
mulations ILzl of the crystallographic theory of martens- 
itic transformations first appeared, the theory 131 has been 
applied successfully to classically diffusionless martens- 
itic transformations in a wide range of metallic t4,5,61 and 
ceramic systems, tT~ The theory has not yet proved to be 
of universal applicability to such transformations. How- 
ever, the large number of transformations to which it has 
been shown to be applicable, and the accuracy with 
which it has proved capable of accounting for the 
crystallographic features of these transformations, have 
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led to general acceptance of the theory as providing a 
reliable basis for predicting transformation crystallo- 
graphy. During that same period, the theory has also 
been applied to a number of transformations for which 
the transformation product exhibits morphology and 
crystallography typical of a martensitic product, but 
which involve significant long-range diffusion or atomic 
interchange over distances exceeding unit cell dimen- 
sions. These transformations include the formation of 
Widmanst~itten 1st and bainitic ferrite 19-121 in steels, and 
the precipitation of a range of hydride, 1~3'~4] nitride, t~Sj 
and oxide 116,171 products, where it is conveniently as- 
sumed that the displacive component of the transfor- 
mation involves the substitutional constituents alone and 
that the compositional change accompanying transfor- 
mation is accomplished by essentially independent inter- 
stitial diffusion. 

However, there are also members of this class of 
transformations which involve a composition change or 
ordering reaction that inevitably requires vacancy dif- 
fusion and for which it is thus more difficult to reconcile 
the displacive and diffusional components of transfor- 
mation. It is the purpose of the present article to review 
the applicability of the formal crystallographic theory to 
selected transformations in this latter category and to ex- 
amine critically the implications of successful applica- 
tion of the theory for the mechanism of transformation. 
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The three transformations examined are those that have 
attracted by far the most attention and controversy: the 
face-centered cubic (fcc) to hexagonal close-packed 
(hcp) transformation associated with the precipitation of 
metastable y' phase in AI-Ag alloys, I1s-23] the formation 
of ordered orthorhombic CuAu II plates from disordered 
fcc solid solution in equiatomic C u - m u ,  [24-3~ and the B2 
to 9R transformation associated with the formation of 
metastable al plates in Cu-Zn(-X) t31-a9j and Ag-Cd 
alloys.t4~ 

II. CRYSTALLOGRAPHIC THEORY 

The initial step in the application of the crystallo- 
graphic theory to any transformation involves the iden- 
tification of the correspondence between parent and 
product lattices that is characteristic of martensitic trans- 
formations and which relates uniquely vectors, planes, 
and unit cells of the parent with corresponding vectors, 
planes, and cells in the product phase. It is the main- 
tenance of this lattice correspondence that allows the 
change in structure to be described by a homogeneous 
lattice deformation, B. When combined with an appro- 
priate rigid body rotation, R, this homogeneous strain 
defines a total lattice strain, ST = R" B, that generates 
the product lattice in its observed orientation relationship 
with the parent phase. For a given transformation, it is 
commonly assumed [42] that the operative lattice corre- 
spondence will be that which involves the minimum 
principal deformations (7/i) for the strain B, and this cor- 
respondence may often be identified simply by inspec- 
tion of the crystal structures of parent and product phases 
and the observed orientation relationship between them. 
The homogeneous strain B is completely defined by the 
assumed lattice correspondence and the lattice parame- 
ters of parent and product lattices. 

The total lattice strain ST is rarely such that it leaves 
a plane of the parent structure undistorted and unrotated 
in the product, and, for most transformations, it is in- 
compatible with a plate-shaped transformation product 
with an invariant habit plane and a macroscopic shape 
deformation that is an invariant plane strain. This dis- 
crepancy is resolved by considering the shape strain SR 
to be the product of the total lattice strain ST and a sec- 
ond strain L, which is lattice invariant and which occurs 
inhomogeneously throughout the transformed volume so 
as to maintain an interface plane that is macroscopically 
undistorted, i.e., SK = ST" L. In the simplest form of 
the theory, the lattice invariant strain L is assumed to be 
the product of slip or a partial twinning shear in parent 
or product lattices. Alternatively, the total lattice strain 
ST may be represented as the product of consecutive in- 
variant plane strains, i.e., ST = Sa" L -t, and is thus an 
invariant line strain, with the invariant line parallel to 
the line of intersection of the habit plane and the plane 
of lattice invariant shear (LIS). Given as input the lattice 
correspondence and lattice parameters of initial and final 
lattices, and the plane and direction of LIS, the theory 
permits calculation of the magnitude, plane, and direc- 
tion of the shape strain SR, the magnitude of the LIS, 
and the predicted orientation relationship between 
lattices. 

Solutions to the theory can exist only if the homo- 
geneous lattice deformation B is such that at least one 
of the principal deformations is less than unity and one 
greater than unity. If, in addition, the remaining prin- 
cipal deformation is exactly unity, then ST is itself an 
invariant plane strain and there is no requirement for an 
LIS. In such a transformation, the two lattices related by 
B may be fully coherent across a planar interface. The 
classic example of such a transformation is the fcc (f) to 
hcp (h) transition occurring in pure Co, 143] certain Co- 
based alloys, I44,45,46] and a range of highly alloyed steels 
of relatively low stacking fault energy. [6.47] In this case, 
the interatomic spacings within parallel close-packed 
planes are very nearly identical in the fcc and hcp struc- 
tures, and the change in structure may be simply accom- 
plished by a shear, equivalent to one-half the twinning 
shear, between alternate pairs of {1 1 l}f planes in any one 
of the three (1 12)e twinning directions in a given {1 1 1}f 
plane, m] The magnitude of this shear is (8-3/2) * and, if 

*This value is based on the assumption that the two structures are 
perfectly coherent in the habit plane and that the hcp structure has the 
ideal axial ratio of  (8/3)  ~/~. 

the shear occurs on a single shear system, then the shear 
component of the shape deformation is appreciable 
(-0.35). If, however, shear occurs in all three (l12)f 
directions in a given {1 1 1}f habit plane, then the trans- 
formation may be partially or wholly self- 
accommodating and the shear component of the shape 
strain may vary from a maximum of 8 -~/2 to zero. In 
the latter extreme, the shape deformation SR may be con- 
sidered to be the average of equal volumes of the three 
possible lattice deformations such that SR = I, where I 
is the identity matrix, t49j 

The glissile motion of a rational, coherent interface as 
an entity is energetically unfavorable, and it is com- 
monly assumed that transformations for which the inter- 
face is fully coherent proceed via the formation and 
migration of transformation dislocations across the 
otherwise planar interface (Figure 1). The transforma- 
tion dislocations constitute atomic scale steps on the 
interface and, following Christian, t48'49'5~ have an effec- 
tive Burgers vector of 

b T = hmd = h~'t + h~n [1] 

where h is the step height, m is the magnitude of the 
shape strain, d is a unit vector defining the direction of 
the shape strain, t is a unit vector in the direction of the 
shear component of the strain, n is a unit vector normal 
to the habit plane, and r and ~ are the magnitudes of the 
shear and normal components of displacement, respec- 
tively. In general, the Burgers vector is not a lattice vec- 
tor in either parent or product lattices. In the specific 
case of the fcc to hcp transformation, the minimum step 
height corresponds to the spacing of two close-packed 
planes normal to the coherent interface plane, and a 
transformation dislocation that will accomplish the re- 
quired structural adjustment in the packing of the close- 
packed planes has the following Burgers vector: I49~ 

a ? 
bT = 6 (112) + (111) [2] 
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Fig. l - - ( a ) T h e  (11 t)dJ(0001)h interface between fcc and hcp struc- 
tures containing a step that is two atom layers in height normal to the 
interface. Open and filled circles represent atoms on successive planes 
of  the type (220)f or (1120)h. Note that planes l and 2 are common 
to both structures. (b) Schematic representation of  the resulting trans- 
formation dislocation with Burgers vector (a/6)( 1 t2], 

This transformation dislocation reduces to a simple 
Shockley partial dislocation of the fcc structure if there 
is no change in the spacing of the close-packed planes 
normal to the habit plane (i.e., ~ = 0). In the schematic 
representation of the fcc to hcp transition shown in 
Figure 1, the transformation dislocation has the specific 
Burgers vector (a/6)[1 12]. 

In those transformations for which the total lattice 
strain ST does not itself allow a plane between parent 
and product lattices to remain invariant, the crystallo- 
graphic theory allows for the total strain to be combined 
with a lattice invariant strain L to define a habit plane 
which is macroscopically invariant and across which 
there is sufficient structural continuity to permit rapid 
glissile motion of the interface. Two simple models of 
a semicoherent martensitic interface, compatible with 
the formal requirements of the theory, have 
emerged. 15'48J In the first, the LIS is assumed to involve 
slip in either parent or product lattices, and the misfit in 
the interphase boundary is accommodated discontin- 
uously by a single array of parallel interface dislocations 
with a common Burgers vector and a spacing determined 
by the magnitude of the LIS required to preserve a planar 
interface. The dislocation lines lie parallel to the inter- 
section of the LIS plane and the habit plane, and are thus 
parallel to the invariant line I of Sr. The interface is glis- 
sile and may move readily as an entity normal to itself, 

provided that the individual dislocations may move con- 
servatively with the interface on slip planes in parent and 
product lattices that meet edge-on in the interface. This 
will be the case provided that the Burgers vector of the 
dislocations is either not parallel to the interface or, in 
the case of pure screw dislocations, is parallel to the in- 
variant line !. 

In the second of the models of a semicoherent mar- 
tensitic interface, the mismatch at the interface is cor- 
rected periodically by what is normally fine-scale 
twinning of the product phase, and the LIS corresponds 
to a partial twinning shear of the product lattice. In this 
case, the accommodation within the habit plane extends 
over the widths of individual twins, and the theory deter- 
mines the relative widths of the twin-related crystals re- 
quired to achieve a habit plane that is macroscopically 
invariant. If the fractions of the two twin orientations are 
f~ and (1 - f0, then there are two solutions for the equiv- 
alent lattice invariant shear with magnitudes: 

gi=fts and g 2 = ( 1 - f t ) s  [3] 

where s is the magnitude of the twinning shear on the 
appropriate system in the product lattice. In the simplest 
form of this model, the segments of interface between 
each of the twin orientations and the parent phase are 
assumed to be in a state of forced elastic coherence and 
the interface is dislocation-free.15~ The elastic strain field 
associated with the interface has a periodicity equivalent 
to the average combined width of adjacent twin pairs, 
which is to be compared with the spacing of the interface 
dislocations in the dislocation model discussed previ- 
ously. The interface is readily glissile, and growth of the 
product phase is assumed to involve motion of the inter- 
face as an entity normal to itself. 

These models of coherent and semicoherent martens- 
itic interfaces are such as to permit a correspondence of 
lattice sites to be preserved between parent and product 
lattices, and, provided that this correspondence is not 
destroyed by simultaneous diffusion, they imply a shape 
change over the transformed volume that may be de- 
scribed by an invariant plane strain. The assumption of 
a lattice correspondence is intrinsic to the application of 
formal crystallographic theory, and successful applica- 
tion of the theory, together with the observation of an 
invariant plane-strain shape change, would seem to 
imply the maintenance of a lattice correspondence. It is 
to be emphasized that, being phenomenological in na- 
ture, the theory requires a correspondence of equivalent 
lattice sites and not necessarily the maintenance of a cor- 
respondence of atoms occupying equivalent positions. It 
has been commonly assumed, however, that any signif- 
icant atomic interchange over distances typically larger 
than the dimensions of the unit cell would destroy the 
correspondence of lattice sites and any associated shape 
change, tSll This argument is usually justified on thermo- 
dynamic grounds; the additional strain energy that would 
necessarily accompany a change of shape is considered 
likely to provide a driving force for the elimination of 
the correspondence under conditions permitting rapid 
atomic interchange, ls~l A potential exception to this pro- 
posal has been identified in those cases, such as the for- 
mation of Widmanstatten or bainitic ferrite, where a 
change in composition is achieved through diffusion of 
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a highly mobile interstitial constituent, while the displa- 
cive component of the transformation is sustained by a 
constituent for which the range of atom movements re- 
main less than the scale of the unit cell. However, it has 
long been considered unlikely that a shape change would 
be sustained and that the crystallographic theory would 
be proved applicable for those transformations that in- 
volve significant long-range substitutional (i.e., va- 
cancy) diffusion. The transformations reviewed here 
appear to constitute notable exceptions to this expecta- 
tion and thus continue to attract significant attention. 

III.  PRECIPITATION OF 
~/' PHASE IN AI-Ag ALLOYS 

A. Experimental Observations 

In A1-Ag alloys containing typically 15 to 20 wt pct 
Ag, solution-treated (550 ~ 0.5 hour), quenched, and 
aged (350 ~ to 400 ~ 0.5 hour), the supersaturation 
of Ag in fcc solid solution is relieved initially by the 
precipitation of a metastable 3" phase and eventually by 
formation of the equilibrium 3' (Ag2AI) precipitate 
phase. The transition from 3" to 3' phase occurs directly 
within individual precipitate particles and is described tlgJ 
as being associated with a loss of coherency of the 3" 
particles. The coherent 3" and semicoherent 3' phases are 
both hcp, differ by only small changes in lattice param- 
eters, t19,221 and are thus difficult to distinguish by most 
conventional diffraction techniques. However, most of 
the very extensive and detailed experimental work that 
has been carried out on the system tt8-231 has been con- 
cerned with the initial stages of precipitation. The pres- 
ent discussion will thus focus on the formation of the 
3" phase. 

The crystal structure that has been proposed t231 for the 
3" phase is, as shown in Figure 2, hcp (a = 0.2858 nm, 
c = 0.4607 nm, c/a = 1.612), with alternating close- 
packed A and B layers of pure Ag and A12Ag, respec- 
tively, to give an average precipitate composition of 
Ag2A1. Although yet to be confirmed, this structure is 
qualitatively consistent with detailed contrast analysis of 
high-resolution images of y' plates, and electron dif- 
fraction evidence confirms that the phase exhibits long- 
range order on alternate basal planes during at least the 
initial stages of growth. The 3" phase precipitates as 
thin, hexagonal-shaped plates with large aspect ratios 
(10:1 to 100:1) on {lll}a planes of the a-Al matrix 
(ao = 0.4059 nm). The orientation relationship between 
parent and product structures is such that (0001LII(111)~ 
and [ 117.0]vH[1 i0]~. The two lattices are almost perfectly 
coherent within the (0001)vii(111)~ habit plane, and there 
is a difference of only - 1 . 7  pct 1231 in the spacing of the 
close-packed planes normal to the habit plane. 

The transformation associated with the formation of 
3" plates is thus structurally similar to the martensitic 
fcc to hcp transformation in Co and Co-based 
alloys. 143-46~48-5~ However, there can be no question that 
there is a substantial composition change involving long- 
range substitutional diffusion of Ag associated with the 
formation of the 3" plates. Plates of the 3" phase have, 
for example, been extracted from the a-Al matrix and 
analyzed using energy-dispersive X-ray spectroscopy, 

and the composition has been confirmed to be consistent 
with the compound AgzA1 to within - 4  at. pct. t231 De- 
spite this composition change, there is ample evidence 
that there may be a shape change associated with the 
formation of 3" and 3' plates, and that those plates 
formed at a free surface produce a surface relief consis- 
tent with a shape deformation that is an invariant plane 
strain. 1~9,211 Measurements of the surface tilt for single 
plates have been reported to be consistent with a simple 
shear equivalent to one-half of the twinning shear 
(0.354) in the hcp lattice, t2~t 

B. Application of the Theory 

The structural change from fcc to hcp associated with 
the precipitation of the 3" phase is readily interpreted in 
terms of the formal crystallographic theory.t48'49'5~ Based 
on the lattice parameters discussed previously, the misfit 
in interatomic spacings along parallel close-packed 
directions within the common close-packed planes is 
<0.5 pct. If it is assumed that the structures are perfectly 
coherent in the habit plane at the transformation tem- 
perature, and that there is no change in the spacing of 
the close-packed planes normal to the habit plane, then 
the structural change may be considered to be accom- 
plished by a simple shear of magnitude 8 -1/2 on the 
(111)f plane in the [l12]f direction. In the formalism of 
the theory, the total strain ST is an invariant plane strain 
equivalent in this case to the shape deformation Sa: 

ST = SR = I + mdp' [4] 

where I is the identity matrix, m is the strain magnitude, 
d is a unit vector in the direction of displacement, and 
p' is a unit vector normal to the shear plane. Using a 
three-axis system to define the basis of the hcp lattice, 
the lattice correspondence between hcp and fcc lattices 
compatible with the observed orientation relationship is, 
as shown in Figure 3, of the form 

1Lyl  ] libel 1 fCh = 2 0 and hCf = 2 1 1 [5] 
i 1 1 

The total strain may be expressed t48j as 

11' i :] lO 
[6] 

For the present transformation, the lattice parameters 
imply a reduction of - 1.7 pct in the spacing of the close- 
packed planes parallel to the habit plane, and the dis- 
placement vector md thus has a component normal to 
the habit plane. From Eq. [2], 

a 2 • 0.017a 
m d =  bT = ~ [ 1 1 ?'] 3 [ 1 11 ] [7] 

and the total lattice strain 

1.0364 0.0364 0.0364] 
ST = 0.0364 1.0364 0.0364 / [8] 

-0 .0808 -0.0808 0.9192 / 
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Fig. 2 - - S c h e m a t i c  representation of the crystal structure proposed 
for the y phase (Ag2AI) in AI-Ag alloys, m) 
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Fig. 3 - - S c h e m a t i c  representation of  the lattice correspondence 
between parent and product lattices for the fcc to hcp transformation. 

is an invariant plane strain rather than a simple shear. 
This total lattice strain ST defines phenomenologically 
both the change in structure and the shape deformation. 

IV. FORMATION OF ORDERED AuCu II 
PLATES IN EQUIATOMIC Au-Cu 

A. Experimental Observations 

Equiatomic Au-Cu has a disordered fcc structure 
(ac = 0.3872 nm) at temperatures above 410 ~ and is 
ordered below this temperature. Below 380 ~ the prod- 
uct of  ordering (AuCu I) is face-centered tetragonal (fct) 
Llo (at  = 0.395 nm, ct = 0.368 nm, c/a = 0.932), t:5] 
with alternate layers of Au and Cu atoms parallel to the 
(001) basal plane. In the interval between 380 ~ and 
410 ~ a one-dimensional long-period superlattice des- 
ignated AuCu II is formed. The orthorhombic unit cell 
of the AuCu II corresponds to an assembly of ten Llo 
unit cells stacked parallel to [010], with antiphase do- 
main boundaries every five unit cells characterized by a 
displacement vector of the form 1/2[ 101 ](010). Each L1 o 
cell suffers a small additional distortion parallel to [010], 
and it has become common to describe the AuCu II 
structure in terms of the resulting orthorhombic (o) 
pseudocell with ao = 0.3979 nm, bo = 0.3963 nm, and 
Co = 0.3678 nm. t25] 

The ordered AuCu II phase forms characteristically as 
plates in pairs or pyramidal groups of four which, as 
shown schematically in Figure 4, share a common apex 

[oT1] 

d A 

~ I; / /  "" 

t l 

v [lOO] 
Fig. 4 - - S c h e m a t i c  representation of the morphology of  AuCu lI 
plates forming a pyramidal group of fourJ 291 

and grow COOL)eratively by motion of the inner apex par- 
allel to the [011] axis of  the pyramid, t29] The forms that 
the plates are observed to take in section depends on the 
location and orientation of the plane of section with re- 
spect to the pyramid axis. The range of  forms consistent 
with the pyramid morphology proposed in Figure 4 are 
shown in the reflected-light micrograph of  Figure 5(a). 
At a free surface, the plates produce a well-defined sur- 
face relief (Figure 5(b)), which has been shown [25) to be 
consistent with an invariant plane-strain shape defor- 
mation. The inner and outer surfaces of the AuCu II 
plates are not parallel, leading to some uncertainty in the 
determination of the true habit plane. However, it is well 
established that the habit plane is irrational and close to 
{011}. Within a pyramidal group of  four plates, the habit 
plane poles cluster close to a single (011) plane, as 
shown schematically in Figure 4. The results of habit 
plane measurements from one such group, determined 
from trace measurements in two surfaces, 1251 are repro- 
duced in Figure 6, where it is clear that they are equiv- 
alent variants of a single irrational plane to within 
+-- 1 deg. 

The orientation relationship between ordered AuCu II 
and disordered cubic (c) matrix is such that the principal 
axes of the ordered phase are approximately parallel to 
those of the matrix, t25.52) This is illustrated using electron 
diffraction in Figure 7, where the AuCu II plate in 
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(a) 
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Fig. 5 - -Ref l ec ted  light micrographs of (a) polished and etched sec- 
tion showing AuCu II plates in an equiatomic Au-Cu alloy aged 
0.75 h at 390 ~ and (b) surface relief on a prepolished surface 
associated with growth of  AuCu II plates produced under similar con- 
d i t i on s :  21 
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Fig. 6- -Stereographic  projection comparing the positions of  mea- 
sured habit plane normals for a pyramidal group of four AuCu II 
plates [291 with the locus of  predicted habit planes plotted as a function 
of lattice parameter ratio ao/a~, where a~ refers to the fcc matrix and 
ao refers to the orthorhombic product, for fixed values of  the ratios 
bo/ao = 0.9960 and Co/ao = 0.9244. The measured habit planes have 
been converted by symmetry operations to that variant B consistent 
with the assumed variant of  the LIS, i.e., (101)[[01]o. Measured lat- 
tice parameters 12s~ give ao/ac = 1�9 
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Figure 7(a) is oriented with a (001)o direction parallel to 
the incident electron beam. t52j The accompanying 
selected-area electron diffraction (SAED) pattern 
(Figure 7(b)) includes reflections from the cubic matrix 
and from two [001]o variants of the ordered orthorhom- 
bic structure, twin-related about a {101}o plane. For the 
indexing adopted in Figure 7(c), the measured deviation 
of the (001)o plane from (001)c is on the order of 2 deg, 
and that between (100) planes is also approximately 
2 deg. More accurate measurements of the angles be- 
tween principal axes determined in previous work t251 
using X-ray diffraction are reproduced in Figure 8 for a 
plate with habit plane variant equivalent to variant B in 
Figures 4 and 6. 
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Fig. 7 - -  (a) Transmission electron micrograph of  single AuCu II plate 
recorded with the electron beam parallel to a (100) fcc matrix direc- 
tion; (b) corresponding SAED pattern; and (c) schematic indexed solu- 
tion to (b) showing two [0101o variants of  the orthorhombic product 
phase (open and filled circles) twin-related about (101)o. Those reflec- 
tions represented by open squares define an [010]o zone of the matrix 
phase.1521 
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Fig. 8 - - L o c a l  sections of stereographic projections comparing mea- 
sured 1251 (crosses) and calculated (closed circles) positions of the prin- 
cipal axes of  the orthorhombic unit cell of  AuCu II plotted with 
respect to the principal axes of  the parent fcc lattice. The variant of  
the orientation relationship shown corresponds to the variant B of the 
habit plane in Fig. 6. 
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As indicated in Figure 7, the AuCu II plates have a 
substructure of fine-scale twins on a {101}o twin plane. 
The pair of AuCu II plates shown in Figure 9 were im- 
aged with the electron beam parallel to (111)c matrix and 
to corresponding (111)o axes in each of the plates. In this 
orientation, the twin planes in both plates and the junc- 
tion plane between plates are parallel to the electron 
beam, and the habit planes of both plates are also ap- 
proximately edge-on. Electron microdiffraction patterns 
recorded from the plates have been used to confirm tS21 
that each comprises twin-related variants of the ordered 
structure and that the variant that is in the lesser fraction 
is common to each. If the plates are interpreted, as in- 
dicated, as an A,B pair (c.f. Figure 4) and the electron 
beam is assumed to be parallel to [111]c, then the twin 
plane for plate B is (101)o and the trace normal to the 
habit plane is observed to deviate by approximately 
3 deg from (0il)o toward (101)o. These electron micro- 
scope observations are thus consistent with earlier re- 
suits, t251 which established that the twin plane 
corresponding to the habit plane variant B was (101)o, 
derived from the corresponding (101)c plane of the par- 
ent phase. 

When the {101}o twin plane is oriented parallel to the 
electron beam, as in Figure 9, it is possible to make ac- 
curate measurements of the relative thicknesses, Xl and 
x2, of the two twin-related orientations in the AuCu II 
plates. The results of measurements t521 of the average 
twin widths for a series of six different plates imaged 
under these conditions are recorded in Table I. Each 
value of twin width represents an average of at least 15 
individual measurements on a given plate. The twin 
width ratio, x2/x~, has an average value of 0.49 --+ 0.05. 

B. Application of the Theory 

The crystallographic theory has been applied i2sl to the 
formation of AuCu II plates assuming that the corre- 
spondence between parent and product lattices is identity 
and that the LIS comprises a partial twinning shear on 

Fig. 9--Transmission electron micrograph showing a pair of AuCu II 
plates recorded with the electron beam parallel to a (111)o axis and 
to corresponding ~I 11)o axes in each of the plates. The twin planes 
in both plates and the junction plane between plates are parallel to the 
electron beam, and the habit planes of both plates are also approxi- 
mately edge-on. 

the system {101}o(101)o. The predictions of the theory, 
for the specific variant of the correspondence 

oCr = 1 [9] 
0 

and an LIS on the system (101)[101], are presented in 
Table II. These predictions vary with a variation in the 
input lattice parameters, and a segment of the locus of 
predicted habit planes as a function of lattice parameter 
ratio for the low shear solution (2A) is shown in 
Figure 6. The curve passes close to (0il)  and, for the 
measured lattice parameter ratio of 1.0276, the predicted 
habit plane is within 3 deg of the measured habit plane 
variant B, for which the twin plane variant has been con- 
firmed experimentally to be (101)o (Figure 9). In the 
original application of the theory, this difference be- 
tween measured and predicted habit planes was inter- 
preted t25~ in terms of a dilatation parameter ~, which was 
considered a component of the shape strain and in es- 
sence relaxed the condition that the habit plane remains 
completely undistorted by allowing a small uniform di- 
latation of the habit plane. However, there is little or no 
direct evidence to support such a dilatation in this or 
other such transformations, and it appears likely that this 
difference is attributable to the difficulty of identifying 
the true habit plane for the tapered plates and to ex- 
perimental errors in measurement. 

For the previous low shear solution, the predicted 
shape strain direction is approximately parallel to [011 It 
and the magnitude of the shape deformation is ~0.047. 
Although there have been no direct measurements of the 
shape strain to date, the predicted shape strain has been 
used to calculate the surface tilts expected for CuAu II 
plates in certain orientations, and both the sense and 
magnitudes of these tilts have been found to be in ex- 
cellent agreement with experimental observations) TM 

Aside from providing accurate predictions of the com- 
ponents of the shape strain consistent with the observed 
crystallographic variants, it is also to be emphasized 
that, by considering appropriate variants of the lattice 
correspondence and the LIS, the theory permits four 
variants of the low shear solution, for which the habit 
plane poles cluster about (011)f, in the manner observed 
experimentally. The theory is thus capable of accounting 
for the crystallography of each pyramidal group of four 
plates, for which the shape strain directions cluster about 
[01 l]f. Each group of four may be considered to com- 
prise two pairs in which the shear components of the 
shape strain are largely self-accommodating to minimize 
the net shape deformation. 

As indicated in Table II, the principal axes of the 
product phase are predicted to be close to parallel to 
those of the cubic parent phase and, as shown in 
Figure 8, the agreement between the predicted and mea- 
sured ~51 orientation relationship for variant B is excel- 
lent. The twinned substructure of the AuCu II plates 
implies an LIS whose magnitude is determined by the 
relative proportions of the twin-related orientations 
within the plates. The magnitude g of the LIS has been 

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 25A, SEPTEMBER 1994-- 1847 



Table I. Measurements of the Relative Twin Widths and the 
Magnitude (g) of Lattice Invariant Shear in AuCu II Plates ts2] 

Xl X2 
Pla~ (nm) (nm) x2/xl g 

1 12.71 6.32 0.497 0.052 
2 21.32 11.32 0.531 0.055 
3 30.87 13.64 0.442 0.048 
4 21.83 10.87 0.498 0.052 
5 21.13 11.37 0.538 0.055 
6 24.25 10.73 0.442 0.048 

Average: 0.49 +- 0.05 0.052 -+ 0.005 

Table II. Predictions of the Crystallographic Theory for the Disordered fcc to 
Ordered Orthorhombic Transformation Associated with the Formation of  AuCu II Plates 

Lattice Parameters: ac = 0.3872 nm 
ao = 0.3979 nm, bo = 0.3963 nm, co = 0.3678 nm 

Lattice Invariant Shear System: (101)0[i01]0 
Lattice Correspondence: Identity 

Habit Plane Normal Shape Strain 
Solution g* Direction Cosines Direction Cosines m** ao bo 

Orientation Relationship: 
Direction Cosines of Product Axes 

co 

IA 0.1024 

IB 0.1024 

2A 0.0546 

2B 0.0546 

0.7044, -0.7087, 0.04104 

0.7044, 0.7087, 0.04104 

0.04104, -0.7087, 0.7044 

0.04104, 0.7087, 0.7044 

-0.7209,  -0.6918, -0.04200 0.04736 

-0.7209,  0.6918, -0.04200 0.04736 

-0.04200, -0.6918, -0 .7209 0.04736 

-0.04200, 0.6918, -0 .7209 0.04736 

0.9984 0.02364 0.05121 
-0.02364 0.9997 -0.002587 
-0.05126 0.001377 0.9987 

0.9984 -0.02364 0.05121 
0.02354 0.9997 0.002587 

-0.05126 -0.001377 0.9987 
0.9996 0.001377 0.02730 

-0.000731 0.9997 -0.02367 
-0.02732 0.02364 0.9994 

0.9996 -0.001377 0.02730 
-0.000731 0.9997 0.02367 
-0.02732 -0.02364 0.9994 

*g is the magnitude of the lattice invariant strain. 
**m is the magnitude of the shape strain. 

calculated m] from the measured twin widths Xl and x2 
reported in Table I using the following expression: 

g= ( x2 I s=f2s  [10] 
\xl + x2/ 

where s is the magnitude of the twinning shear and f2 
represents the volume fraction of orientation 2 in the 
orthorhombic product. For these lattice parameters, the 
magnitude of the twinning shear, tS] s = [(a/c + c/a) z 
- 4] I/2 is 0.1575 and the resulting magnitudes of g in 
Table I vary between 0.048 and 0.055 for the six plates 
examined, ml The average value for g over the six plates 
is 0.052 -+ 0.005 and is thus in excellent agreement with 
the predicted value of 0.055 shown in Table II. 

V. F O R M A T I O N  OF al  PLATES 
IN Cu-Zn(-X) AND Ag-Cd ALLOYS 

A. Experimental Observations 

When body-centered cubic (bcc) /3-phase alloys, 
based on the systems Cu-AI, Cu-Sn, Cu-Zn, and Ag-Cd, 
are quenched from temperatures at which the/3 phase is 
stable, there is invariably an ordering transition to a 

CsCl-type (B2) structure (/3'). The/3' phase is metastable 
and, on cooling below room temperature, undergoes 
martensitic transformation to one or more transformation 
products. In Cu-Zn alloys, two forms of martensite have 
been reported, one which inherits the ordered CuAu I 
st'ructure (fct) from the matrix/3'  phase and has a sub- 
structure of  fine-scale twinning, and a second needlelike 
martensite that has a faulted substructure and the 9R 
crystal structure, which may be regarded as a variant of 
the conventional close-packed fcc (f) structure (3R) with 
an (a/6)(112) {111} displacement on every third close- 
packed plane. However, if the/3' phase in Cu-Zn alloys 
containing typically 38 to 44 wt pet Zn is reheated to 
temperatures in the two-phase (a + /3 ' )  field, isothermal 
decomposition occurs and, at the lower end of the trans- 
formation temperature range, a metastable plate-shaped 
product designated al is formed. The a~ plates produce 
a surface relief consistent with an invariant plane-strain 
shape deformation [3~,32,36] and have a morphology, struc- 
ture, and crystallography closely similar to that of the 
needlelike 9R martensite formed athermally at low 
temperatures.t53,541 

Figure 10(a) shows the results of habit plane measure- 
ments for al plates formed isothermally in two Cu-Zn 
alloys t36] and a Ag-Cd alloy, t4~ plotted with respect to 
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Fig. 10--Stereographic projections showing (a) measured habit plane 
normals for t~ plates formed in two Cu-Zn alloys 13~j and a Ag-Cd 
alloy 14~ and (b) theoretical predictions of the habit plane for the B2 
to 9R transformation. 

the parent bcc (b) lattice in stereographic projection. The 
circle of radius 3.5 deg represents the scatter of two- 
thirds of individual measurements recorded for a 
Ag-45 at. pct Cd alloy, t4~ while the individual mea- 
surements are reproduced for the Cu-Zn alloys. The 
habit plane is irrational and some 3.5 deg from (i44)b 
or (i55)b; in the case of the Cu-41 wt pct Zn alloy, it is 
described 136/as being close to (2,11,12)b. The large scat- 
ter in individual results reflects in part the limited 
accuracy of measurements made on what are very fine- 
scale plates, but it has also been suggested 136] that there 
is a significant variation in habit plane between the two 
Cu-Zn alloys due to a variation in lattice parameters. In 
both alloys, it is common for the al plates to form in 
chevron pairs, with the habit plane poles of the pair crys- 
tallographically equivalent and symmetrically distributed 
with respect to the nearest {011}b pole. Given the fine 
scale of the plates, complete measurements of the shape 

strain have not been made, but the surface tilts associ- 
ated with plates formed at free surfaces have been re- 
ported to range up to 11.75 deg in the case of Cu-Zn 
alloys 136~ and 12.0 --- 1.0 deg for the Ag-Cd alloy, t4~ 

Figure 1 l(a) shows an electron micrograph of an at 
plate formed during the early stages of transformation in 
a Ag-45 at. pct Cd alloy. 14~1 Given the limited scale of 
such plates, the orientation relationship between the fl' 
and 9R o~1 structures has commonly been determined ap- 
proximately using conventional SAED patterns such as 
that of Figures l l(b) and (c), in which a (l10)gr zone 
axis is approximately parallel to a (111)b zone of the par- 
ent phase and the close-packed planes of the Ul phase, 
(009)9r, are parallel to the electron beam. The relation- 
ship that may be derived 136,38,4~ from this and other 
zone axis patterns is irrational and is usually described 
approximately by the relationships between planes 
shown in Table III. The variant of the orientation rela- 
tionship recorded in Table III corresponds to the variant 
of the habit plane shown in Figure 10. 

The a~ plates have a substructure of parallel stacking 
faults distributed regularly along the length of each plate 
(Figure 11). For the variant of the habit plane shown in 
Figure 10 and the orientation relationship reported ear- 
lier, it has been established that the fault plane is (111)f, 
derived from a {101}b plane of mirror symmetry in the 
parent bcc phase. With extended isothermal aging, the 
faulted substructure observed in freshly formed plates is 
annealed from the plates, and this recovery is accom- 
panied by a transition in structure from the metastable 
9R to the equilibrium 3R packing of close-packed planes 
(t~). 136,4~ Local growth of the plates proceeds behind 
incoherent, faceted interfaces, with interface facets bear- 
ing no apparent relationship to the original habit plane. 

B. Application of the Theory 

The formal theory has been applied to the formation 
of al plates in C u - Z n  1361 and Ag-Cd 14~ alloys assuming 
a product structure that is fcc (3R) or fct (c/a ~ 0.98). 
The correspondence between bcc and fct lattices, iden- 
tified as compatible with the observed orientation rela- 
tionship, is equivalent to the reverse of the familiar Bain 
correspondence observed in association with the fcc to 
bct transformation in ferrous martensites, t4'42~ When a 
strict correspondence of atom positions is preserved 
during transformation, this correspondence requires that 
the product phase remain ordered and acquire the fct 
CuAu I structure (Llo). If the stacking faults within the 
plates are taken as evidence of the LIS, then the fault 
plane consistent with the variant of the correspondence 
is (111)f and, of the three ( 112)f directions in this plane, 
only a shear in the [112]f direction preserves the ordered 
arrangement in the product structure. 1361 It has thus been 
assumed that the LIS comprises a shear on the system 
(11 l)f[1 l?-]f, which corresponds to a {110}b(110)b shear 
system in the bcc matrix phase. 

Based on these assumptions, the predictions of the 
theory for the components of the shape strain and the 
orientation relationship have been shown to be in good 
general agreement with experimental observations. The 
magnitude of the LIS predicted is in the range of 
0.2341361 to 0.238 t4~ (corresponding to shear angles of 
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Fig. l l - - ( a )  Transmission electron_micrographof  a,  plate in Ag-45 at. pct Cd alloy aged 30 s at 240 ~ (b) corresponding SAED pattern 
indicating approximately parallel [ l l l ] b  and [l1019n zone axes from matrix and precipitate phases, respectively; and (c) schematic indexing 
of (b). 

13.18 to 13.56 deg) and is almost exactly equivalent to 
the shear of (a/6)[112If o n  every third (111)f plane that 
is required to generate the 9R stacking from a regular 
3R fcc structure (i.e., a shear of 13.26 deg). However, 
given the periodicity of these displacements, it is not ex- 
pected that the modulation in stacking characteristic of 
the 9R structure will be resolvable using conventional 
electron imaging techniques. The stacking faults that are 
readily resolved within the at plates are much more 
widely spaced and less regularly distributed than those 
that would be required to produce the 9R structure from 
conventional fcc, and this approach to application of the 
theory does not yield an obvious explanation of these 
faults. To account for faulting on the scale observed re- 
quires a more rigorous application of the theory, assum- 
ing that the product structure is 9R rather than fcc(t). 
Indeed, there is evidence to suggest that the 9R structure 
might properly be treated as a structure intermediate be- 
tween the B2 parent and the equilibrium 3R phase, and 
that it is inappropriate to interpret the transformation as 
B2 to fcc 3R. 

As indicated schematically in Figure 12, the 9R struc- 
ture may be described by a unit cell that is orthorhombic 

if the structure is ideally close-packed and monoclinic 
(with a monoclinic /3 angle close to 90 deg) if there is 
a significant deviation from close packing normal to the 
close-packed planes, t541 The correspondence between 
parent bcc and product monoclinic (m) 9R lattices is 
such that the vectors [101]b, [010]b, and [504]b become 
the base vectors [100]m , [010]m , and [001]m,  respec- 
tively, in the product lattice. The LIS system corre- 
sponding to (101)[10i]~ and to (l l l)[l l2]f~t is 
(001)[10019R. Reliable measurements of the lattice pa- 
rameters of the isothermal 9R product are not readily 
available, but a range of parameters has been reported 
for the 9R martensite in Cu-Zn and Cu-AI systems, p6'541 
Table IV presents a set of solutions to the crystallo- 
graphic theory based on the above lattice correspondence 
and LIS, and a monoclinic 9R structure with a repre- 
sentative set of lattice parameters. 

For the lattice parameters used in the compilation of 
Table IV, the predicted habit plane for low shear solu- 
tion 1A, shown in Figure 10(b), is irrational. It lies 
within approximately 1.5 deg of (i55)b and 1 deg of 
(2,11,12)b and is thus in good agreement with experi- 
mental observations of the habit plane for the Cu-41Zn 
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Table III. Comparison of Measured and Predicted Orientation 
Relationships for the B2 to 9R Transformation in Cu-Zn and Ag-Cd Alloys 

Measured Angles (deg) Predicted 
Cu-Zn 1361 Ag-Cd 14~ Ag-Cd t4~l Angles* (deg) 

[lI019R /% [ l l l ] b  --0.0 0.7 • 0.2 <1.0 0.54 
(009)9R /% (101)b 5.5 4.3 • 0.4 5.0 • 1.0 4.10 
(i14)9R /% (011)b 0.0 • 0.5 - -  <0.5 0.24 
(i13)9R /% (il0)b 5.5 • 0.5 - -  4.0 • 1.0 3.90 

*Calculated using the lattice parameters shown in Table IV. 
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Fig. 12--Schematic representation of the structural transformation 
from B2 to 9R, indicating the lattice correspondence that is sustained. 

alloy reproduced in Figure 10(a). The habit plane pre- 
dicted for the bcc to 9R transformation using the param- 
eters of Cornelis and Wayman t36'53] (Figure 10(b)) is 
similar to that reported by those authors for the bcc to 
fct transformation and is in good agreement with ex- 
perimental observations for the Cu-40.5Zn alloy in 
Figure 10(a). It is clear that the position of the predicted 
habit plane normal is sensitive to small variations in lat- 
tice parameters and that the theory is capable of ac- 
counting for the variation in the observed habit planes 
in Cu-Zn and Ag-Cd alloys, allowing for reasonable 
variations in the lattice parameters of the parent and 
product phases with varying alloy compositions. 

For the habit plane variant shown in Figure 10 (low 
shear solution 1A), the predicted shape strain direction 
is also irrational, and approximately 8 deg from [01i]b 
and within 2 deg of being parallel to the habit plane. 
The predicted shape strain displacement (m) is approx- 
imately 0.203. If an al plate were to form at a free sur- 
face in such a way that the shear component of 
displacement was parallel to the surface normal, then the 
shape strain displacement would lead to a maximum sur- 
face tilt of -11 .48  deg. The predicted shape strain is 
thus capable of accounting well for observed surface 
tilts, which range up to a maximum of 11.75 deg and 

Table IV. Predictions of the Crystallographic Theory for the B2 
(b) to Monoclinic (m) 9R Transformation Associated with the Formation of a~ Plates 

Lattice Parameters: Parent bcc: ab = 0.2930 nm 
Product monoclinic 9R: am = 0.4439 nm, bm = 0.2638 nm, Cm = 1.921 nm, /3m ---- 89 deg 

Lattice Invariant Shear: (101)[10|]bcc --> ( l l l ) [ l l2]rct  and (001)[10019R 
L a t t i c e  C o r r e s p o n d e n c e :  [101]b --~ [10019R [100]b --> 1 / 9  [40119S 

[010]b ---> [01019R [010]b ---> [01019R 
[504]b --> [00119R [001] b -'~ 1/9150119R 

Habit Plane Normal Shape Strain 
Solution g Direction Cosines Direction Cosines m am bm 

Orientation Relationship: 
Direction Cosines of Product Axes 

t7 m 

IA 0.00571 0.1325, -0.6821, -0 .7192 0.1193, 0.7527, -0 .6475 0.2031 0.67368 -0.01836 0.75044 
0.08596 0.99485 -0.05215 

-0 .73400 0.09965 0.65888 
IB 0.00571 0.1325, 0.6821, -0 .7192 0.1193, -0.7527,  -0.6475 0.2031 0.67368 0.01836 0.75044 

-0 .08596 0.99485 0.05215 
-0 .73400 -0.09965 0.65888 

2A 0.18294 0.7192, -0.6821,  -0 .1325 0.6475, 0.7527, -0 .1193 0.2031 0.73400 -0.09965 0.68450 
0.08596 0.99485 0.05515 

-0.67368 0.01836 0.72692 
2B 0.18294 0.7192, 0.6821, -0 .1325 0.6475, -0.7527,  -0 .1193 0.2031 0.73400 0.09965 0.68450 

-0.08596 0.99485 -0.05515 
-0.67368 -0.01836 0.72692 
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12.0 --- 1.0 deg in Cu-Zn I36] and Ag-Cd t4~ alloys, re- 
spectively. Measured and predicted orientation relation- 
ships are also in excellent agreement, as shown in 
Table III. The angles between the pairs of planes and 
directions identified conveniently from SAED patterns 
agree to within experimental error on the measurements, 
and it is possible, on closer analysis, to confirm that the 
sense of the rotations predicted agrees with those 
observed. 

An interesting feature of the solutions to the theory 
for the B2 to 9R transformation presented in Table IV is 
that they show that, for the lattice parameters employed, 
the total lattice strain may approximate to an invariant 
plane strain and that the magnitude of the LIS required 
is small (g - 0.006). Indeed, as indicated in Figure 13, 
the predicted magnitude of LIS may be reduced to zero 
with small changes in lattice parameters. Figure 13 
shows the predicted variation in g with systematic vari- 
ation in the parameters of the product monoclinic 9R 
phase about the commonly reported values, for a con- 
stant value of ab = 0.2930 nm. For the low shear so- 
lutions, the magnitude of LIS is seen to be independent 
of bin, but to vary significantly with am, Cm, and /3m and 
to approach zero at values of each of these parameters 
that are close to those used in the calculations for 
Table IV. For g = 0, the product phase would be ex- 
pected to have a fault-free 9R structure and to be co- 
herent with the matrix/3' phase across the irrational habit 
plane. However, for lattice parameters leading to a finite 
value of g, the al plates would be expected to have a 
substructure of coarsely spaced stacking faults, in qual- 
itative agreement with common observations for al 
plates in Cu-Zn and Ag-Cd alloys. The magnitude of g 
and thus the spacing of the stacking faults arising as the 
result of the LIS would be expected to vary with vari- 
ation in lattice parameters. For the parameters employed 
by Cornelis and Wayman, 136'53j for example, the pre- 
dicted magnitude of g rises to -0.012 and the corre- 
sponding at plates would be expected to contain a higher 
density of internal faulting arising from the LIS. 

VI. DISCUSSION 

As is the case for the martensitic fcc to hcp transfor- 
mation, the structural change associated with the 7' pre- 
cipitate plates in A1-Ag alloys may be considered to be 
accomplished by the passage of transformation disloca- 
tions across the broad faces of the plates, t48'491 Defining 
steps that are two close-packed planes in height normal 
to the habit plane, these transformation dislocations have 
a Burgers vector that is of the form (a/6)(112) in the 
case of coherent transformation to an ideal hcp structure 
with zero volume change, but that must acquire a small 
additional component of magnitude ~ normal to the habit 
plane, i.e., (2a~/3)(111), for the y' phase. For such 
transformations, formal application of the crystallo- 
graphic theory, assuming the total lattice strain ST to be 
an invariant plane strain on the (111)f habit plane with 
a displacement md equivalent to the Burgers vector of 
the transformation dislocations, provides a complete de- 
scription of the transformation crystallography. 

For both the martensitic fcc to hcp transformation and 
the formation of 7' plates, there is strong experimental 
evidence to support the proposal that the fcc to hcp tran- 
sition involves the lateral migration of steps across the 
otherwise coherent broad faces of the product phase, 
with the steps having the configuration of the transfor- 
mation dislocations required by the theory. High- 
resolution electron microscope images, f22'231 recorded 
parallel to close-packed (i.e., (1 lO)dl(ll20),) directions 
in the habit plane, reveal that the interface commonly 
contains steps normal to the habit plane that are invari- 
ably an even multiple of close-packed layers in height 
and that may be interpreted as an accumulation of 
(a/6)(112) Shockley partial transformation dislocations 
on every second close-packed (111)f plane. Single trans- 
formation dislocations are observed, but it is more com- 
mon for the observed steps to comprise multiple 
dislocations. Since the layer of atoms (1) immediately 
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ahead of the interface in Figure l(a) may be regarded as 
common to the fcc and hcp lattices, it has been sug- 
gested 1231 that there may be some adjustment in com- 
position in this layer ahead of the passage of a 
transformation dislocation. However, the completion of 
the structural transition requires the migration of a trans- 
formation dislocation over the next adjacent layer in the 
fcc phase and an adjustment in the composition that al- 
lows this plane of the precipitate to contain wholly Ag 
atoms. It is inferred that passage of the transformation 
dislocation involves atom by atom transfer between par- 
ent and product phases, with Ag atoms attaching them- 
selves preferentially at kink sites along the Shockley 
partial transformation dislocations. The rate of migration 
may be controlled either by long-range transport of Ag 
atoms ahead of the migrating transformation dislocations 
or by the substitutional diffusion of Ag atoms across the 
kinks. Although there is a substantial compositional 
change associated with the transformation, the diffusion- 
controlled migration of the transformation dislocations in 
the manner described permits a coherent interface to be 
sustained and to migrate normal to the habit plane to 
sustain thickening of the plate and the maintenance of a 
correspondence of lattice sites. 

In a given {I 1 1}f habit plane there are three equivalent 
(1 1,2)f twinning directions, and the passage of a trans- 
formation dislocation with a Burgers vector given by 
Eq. [2] in any one of these directions will generate the 
observed hcp structure. If the transformation involves 
migration of transformation dislocations in a single 
(1 12)f direction on alternate (1 1 1)e planes, then an ap- 
preciable shape change will accumulate over the trans- 
formed volume. When the component of displacement 
normal to the habit plane is zero, this shape change will 
be a simple shear, but if the normal component of dis- 
placement is finite, then the shape change will have the 
more general form of an invariant plane strain. If, al- 
ternatively, transformation dislocations are generated in 
all three (l12)f directions and the transformed volume 
contains equal volume fractions of all three variants of 
the hcp structure, then the variants will be self- 
accommodating and the shear component of the net 
shape deformation over the transformed volume will be 
zero. Of course, it is possible to imagine situations be- 
tween these two extremes, ta9j but for transformation 
product forming within the bulk constraints of the parent 
phase it is to be expected that all three transformation 
variants will operate within a given product plate to min- 
imize the shape deformation, which is consistent with 
direct experimental observations for bulk y' plates in 
A1-Ag. t231 If, however, the transformation were to occur 
under the influence of an applied stress with a significant 
shear component, then an interaction that relaxed the po- 
tential of the stress field might be expected to favor the 
adoption of one preferred shear component of transfor- 
mation and the development of a significant shape 
change. Similarly, for those plates nucleating at or in the 
immediate vicinity of a free surface, the relaxed matrix 
constraints may lead to preference for a single set of 
transformation dislocations and the accumulation of a fi- 
nite shape deformation that approaches one-half the 

twinning shear in magnitude. Such is the explanation of- 
fered t551 for the observation of invariant plane-strain sur- 
face relief associated with at least some y' precipitate 
plates at free surfaces in A1-Ag alloys. 

The formation of the ordered orthorhombic phase 
AuCu II from disordered fcc parent phase also generates 
invariant plane-strain surface relief and conforms with 
predictions of the crystallographic theory, t25J Based on 
the assumptions that the lattice correspondence is iden- 
tity and the LIS is a partial twinning shear on the system 
(101)[i01], the theory is capable of accounting consis- 
tently and accurately for the observed habit plane, sur- 
face relief, and orientation relationship. With 
appropriate choice of variants of the lattice correspon- 
dence, it is also capable of generating crystallographic 
variants of the habit plane normal and displacement di- 
rection that each cluster about common (1 10)f directions, 
and thus account for the growth of AuCu II plates in 
partially self-accommodating pairs or pyramidal groups. 
Moreover, recent measurements 1521 have confirmed that 
the observed fine-scale twinning within AuCu II plates 
is on the appropriate twinning system required by the 
theory and that the relative fraction of the twin-related 
variants within a given plate is accurately consistent with 
the magnitude of the LIS required to ensure that the ir- 
rational habit plane is macroscopically invariant. It is 
thus strongly suggested that the twinned substructure of 
the plates is a direct manifestation of the LIS. 

The AuCu II plates have a form and substructure sim- 
ilar to those of martensite plates in which the LIS in- 
volves twinning of the product structure, and the faceted 
interface between twinned product and single-crystal 
matrix that is evident in Figures 7 and 9 is typical of one 
of the two common models proposed for a semicoherent 
martensite interface, t48,49,5~ In this model, the interface 
facets define areas of coherence between parent and 
product lattices, separated periodically in the product 
phase by twin boundaries. For a diffusionless, martens- 
itic transformation, such an interface is considered to be 
glissile and capable of migration as an entity normal to 
the habit plane through homogeneous transformation of 
the coherent regions combined with extension of the 
twin boundaries to preserve an invariant habit plane. 
However, for an ordering transformation involving 
nearest-neighbor exchange of atoms, such as the for- 
mation of AuCu II plates, it is currently not clear that 
migration of such a semicoherent interface in the direc- 
tion of its normal will sustain the coordinated atom dis- 
placements necessary to the maintenance of a 
correspondence of lattice sites. 

To resolve this apparent difficulty, it has been pro- 
posed t291 that both lengthwise growth and thickening of 
AuCu II plates involve the generation and glide of trans- 
formation dislocations parallel to the habit plane. For a 
pyramidal group of four plates such as that illustrated 
schematically in Figure 4, it is suggested that the dis- 
locations responsible for growth on the inner surfaces of 
the pyramid would be generated cooperatively at the 
common inner apex. The Burgers vectors md of the dis- 
locations on the four plates would be equal in magnitude 
and approximately parallel to the same [1 10]f direction. 
It is anticipated that the individual dislocation segments 
would form a continuous loop around the inner surface 
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of the pyramid and that cooperative glide across the 
broad inner surfaces of the plates would allow the four 
plates to grow at the same rate, with the inner apex mov- 
ing parallel to the [011]f axis of the pyramid. The inner 
surfaces of the pyramid would likely contain steps cor- 
responding to single or multiple transformation dislo- 
cations and, if growth were largely confined to the inner 
surfaces of the pyramid, the plates would become ta- 
pered in section, with the inner surfaces and their junc- 
tion lines deviating significantly from the corresponding 
habit planes and habit plane intersections. 

The form and crystallography of the proposed trans- 
formation dislocations have not been addressed in detail, 
and the compatibility of the transformation dislocations, 
which generate the observed shape deformation, with the 
internal twinning, which must occur within the lattice 
created by the shape strain and, on this interpretation, 
constitutes evidence of the complementary strain of the 
original Bowles-Mackenzie formulation of the crystallo- 
graphic theory, t2~ requires further examination. How- 
ever, it has been demonstrated that the model of the 
growth mechanism based on such transformation dislo- 
cations is consistent with the morphology of AuCu II 
plates and with measurements of both the lengthening 
and thickening kinetics of plate growth. The migration 
of transformation dislocations within the habit plane also 
provides a plausible mechanism by which a correspon- 
dence of lattice sites may be sustained in the face of the 
atomic interchange necessary to accomplish the ordering 
reaction. The atomic displacements are restricted to co- 
ordinated atom transfer at single dislocation steps, and 
it is suggested that the dislocations will migrate at a rate 
determined by the rate of ordering of atoms at the steps. 
It is in the nature of these steps and the mechanism of 
atom transfer across the steps that the proposed mech- 
anism differs significantly from earlier models, 127,28j in 
which separate mechanisms were proposed for length- 
ening and thickening of plates and in which plate thick- 
ening was proposed to involve the migration of 
disordered ledges across the habit plane interface. It re- 
mains difficult to reconcile the maintenance of a lattice 
correspondence and the resulting generation of an in- 
variant plane-strain shape change with a mechanism in 
which random atom transfer occurs across disordered 
ledges in the interface. Unlike the T' precipitate plates 
in A1-Ag alloys, there have to date been no detailed stud- 
ies of the interface structure in AuCu II plates, and there 
thus remains little direct evidence on which to assess the 
proposed transformation mechanisms. 

While there is no composition change associated with 
the growth of ordered AuCu II plates, the question of 
whether there is a change in composition accompanying 
the initial formation of a I plates in Cu-Zn(-X) and 
Ag-Cd alloys is central to the present discussion and the 
answer remains controversial.141,56-62] The bulk of current 
evidence strongly suggests that there is a significant dif- 
ference in composition between the a~ plates and/3' ma- 
trix at the earliest stages of transformation for which 
measurements can presently be made. There is also evi- 
dence from some studies 137,38,411 that the order present in 
the matrix/3' phase is not necessarily preserved in the 
formation of the 9R plates, confirming the existence of 
significant atomic interchange accompanying initial 

growth. In the Ag-Cd system it has been confirmed I411 
that the a~ plates have a disordered 9R structure, in con- 
junction with a composition approaching that of the 
equilibrium a phase, well before any evidence of the 9R 
to 3R structural transition that accompanies prolonged 
isothermal aging. It is thus difficult to sustain an argu- 
ment that initial growth is diffusionless with a subse- 
quent adjustment in composition, for it would require 
this adjustment in composition to preserve the 9R struc- 
ture, only to have it subsequently transform to equilib- 
rium 3R. Even if, as has been suggested, t41'6~ the 
a~ plates lengthen in a displacive (diffusionless) manner 
and then thicken at a rate controlled by substitutional 
volume diffusion, there is no evidence to suggest that 
the plates are composite in structure and the lateral 
growth must thus occur in such a way that the 9R struc- 
ture, lattice correspondence, and shape change are sus- 
tained during diffusional growth. 

Formation of the a~ plates produces a shape change 
compatible with an invariant plane strain, and the 
crystallographic theory again provides an excellent basis 
for accounting for the observed crystallographic features 
of the transformation. Although initial applications t36'4~ 
of the theory, which assumed for convenience the prod- 
uct structure to be fcc(t), produced predictions in general 
agreement with experimental observations, the present 
analysis suggests that this interpretation may be in part 
misleading. In the early analyses, the magnitude of the 
LIS on the observed slip system required to preserve an 
invariant habit plane was found to be approximately 
equivalent to the shear of (a/6)[112] on every third 
(1 1 1) plane that would generate 9R stacking of the close- 
packed planes of a 3R fcc structure. This approach thus 
has the potential to create the impression that the 9R 
structure of the a~ plates is a consequence of the LIS 
component of the shape strain, rather than the preferred 
product structure in the initial stages of decomposition 
of supersaturated /3' phase. It also fails to provide a 
sound basis for accounting for the substructure of stack- 
ing faults in c~ plates, for those faults detectable are 
much more widely spaced than every third {1 1 1} plane. 

If a comparison is made of the principal distortions 
(r/i) of the homogeneous lattice deformations B for the 
B2 to 9R and B2 to fcc(t) transformations, then, as 
shown in Table V, those associated with the B2 to 9R 
transition are much closer to unity than those for the 
transformation to the fcc(t) structure. This implies that 
the lattice distortion associated with formation of the 9R 
structure is significantly less than that required to form 
the fcc structure and suggests that it is more appropriate 
to regard the 9R structure as a preferred metastable 
phase, intermediate between the parent B2/3' and equi- 
librium product a. In support of this interpretation, it is 
to be noted that the magnitude (g) of the LIS required 
for the B2 to 9R transition approaches zero for small 
variations in lattice parameters from observed values. 
For g = 0, the al plates would be expected to be fully 
coherent with the parent phase and grow fault-free. This 
may account for the recent, and yet to be confirmed, 
observation of coherent ~l plates free of faulted sub- 
structure in the very early stages of transformation in a 
Cu-Zn alloy, t39] It has been suggested I391 that such plates 
represent the initial growth stage for a~ plates and that 
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Table V. Comparison of the Principal Distortions 7/i of the Homogeneous 
Lattice Strain B for the B2 to fcc(t) and B2 to 9R Transformations in Cu-Based Alloys 

Transformation -q~ *12 rh 

B2 ~ fcc T361 0.891894 0.891894 1.26133 
*B2 ---> 9 R  [54] 0.900341 0.997322 1.10645 

**B2 ~ 9R I361 0.891891 0.994588 1.13109 

*Calculated using the lattice parameters of Kajiwara Is4] (Table IV). 
**Calculated using 9R lattice parameters equivalent to those of Cornelis and Wayman. 136j 

the plates subsequently acquire the faulted substructure 
in a second stage of growth, during which they lose co- 
herency with the matrix. In formal terms, the crystallo- 
graphic theory allows for the magnitude of the LIS to 
become finite, with small local variations in the lattice 
parameters at the transformation interface, perhaps as a 
result of local changes in composition. The theory thus 
allows for the development of a faulted substructure, al- 
though the mechanism by which faults apparently prop- 
agate through the existing volume of plate established 
during the initial coherent growth stage perhaps needs 
further attention. Irrespective of the outcome of such 
analysis, it is to be emphasized that, for the B2 to 9R 
transition and the available lattice parameters, the theory 
requires a small finite value of g and thus a substructure 
of relatively widely spaced stacking faults that is qual- 
itatively consistent with observations. 

Following a recent study of the structure of the broad 
faces of a~ plates in a Cu-Zn alloy, it was reported that 
the plates develop growth ledges during the second stage 
of growth and suggested that growth proceeds via 
diffusion-controlled ledge wise thickening. 139,63~ The ob- 
servation of an invariant plane-strain shape change and 
the well-established applicability of the crystallographic 
theory imply that this growth should proceed in such a 
way that a correspondence of lattice sites is preserved. 
It thus seems likely that the growth ledges responsible 
for thickening should have the form of transformation 
dislocations gliding across the broad faces of the plates 
at a rate that is diffusion controlled. It is possible that a 
correspondence of sites may be maintained if there is a 
coordinated atom by atom transfer from parent to prod- 
uct phase at individual dislocation steps in the interface, 
but again unlikely that this will be so if the risers of the 
growth ledges are disordered or incoherent. The form 
and crystallography of any such ledges or transformation 
dislocations on the broad faces of a] plates remain un- 
resolved in detail, and it would seem that prospects for 
progress in resolving details of the mechanism of the 
transformation rest with further detailed high-resolution 
studies of the interface and, as in the case of AuCu II 
plates, analysis of the compatibility of potential trans- 
formation dislocations with those responsible for the lat- 
tice invariant shear. 

VII.  S U M M A R Y  

1. The transformation products associated with 

(a) precipitation of hcp AgEA1 (y') plates in 
alloys; 

AI-Ag 

(b) formation of ordered orthorhombic AuCu II plates 
in equiatomic Au-Cu; and 
(c) formation of 9R oq plates in ordered B2 Cu-Zn(-X) 
and Ag-Cd alloys 

produce relief at a free surface consistent with an in- 
variant plane-strain change. The transformations are 
thus properly described as displacive. 

2. The observed shape change implies that a lattice cor- 
respondence is maintained between parent and prod- 
uct phases. The existence of such a lattice 
correspondence is fundamental to justifying the ap- 
plication of the theory of martensite crystallography 
to this class of transformations. 

3. The theory of martensite crystallography may be ap- 
plied successfully to account for the crystallographic 
features of each of these transformations. The agree- 
ment between experimental observations and theo- 
retical predictions is exceptionally good in all cases. 

4. Although it has been common to assume that atomic 
interchange or a compositional change involving 
long-range substitutional diffusion is incompatible 
with the maintenance of a lattice correspondence, the 
formal crystallographic theory does not necessarily 
require a correspondence of atom positions and thus 
does not preclude interchange of atom positions or a 
change in composition. Successful application of the 
theory does, however, imply a transformation mech- 
anism that is compatible with the maintenance of a 
correspondence of lattice sites. 

5. It seems likely that the mechanism of transformations 
in this group involves the migration of transformation 
dislocations in the planar interface between parent 
and product, and coordinated atom by atom transfer 
across the interface associated with motion of the cor- 
responding dislocation steps in the interface. The rate 
of migration of the transformation dislocations is 
controlled by the rate at which the required atoms 
assemble ahead of the migrating dislocation steps. 
The migration of the transformation dislocations pro- 
duces the displacements that generate the surface 
relief. 
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