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Abstract.— The origin of surface martensite has been investigated. It is
shown that the surface transformation and the resulting martensites cannot
be explained by composition changes near the surface but are most likely
attributable to atom relaxations at the surface. The stress free strains
in the vicinity of the surfaces associated with such atom relaxations are
considered_sufficient to produce mechanical instability of the B lattice to
a {110}<110> shear and thus leading to the formation of particular martensite
variants.

Introduction.— In several recent investigations the extra maxima appearing in the
electron diffraction patterns of B2 and DO3 ordered B phase Hume-Rothery alloys have
been shown to stem from a surface phase considered to be martensite (1-3). This
has been followed by a more recent study (4) confirming through evidence of a sur-
face phase transformation that the phase indeed is martensitic. The stability of
the surface martensite has been shown to extend to a much higher temperature than
the highest temperature at which the bulk martensite in the same alloy is stable
(4). In addition, surface martensite has been shown to exist despite the fact that
no bulk transformation is expected to occur in the same alloys even on. cooling to
the absolute zero (4).

The crystallographic details of the surface martensites have been established
fairly well (1,3,4). The martensites have been shown to have 9R (or 18R) or 2H
or intermediate structures depending on the surface orientation of the samples.
Only selected variants of the same structure have been found to appear on a surface.
The occurrence of such preferential variants has been shown to be determined by the
availability, parallel to the surface, of the least distorted B/martensite inter-
faces of the corresponding variant/s (3).

The purpose of the present report is to examine whether changes in interplanar
spacings in the vicinity of planar free surfaces (5,6) can account for a martensitic
transformation and the observed martensitic variants at the surface.

Results and Discussion.- The concept that strains associated with the relaxed state
of atoms in the vicinity of planar free surfaces can trigger a martensitic transfor-
mation is not new. In fact, Clapp (8) has already suggested such a possibility
based on a theoretical analysis which led to the prediction that the most potent
sites for the nucleation of a martensitic transformation would be available at the
surface. Therefore, in this report we extend Clapp's analysis and attempt to inves-
tigate whether the variants that result from the growth of these primary nucleation
centres on a given surface are the same as the observed surface martensite variants.
Details of the calculations are given in an appendix.

Measured values of third order elastic constants from the works of Swartz
et al. (9) and Guenin (10) were used in the present calculations and the analysis
was carried out assuming that atoms at the surface and its vicinity relax outwards
of the respective planes parallel to the surface. The effect of the strain due to
this surface relaxation on the elastic constant, €', corresponding to { 110}[ 110]
shear was evaluated. The critical strain, € for which C'{e) = 0 in turn was cal-
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culated for different {110}[110] shear systems and for samples with different sur—
face orientations. The values are summarized in table 1. It must be remarked that

Table 1 Critical strain %

System Surface + (110) (013) (112) (123) (111) (001)
011 6.95 3.53 4.11 3.76 4,93 3.53
101 6.15 3.86 4.11 4,66 4,93 3.53
110 3.53 15.19 8.18 7.81 4,93 24

no distinction can be made in the present calculations when the shear plane indices
are interchanged with shear direction indices. Thus system [110] for example could
equally mean (110){110] shear and (110){110) shear. Keeping in mind this degeneracy
we can still look for the most preferred martensite variants on a given surface as
predicted from table 1. Such variants would correspond to the system for which the
critical strain is the smallest. Despite the degeneracy in the predictions, we may
attempt to look for a common behaviour which will explain the preference of particu—
lar variants on each surface according to table 1. It then follows that the most
preferred variants/s should have a primary shear on {110}<110> system/s that is/are
nearly parallel to the sample surface. The observed martensitic variant/s on a
given surface, as shown earlier (1,3) follow the same behaviour.

The above comparison between predicted and observed variants holds good for
all surfaces with the exception of (001) surfaces. Samples having the latter sur-
faces do not exhibit any surface martensites even though the calculated critical
strains are comparable in magnitude to similar strains estimated for other surfaces

on which martensites are known to form. One reason for this behaviour may be that
strains equal in amount to the critical value may still not be available on a (001)
surface. Secondly, even if we concede that the transformation is triggered near

the surface, growth of the nuclei would lead to variants having B/martensite inter-
faces that are inclined 45° to the sample surface. Considerable strains will then
be built up during this growth process as opposed to the situation in all the other
samples where the B/martensite interfaces are nearly parallel to the surface. One
may thus envisage any strain build up as opposing further growth of the variant.
In effect growth may be so limited and surface martensite thickness so small that
they produce negligible diffraction effects which has been essentially used other-
wise in recognising their presence.

One can also forward other comparisons to support the view that surface re-
laxation effects trigger the surface martensite transformation. The critical strain
value which reflects the stability of the B phase may thus be compared against
another parameter describing the stability of the B and martensite phases, viz.,
the temperature of surface martensite transformation. Table 2 shows this comparison

Table 2 Critical strains for surfaces and surface martensite transformation
temperatures for 8 Cu-Zn and 8 Cu-Zn-Al alloys

Alloy Critical strain % Surface martensite trans-
formation temperatures

Cu-19.3at%Zn-13at%Al 2.86 - 4.12
Cu-43.08at%zZn-2.46at%Al 25 to 80°C
Cu-44.4at%Zn 4.38 - 5.24
Cu-48.2at%Zn - 30 to 25°C
Cu-48.3at%Zn 4.92-5.32

for which pertinent data can be calculated or are available. As seen from this

table a relatively less stable 8 phase predicted by a lower value of the critical
strain is also consistent with the observed higher value for the transformation tem—
peratures.
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In conclusion it may be said that atom relaxations in the vicinity of planar
free surfaces can be a possible origin of surface martensite.

Appendix.- Mechanical Instability due to surface relaxation as a function of orien-
tation of the surface.

The free energy of a crystal as a function of homogeneous deformations is ex-
pressed as follows

F - FO =% = Cijeisj +1/6 I Cijk sisjek

This expansion limited to third order terms is sufficient in considering the in-
fluence of homogeneous deformation on the mechanical stability of the lattice (12).
The second derivatives, Fi" of the free energy with respect to the homogeneous de-
formation are the elastic constants of the lattice. When the lattice is subjected
to a finite deformation, these derivatives are given by

_ -
Fij =% (Cij = Cij) + 1/6 g (Cijk + Cjik + Cikj + Cjki + Ckij + iji) €

where [ek] is the deformation tensor.

The deformed lattice is mechanically stable provided all the elements of the
Fi' matrix have positive values. 1In general, however, the stability criteria are
more complicated since the deformed lattice has lost elements of symmetry. Never-
theless, it has been shown for B phase alloys, which are of present interest, that
the general criterion and the most critical one corresponds very nearly to C§{ > O
(12,13). This is also the most critical criterion of the undeformed lattice, it
is the elastic constant corresponding to a {110}<110> shear. Consequently, simpli-
fied criteria for mechanical stability of the lattice are considered here in terms
of the elastic constants corresponding to {110}<110> shear as a function of surface
relaxation. The procedure involves

~ evaluating the form of deformation for a given free surface

- estimating the elastic constants, Fj;, corresponding to various {110}<1T0> shear
systems and modified by the above deformation. Each expression for the elastic
constants thus yields a maximum critical amplitude of deformation,ec, at the sur-~
face for which the elastic constant in question becomes zero.

~ identifying the 110 1<110> system corresponding to the lowest e, which, a priori,
will be the preferred system of shear in forming the surface martensite variant.

a) Deformation near the surface

The deformation in the vicinity of the free surface is assumed to be perpendi-
cular to the surface and directed out of the crystal. If the reference axes is so
chosen that the surface normal is a principal axis, then the deformation tensor con-
sists only of the term €317 = ¢ . T, calculated Fij it is necessary to express this
tensor in terms of the crystal axes.

b) Calculation of elastic constants corresponding to shears of type {110}<1I0>.

In the case of (110){110] or (110)[110] shear

El 0 O O O
[si] =lo ¢ © = + a |[0-% O
o 0 o 0 0 0

This deformation takes place in the vicinity of the surface in an already deformed
lattice and changes the free energy F to

oF oF
" —_— — 1
Flo=Fo se, 1 T3, 27 % [F11?1€2 +Fp1p * Fpy®pf) + Fppeplyl

The linear terms in the expression are non-zero terms, since F does not correspond
to the minimum free energy.

The elastic constants are then expressed as



C4-594 JOURNAL DE PHYSIQUE

32(F'—F)
8&2
If F = FO (undeformed lattice) this elastic_constant is C' =% (C 1 012)
The same calculation can be made for (101)[101] or (101)[101] sys%ems répresented in
a shorter form a "101".

) = ¢!

1/4 (F) + F 2 5,110

o0 = °Fy

2
3 (F'-F) _ _ o
——-;;——— 1/4 (F11 + F33 2F13) = nglOl
Similarly for the system "011"
2
3°(F'-F) _ oy
e = /4 (Fy, + Fgg = 2F,5) = Cg oy

c) Calculation of the elastic constants Cé

The deformation tensor having been defined with respect to the crystal axis,
Fij and the above derived elastic constants C'y can now be calculated for the
di%ferent shear systems.

2 2 2
[] — 1 _ - -

Ca 110 = #(Cpy Cip) + 1/4e [(a] + a3) (Cpy,-C ) + 2a5 (€ ,=Cp,0)]
c = B(C,.~C..) + 1/4¢ [(a° + a2) (C,..=C...) + 282 (C...~C...)]
5,101 — 211710 1 3 11177112 2 ‘11277123
c! = %(C..—C._) + 1/4¢ [(a2 + a2) (C,.,~C...) + 2a° (C, . =C.na)]
s,011 — **Y117v12 2 3 11177112 1 ‘“11277123

where a;, ap and ag are the direction cosines referred to the crystal axes of the

normal to the surface and clll’ C112 and 0123 are the third order elastic constants.
i v v [} . ez

By.puttlng Cs,llO’ Cs,lOl and Cs,Oll zero, one obtains the critical value of
deformation .:

. -2 (C)y=Chp) -

c,110 2 2 2

(ag+a5)(Cy11=C1p) + 2a5(C 05 -C p5)

EC,lOl and Ec,Oll are similarly obtained by circular permutation.

5 he deforgation €. 110 is constant if a3 = + K where K is a constant since

aT + ap =1 - ag =1 - K& Thus the critical deformation for the shear system 110"
will be constant for all surfaces whose normals make the same angle, © , with the
{001] axis of the crystal. The e, values as a function of this angle © are reported
in fig. Al for a Cu-Zn-Al alloy (14) where

10 10
v oY - = = =
C* =% (c11 012) = 0.6 x 107 Pa, C,,, = - 133 x 107 Pa
10 10
0112 = - 65 x 10" Pa and 0123 =6 60 x 10" "Pa
It is interesting to draw on a stereographic projection curves of constant
ec for different surface orientations. Such a construction is shown in fig. A2 for
the 110, 101 and 0ll shear systems.
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