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The Stability of Martensite in Cu-Zn Alloys
Manfred Ahlers
(Comisión Nacional de Energía Atóm ica, Centro Atóm ico Bariloche, S.C. de Bariloche - Argentina)

The enthalpy and entropy difference between the ft phase and the martensite has been calculated for Cu-Zn binary 
and ternary alloys using a description in terms of pairwise chemical interaction energies. It is shown that the concen- 
tration dependence of Ms is mainly determined by fourth neighbour pair interactions. This result is also supported by 
the analysis of the critical stress which is necessary to transform the orthorhombic martensite to a fcc ordered lattice. 
In contrast to the strong effect which long range order has on the enthalpy of transformaron, the entropy difference 
has been found to be quite insensitive to order.

Die Stabilitát des Martensits in Cu-Zn-Legierungen
Die Umwandlungsenthalpie und Entropie zwischen ¡i und Martensit in binaren und temaren Cu-Zn-Legierungen wur- 
de berechnet unter der Annahme paarweiser Atom-Atom-Wechselwirkungen. Es wird gezeigt, dalS die Konzentra- 
tionsabhangigkeit von Ms hauptsáchlich durch Wechselwirkungen zwischen viertnáchsten Nachbarn bestimmt ist. 
Dieses Ergebnis wird gestützt durch die Analyse der Schubspannungen, die nótig sind, um den orthorhombischen 
Martensit in eine geordnete fláchenzentrierte Struktur umzuwandeln. Im Gegensatz zum starken EinfluIS der Ord- 
nung auf die Umwandlungsenthalpie ist die Entropie kaum vom Ordnungsgrad abhángig.

Many copper based alloys show highly reversible phase 
transformations between the bcc f) phase and a marten- 
sitic structure. In CuZn the difference between the tem- 
perature M s at which martensite appears first on cooling 
and the temperature A , at which the retransformation to 
ft is completed on heating is of the order of 6 °C 1). Simi- 
larly, the resolved shear stress t m at which the martensite 
is induced above M s and the stress at which the mar­
tensite disappears again on unstressing differ by about 6 
M N /m 2, being independent of temperature w ithin exper­
imental scatter1). The hysteresis is small compared to 
the influence o f composition and temperature on the 
transform aron2) 3), and no appreciable error is commit- 
ted if M s and r M are approximated by the valúes at which 
the free energy difference AG between ¡i and martensite 
is zero, AG = AH  — M sbS -  0. From measurements of 
M s and the temperature dependence o f t m , the transfor­
m aron enthalpy and entropy can be determined3). It had 
been shown fo r binary CuZn that AS depends only weak- 
ly on composition3), whereas M s and consequently the 
enthalpy difference AH  changes sensitively w ith  zinc 
content2).

It is desirable to have a knowledge of the factors that are 
responsible for contributing to AH  and AS, not only for 
the intrinsic interest to understand the mechanism of the 
martensitic transformation, but also because these mate- 
rials have technological applications4), and the choice of 
the CuZn system is particularly suited for this purpose as 
it is possible to produce and study various phases at a 
given alloy composition, and thus obtain more informa­
ro n  on the relationship between structure and alloy sta­
bility. The phases that can be compared are the dis- 
ordered ft, the ordered /?', the orthorhombic martensite, 
an ordered face centered structure obtained by deforma­
ro n  of the martensite6) and by extrapolation from  lower 
zinc concentrations the primary disordered fcc phase. 
An additional fact that makes the Cu-Zn system inter- 
esting is that the different structures have closely the 
same atomic volume, and that in a free electrón model 
the same Fermi surface is obtained.

The stability of the equilibrium alloy phases is controlled 
mainly by the electrón concentraron6). However, the M s 
temperature can not be correlated w ith e /a7), but de- 
pends on long range order8), fo r the reason that at least 
in Cu-Zn-AI, Cu-Zn-Ga, Cu-Zn-Si and Cu-Zn, where X- 
ray data are available, M s is proportional to the order in­
duced distortion of the martensite lattice.

In this paper an attempt has been made to analyse the 
factors that contribute to the transformation. First the 
enthalpy of transformation will be discussed for the bi­
nary and the ternary Cu-Zn based alloys, followed by a 
discussion o f the transformation entropy.

The enthalpy contributions
Long range order in the bcc beta phase:

The influence o f order in the ft phase has been success- 
fu lly described in terms of atom pair interaction energies 
between first and second nearest neighbours10). The re- 
levant quantity is the chemical interaction energy B = 
-21/^b + C  + \ C  where 1 /^, l ^ A and V^B are the in­
teraction energies between A-B, A -A  and B-B atom pairs 
in the /-th neighbour position.

The bcc lattice is usually divided into four sublattices de- 
noted by I to IV, each of which having an atom occupa- 
tion probability that is independent of the sublattice site. 
By using the Bragg-Willams-Gorsky model and taking 
into account short range disorder by a scaling parameter, 
it has been possible to relate order-disorder temperatures 
and specific heats to  chemical interaction energies in 
many body centered systems10).

Although the distances of third and higher order neigh­
bours in the ft phase are more than 60% larger than that 
between first nearest neighbours, this fact alone does 
not justify neglecting their contribution to order-disorder 
changes. As w ill be shown in the course of this paper, in­
teractions between atoms that correspond to third near­
est neighbours in the ft phase cannot be neglected. The 
first and second neighbour chemical interaction energies
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which are determined from properties that depend only 
on the order-disorder change can thus be only effective 
energies, which will be denoted by w^B-<eff>. However, a 
calculation that ¡ncludes up to sixth neighbour interac- 
tions shows that the higher order terms are taken ¡nto ac- 
count by writing:

« e f f )  = w>" -  3 +  3w Z  -  1 . 5 < ,  (1)

< ( e f f )  = <  -  2 <  + |  <  -

Therefore w A¿(eff) and w^¿(eff) are sufficient to describe 
order-disorder transformations in bcc alloys, in agree- 
ment w ith  the observations.

The martensite transformation:

The enthalpy difference between f) and the martensite 
w ill be split into three terms, (a) a "configurational" 
component A£conf, which is structure insensitive and is 
given by the sum of the interaction energies between all 
atom pairs; (b) a vibrational part A£v¡b from the phonon 
contribution and (c) an "e lectron ic" structure sensitive 
term A£e, which describes the electronic changes that do 
not enter in the previous tw o terms. A£v¡b can safely be 
neglected since the Debye temperatures o f the tw o 
phases are very similar. The basic assumption of this 
paper is that in the Cu-Zn based alloys A£el is so small 
that it can be approximated from a linear interpolaron of 
the valúes fo r the puré elements. For free electrón be- 
haviour and no volume change A£e, can be expected to 
be zero. For alloy systems in which the constituent 
atoms are sufficiently similar, Cu and Zn for example, 
and fo r which the Fermi surface is only little distorted, 
the approximation should be reasonable. Thus it will be 
assumed that the chemical interaction energies depend 
only on distance between the atoms and not on the crys- 
tal structure. For example, since first neighbour dis- 
tances in bcc and in martensite are practically unaltered, 
the corresponding nearest neighbour interaction ener­
gies remain constant.

The enthalpy can be evaluated by simply counting the 
number o f A -A , A-B and B-B bonds and multiplying 
them by the corresponding pair interaction energies. 
This evaluation has been carried out to ninth neighbours 
in the martensite. Whereas the first and second neigh­
bour contribution is the same fo r fcc and hex lattices, for 
higher neighbour interactions the actual martensite 
structure has to  be taken into account. To a good appro­
ximation the martensite has a 3R structure, ABCBCA- 
CAB. Though it would present no problems in incorpora- 
ting the actual structure in the calculations, the deviation 
from  3R contributes little to AH3) and for simplicity w ill be 
neglected.

Let the occupation probability o f atom A on sublattice 
site J  =  I to IV b e p A. The influence o f long range B2 or­
der can best be described by defining xA = 1/4(pA + p A
— p A — p Av), which is zero when long range order is ab- 
sent. The interaction energies in the p phase are denoted 
by C ,  Vab and V^B, and those in the martensite by /WAA, 
/WÜ’B and /W“ B.

The corresponding chemical interaction energies are w AB 
and /J7AB =  -2 /W AB +  /WAA + M (£B. Let E0 and EM be the 
energies respectively of the p phase and the 3R martens­
ite per g-atom. The result o f the calculation fo r the ter- 
nary Cu-Zn-X alloy, neglecting the nonlinear part in the 
electronic contribution A£el can be written as follows:

E? -  Em = I  [A££Ca + A£»¿ <CACB + xAxB) +

+ A£* (CACB -  xAx B)] (2)

where A££ are the hypothetical transformation energies 
from  bcc to the orthorhombic 3R structure fo r the puré 
elements A = Cu, Zn and X, CA the concentration of A 
and the sum in the last tw o terms is over all pairs.

A£^¿ = ~ 3 < 2b -  Gw 'ab + + 3 +

+ y m A¿ + y m AB + 4/” ab + y m A¿ + y ™ A¿, (3)

A^ab = -  4 < b  + 4/77^ + y  m¿g + y  +

+ y m AB + y m AB- (4)

In table 1 are given the distances d  in units o f the face 
centered cubic lattice parameter afcc for /-th neighbours 
in the martensite lattice. Given are also the distance vec- 
tors to which they correspond in an fcc or hexagonal lat­
tice:
For transformation temperatures sufficiently far below 
the order-disorder temperature, the order parameter xA 
can be approximated, assuming that the alloy is in its 
highest long range ordered State. Then:

X Cu ~   ̂ ^ "C u '  X Zn =  ^ Z n '  * X  =  •

The binary Cu-Zn system: In the small concentration 
range in which a martensitic transformation is 
observed2), CCuCZn + xCuxZn car be approximated by

^ "C u ^ Z n  +  ^ C u ^ Z n  =  K CuZn K C u Z n ^ Z n

Kuzn =  0.312, = 0.573).

Then £? — EM can be rewritten as:

E? -  EM = LE°Cu +  A ^ Zn x°uZn +

+  (AE l -  A£?u -  A ^ Zn x''u2n +  A£Í?’Zn) CZn. (6)

Experimentally, the M s temperature varíes linearily w ith 
concentration and is given by M s =  3280 — 8000 CZn 
[K ]2), (CZn in atomic fraction). Using the measured entro- 
py o f transformation (3), the enthalpy difference is, cor- 
respondingly:

E» -  Em = (510 -  1250 CZn) R' (7)

(R' = k' • N, k' = the Boltzmann constant times 1 K, N 
= the Avogadro number).

It is not possible to describe the results in terms of only 
the measured first and second neighbour interaction 
energies in the p phase w ith  m {¿l7n = as otherwise
either an unreasonably high Af£n — A££u fo r the ele­
ments or a high electronic contribution A£e, has to be 
postulated, the latter is in contrast to the observation 
that the M s temperature is not correlated w ith  electrón 
concentration in ternary alloys. An estimation o f A£° for 
Cu and Zn can be made, using published valúes (1) for 
the energy difference between the bcc and hex phases of 
puré Cu and Zn, and approximating the orthorhombic 
martensite lattice by a mixture of a hexagonal and face 
centered phase. The valúes deduced in this way are A££u 
= 370 R' and A££, = 280 R'.
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In order to describe the experimental results it is there- 
fore necessary to include higher neighbour chemical ¡n- 
teraction energies. For lack of data it will be supposed
that Wr = m (31 = m r since the corresponding
neighbour distances are approximately the same. As will 
be shown w™Zn <  0, whereas wv®Zn >  0, and since m™z„ 
is intermedíate in distance between second and third 
neighbours ¡n ft, m {¿'uZn will be set to zero. Also the contri- 
butions from higher than fourth neighbours- will be neg- 
lected.

complete shielding o f the charged impurities by the con- 
duction electrons wíth wave vector k <  k r , where k f is 
the valué at the Fermí surface. For free electrons the 
charqe oerturbation Aq at large distances r  from  the im­
purities oscillates and is according to Friedel: Ag = A  
eos (2k fr  + y ) / /3 where A  and ip are constants that char- 
acterize the impuríty. Here it is assumed that the atomíc 
volume o f the impurity is the same as that o f the matrix. 
Correspondingly, the chemical ¡nteraction energies for 
sufficiently large r  can be rewritten as w (r)  = B eos (2k fr

Table 1. Distance d (¡n units of afcc) for /'-th neighbours in the martensite lattice.

neighbour i =

^ 4  c
d/aícc
fcc lattice 
hex lattice

1

1/2 1 11/3 1 1/2
0.7071 1.000 1.1547 1.2247

1 /2<1J0>  < 100>  -  1 /2 < j1 2 >
1/3<21J0> 1/6<4043> <0001> <0110>
1 /6<0223> 1/6<2463>

1 5/6 2 2 1/2 2 5/6 3
1.3540 1.4142 1.5811 1.6833 1.7321

<110> 1 /2<310> -  <111>
1 /3<2113> 2/3< 1120> 1/6<8263> <0111> 1/6<0883>

W ith these simplífications it is possible to determine 
m clzn f rom the measured M s temperatures, using as in- 
put data w '"Zn, w '*Zn and AE°Zn -  LE°Cu = - 9 0  R', which 
is so small that an error has a neglígíble influence on the 
result. The best agreement between eq. (6) and (7) is ob- 
tained for m l̂ Zn =  —125 k 'and  AE^ = 340 R'. The latter 
valué is in cióse agreement w ith the theoretical estímate 
derived earlier, and m {£lZn is o f a reasonable order o f mag- 
nitude. The main contribution to the concentraron de- 
pendence of E11 — EM comes from A ^ 2n, w ith 
6 2 /3  m {£uZn as the leading term. If, in a cruder approx-. 
imation AEZn — A££u and A £ ^ Zn had been set to zero, an 
^cúzn = —187 k' would have been obtained from the 
concentraron dependence of Ep — EM that is onlv 50% 
different from the more exact valué. This result shows 
that (within a factor of 2) the contribution of first and sec­
ond neighbour chemical interactions in /? and martens­
ite do not affect the results, provided reasonable esti- 
mates for the w [̂ Zn and m {¿uZn are used. This seems to be 
surprising, but as seen from  eq. (3) and (4) is due to the 
fact that the small m ^lz„ is associated w ith a large factor 
of 6 2 /3  in A £ ^Zn, whereas in A f ^  only the differences 
2 C z „  -  3 < Zn and 6 < Zn -  2 /3  m™Zn -  3 1 /3 m ^Zn 
contribute which remain small for reasonable choices of 
chemical interaction energies.

Hitherto, the transform aron enthalpy has been written 
essentially as the sum of a linear mixing term for the puré 
components A££uCCu + A£^nCZn and an additíonal term 
which describes the influence o f changes in the /-th 
neighbour pair population on transformation. It is in- 
structive to splít E° — EM ¡nto three terms instead: The 
first, giving the linear mixing term as before but the sec­
ond showing the contribution o f pair redistríbution in 
the disordered lattice (xA = 0), and the third term de- 
scribing the influence of order. In fíg. 1 are shown the 
three contributions: curve (a) corresponding to the first 
term, (b) to the contribution in the disordered alloy and 
(c) the sum for the ordered alloy. It is seen here that long 
range order decreases substantially the enthalpy of 
transformation, thus making the phase more stable 
w ith  respect to the martensite. The concentration de­
pendence of E0 — Em is also controlled mainly by the or­
der contribution.

The large range over which the chemical interaction 
energies are different from  zero is caused by the ¡n-

Fig. 1. The transformation enthalpy — f^ 1 between the /? 
phase and the martensite as a function of zinc concentration 
for binary Cu-Zn. Curve (a): The linear mixing term from the 
puré elements. Curve (b): The fí5 — £M for the transformation 
from a disordered f) phase. Curve (c): The result for the ordered 
alloy.

+ <|0/f3. These fluctuations have indeed been observed 
in various systems12). For Cu-Zn w ith  an electrón con­
centration o f e /a = 1.396 the wavelength of the oscilla- 
tio n s isA r = n /k f = 0.57 afcc = 0.21 nm. If 4> and B were 
known ¡t would have been possible to improve the calcu- 
lations o f A£^¿ and A£^¿ w ithin the free electrón approx- 
imation. An estímate fo r various <t> indícates however that 
the error ¡n replacing Af^2̂  by 6 2 /3  ¡s small (a fac­
tor o f 1.4 in the worst case). <t> has a larger influence on 
A^cüzn' but since this constitutes only a relatívely small 
contribution, especially to the concentration dependence 
of — H m, the error involved remaíns small.

The ternary Cu-Zn-X systems: The influence o f small 
concentrations of a third element X on the M s temper-
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ature had been determined experimentally by Pops7) and 
Pops and Ridley'3). They present their results in the form 
M s (K) = 3280 -  80Zn + 8 Ni -  30 Ag -  12 Au -  140 
Cd -  90 Ga -  145 In -  80 Ge -  175 Sn -  120 Si -  150 
Sb — 110 Al. The element symbols denote concentra- 
tions in atomic percent. For the present discussion it is 
more convenient to define a CZn by the zinc concentra- 
tion of the corresponding binary alloy w ith  the same 
transformation temperature M s, i.e. M s = 3280 — 8000 
CZn. Then the influence of a third element X can be de- 
scribed by a parameter f0: CZn =  CZn +  faCx .

In order to compare these results w ith  the calculations 
fo r ternary alloys (eq. (2) to (4)) approximations have to 
be made, since for most systems the chemical interac­
tion energies w ith the third elements have not been 
measured. Therefore it w ill be assumed that the chemical 
interaction energies between Zn and the third element 
can be neglected. This approach should work well in Cu- 
Zn-AI where w ZnAi and w®AI in the ¡i phase have been 
found to be approximately zero14), and fo r other Zn-X 
pairs, for which the binary Zn-X diagram does not in­
dícate ordering tendencíes. Thus, X = Ag and Au have 
to be excluded. Furthermore AfJ^x and A££ — A££u will 
be neglected fo r lack of data. This introduces some error 
¡n the evaluation for E? — EM but as ¡n binary Cu-Zn still 
shows the corrent trend. For B2 order, which ¡s of con­
cern here fo r small amounts o f the th ird element, we 
find:

,  Afcux + (Afg — A£gu) — A£¿”  x ~  m Z  (fl) 
0 A£cl2’n + (AE l  -  A£?u) -  A 4 ’ ’Zn x '" Zn m " ¡ n

Sb (B).

here, again CCuCZn +  xCuxZn and CCuCx + xCuxx have 
been línearised by xAB — Xab^b- As in binary CuZn the in­
fluence of a third element of M s is mainly controlled by 
the fourth neighbour chemical interaction energy. Inde- 
pendent measurements o f m ^  fo r CuZn do not seem to 
exist. On the grounds that impurity atoms X in a puré fcc 
copper matrix produce charge fluctuations and cause var- 
iations in the interatomic distances, it has been attempt- 
ed to correlate m™* w ith  the relative change in lattice 
parameter 1 /a fccda/dC x due to the addition of small con- 
centrations o f an element X.

If this reasoning is correct a relationship between 
1/atccda/dC x in the copper matrix and f0 should hold. In 
fig . 2 are plotted the experimental valúes fo r f0 from the 
M s determinations versus the lattice parameter change

for the used ternary elements15), except Ag and Au. As 
can be seen there is indeed a reasonable correlation be­
tween f0 and 1/afccda/dC x, the largest deviation occur- 
ring fo r Si.

Ni, which decreases the lattice spacing of Cu, also gives 
rise to a negative f0. These results also compare favor- 
ably w ith the observation that in the martensite structure 
the change in lattice parameter, i.e. in the c /a  ratio of the 
basic fcc martensite lattice varies linearly w ith  the M s 
temperature independent of the third element present, at 
least fo r X = Al, Si, Ga where X-ray measurements have 
been performed8).

The stress ¡nduced transformation o f the martensite 
from  the orthorhom bic to the fcc structure: When a mar- 
tensitic single crystal of appropriate orientation is stressed, 
a new face centered structure is ¡nduced5). The 
transformation from  orthorhombic to fcc involves only 
changes in third and higher order atom neighbours. An 
analysis o f the corresponding energy change gives im- 
portant additive information about the contribution of 
more distant atom pairs.

The transformation occurs by a shear on the orthorhom ­
bic (001 )0 basal plañe in a [ 100]o direction (in fcc notation 
(111 )fcc <112 > fcc) at a critical resolved shear stress t b 
which in Cu-Zn is strongly concentraron dependent. Al- 
though t B can be higher than the equilibrium stress be­
tween the tw o phases due to a frictional component, it 
had been argued6) that the concentration dependence of 
t b and of the equilibrium stress are the same. This would 
make it possible to  compare the results w ith  calculated 
energy differences between the orthorhombic and the 
fcc structure. This energy difference has been calculated 
in the same way as before for the binary Cu-Zn alloy, 
using up to ninth neighbour chemical interaction ener­
gies:

£ * «  _  =  Á ( E ,cc _  0  _  A m  ^  ( C c u C z n  +

+  *Cu*Zn> -  A ®  4uZnM ^ CuC2n ~  X CuXZn) (9 )

with

A '” £cuZnM =  - y -  ( - ^ c ü z n  +  ™CuZn ~  +  3m ™ Zn +

+ 2 C Zn -  2 < Zn + zn'9̂ )  (10) 

A '21 (2m ^Zn -  4m?uZn +  4m™Zn -

( 11 )

M E^C — £ “ ) includes the contributions that are not due 
to structure insensitive pair interactions. It can be de- 
composed into tw o terms

A ( ^ T  -  O  = { a (£2* -  £T> + A£e, (12)

the first representing the contribution, if the orthorhom ­
bic lattice were just a mixture of a disordered fcc and hex 
lattice, the second term gives the deviations caused by 
the regularices of the 3R stacking and by the influence of 
order on the electronic properties. Am££uZ“  and AI2I££UCZ“  
is 2 /3  o f the difference between fcc and hexagonal up to 
ninth neighbours.

The total Eicc — £ M can now be split into three terms: a) 
the contribution o f the disordered lattice if the martensite 
were a m ixture o f fcc and hex, b) the excess A£el and c) 
the order contribution. The first term is proportional to
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the stacking fault energy y in the a phase, which has 
been measured16) '018). The order contribution can be 
calculated using the m^uZn which was derived earlier. The 
y which has been measured in the a phase contains prob- 
ably a contribution from short range order at high Zn 
concentrations. Henee the y which are required for an 
evaluation of the completely disordered phase are lower 
and are likely to lie somewhere between the actually 
measured y as an upper lim it, and the linearily extrapolat- 
ed valúes from  low concentrations shown as curve A of 
fig. 3. When the calculated order contribution is added 
to A, curve B is obtained, using m ,3)uZn = m¡-4’Zn = —125 
k', and m “ uZn = 0 for i  >  4. The third curve C gives the 
lower lim it o f the stacking fault energy in the martensite 
phase corresponding to the stress t b as an upper lim it of 
the equilibrium stress between fcc and 3R. When com- 
paring curve B and C it is seen that B has a correct con­
centration dependence around CZn = 0.40, but is shifted 
to valúes lower than curve C. The energy difference 
(whose lower limits are indicated by a double arrow) then 
would be the additional term A£el.

If as an upper limit the order contribution is added to the 
actually measured y in the a phase, the data points (S) 
on curve C are closely reproduced w ithout requiring a 
A£el different from zero, although the slope o f C results 
somewhat larger than predicted (fig. 3).

It is evident that, on the basis of this discussion, an elec- 
tronic contribution A£el, if it is not zero, makes the 3R 
structure less stable than a mixture of fcc and hex lat- 
tices w ith  the same average stacking fault density. The 
reason for the frequent formation of the 3R martensite 
therefore seems not to be due to a higher stability o f the 
3R phase, but is probably due to compatibility require- 
ments (an undistorted habit plañe) imposed by the trans­
formation mechanism, a view that has been expressed 
earlier3).

Further work on ternary CuZnAl alloys is in progress20). 

The entropy contribution
An evaluation o f the entropy o f transformation not only 
serves to predict M s temperatures when the transforma­
tion enthalpy is known, but is also useful to describe the 
temperature dependence o f the critical stress which is 
necessary to induce martensite above M s. This latter 
aspect has found application in the construction o f heat 
engines21) 22).

The entropy difference can be broken into AS = ASv¡b + 
ASel + AScon{. Here ASv¡b is the contribution from  the lat­
tice vibrations, ASe, the electronic component and ASconf 
the configurational part. During the diffusionless marten- 
sitic transformation the configuraron does not change, 
therefore ASconf = 0. Since the transformation occurs 
w ithout volume change at a constant electrón concen­
tration and at a temperature far below the Fermi temper­
ature ASe, can be neglected.

In the fo llow ing it is attempted to calcúlate the transfor­
mation entropy for the binary Cu-Zn alloy in order to 
compare w ith the measurements which yielded AS = 
0.31 cal/g-atom  = 0.165 R3). It is convenient to separate 
AS into the sum o f tw o terms

AS = S” -  SM = (S» -  Sd“s) + (S;is -  S “ d). (13)

S'5 — Sdis is the entropy difference between the ordered ft 
phase and the disordered face centered a phase and is

measurable. (Sd¡s — S^d) is the remaining term. It had 
been shown that in martensitic Cu-Zn the stress which is 
necessary to transform the orthorhombic martensite into 
a face centered ordered lattice is temperature 
independent6). Consequently the corresponding trans­
formation entropy (S “ d — S"rd) is zero. It is justified 
therefore to replace Sdis — S “ d by Sd¡s — S°rd. Thus the 
influence of long range order on the entropy in the face 
centered lattice has to be evaluated.

In the Debye model the entropy change is related to the 
corresponding Debye temperatures O ^o rd ) and ©¡^(dis) 
by (Sdis — S “rd) = 3R In (©D(ord)/©D(dis)). The Debye 
temperatures can be determined from  the elastic con- 
stants cik. An approximation to calcúlate 0 D from cik has 
been given by Blackmann for c „  — c12 «  c ,,23 ) 24):

c3m = const — c12)(c „ + c12 + Z c^ )) '’2

Va the atomic volume. Thus

_ _5_ i (c^tcn  c 12)(cn + c12 + 2 c ^ ))ord
2 (c^(c“, -  c“2)(c°, + c°2 + 2c^))dis

Fig. 3. Measured stacking fault energies y for a phase Cu-Zn 
alloys (3).
Curve A: Linear extrapolation of y-values for cZn < 0.25.
Curve B: Calculated order contribution to A.
Curve C: Lower limit of the energy difference between 3R and 
fcc martensite, deduced from measurements of the critical 
transformation stress. The scale in y and £M — £*cc correspond 
to each other.

In ft brass the elastic constants have been measured 
through the order-disorder transformation range25). For 
the martensite phase the corresponding cik do not exist 
and therefore can only be deduced indirectly. In order to 
do this it will be assumed that long range order influenc- 
es only the central forcé contribution of the elastic con­
stants. Furthermore it will be postulated that the order 
effeets can be derived from a relationship between che­
mical energy versus pair distance, which is structure in- 
sensitive and thus the same for the bcc and the fcc struc­
ture. In the fo llow ing the effect o f order on cik w ill be 
analysed first in the /? phase. Subsequently the result will 
be applied to the fcc phase.
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The ¡nfluence of order on cík ¡n the p phase:

The measured elastic constants25) have been plotted as a 
function of lattice spacings26) for 48.1 at.%  Zn. The lat­
tice spacing instead of the temperature has been used in 
order to elimínate the contribution due to the lattice pa­
rameter variatíon duríng the order-disorder transforma­
tion. It is found that disorder decreases by 0.25 
M N /cm 2and cf, = c], + c^2 + 2 by 1.0 M N /cm 2.

The elastic constants can be expressed in terms of forcé 
constants27). In the general case tw o forcé constants a " , 
y "  are needed to express the nearest neighbour contribu­
tion and tw o additional ones a, p for next nearest neigh­
bours. For central forces a¡¡' = y "  and ftp = 0. The elas­
tic constants are given by

(a,, + ®«), C44 — K '  + /V ;

(c?, + e l)  =
1

A/3'a is the nearest neighbour forcé constant in the a 
phase, and is related to w(r) by

í  A  ( 1 dtv(/~) \
4r ár '  r  ñr 1ár

(20)

Neglecting again the term in á w (r)lá r, we obtain finally 
for A c ^ :A c ^  = aa/3a¡¡ Ac^, = 0.4 Ac^,.

A f o r  48.1 at.%  Zn was 0.25 M N /cm 2, for different 
concentrations we get then:

Xr.ÁcZn)xzAcz )
AcL (c7n) = AcL  (48.1 at.% ) Cu ' Zn ' Z n '  Zn ;

xr .,(48.1)x,n{48.1)
(21 )

and

(15)

For máximum long range order xCu = —xZn = cZn 
Ac^ = 1 • cZn (M N /cm 2). ThusAc^t = 0 .4 cZn (M N /cm 2). 
The elastic constants of the a phase at 40 at.%  Zn are 
obtained by extrapolating measured a phase valúes (in 
M N /cm 2): c°u  -  7.1; c°, — c“2 = 3.0; c°, + c“2 + 2c°M = 
37.1. Using these valúes we obtain for the entropy 
change on disordering in a Cu-40 at.%  Zn fcc alloy: S°áis
-  S“rd = 0.037 cal/g-atom  K = 0.019 R.

Thus for central forces c^2 = = 1/4 cf,. The observed 
relationship between the change in and cf, at the 
order-disorder transition is consistent w ith  the assump- 
tion of central forces and negligible second neighbour 
contribution. In the ordered alloy the forcé constants are 
averages of the contributiops from different atom bonds, 
and depend on the order parameters. Denoting by A a = 
— 2aCuZn + aCuCu + aZnZn, etc., the difference in contribu­
tion from Cu-Zn and Cu-Cu, Zn-Zn bonds, a simple 
counting leads to a'B' = 1 /2xCuxZnAa"; = 1 /2xCuxZnAa.

In the follow ing we set a¡¡ = 0, since it will not be needed 
for a discussion of the face centered lattice. A a "  is relat­
ed to the chemical interaction energy by

L a " =
1 d w[r) 
r ár

A l
4r ár

/ J_ dw(r) \ 
'  r ár '

(16)

The contribution of á w (r)lá r  to A a "  can be neglected. 
This is seen by approximating á w {r)!á r  by the difference 
ratio using known first and second neighbour chemical 
interaction energies’0)

dw(r) „  w m(r,) -  w w(r0) „  w m(eff) -  w l2,(eff)
ár

(17)

contributing less than 13% to the A a "  valué which was 
deduced from the experiment. This however lies w ithin 
the error w ith which the change in cik could be determined 
experimentally. Therefore the change in cw can be 
given by

a„ d2iv(r,)
'C u - 'Z nA C t — x ri,x7

4 ^  ár2
(18)

The influence of order in the martensite

The same equations can now be derived for the face cen­
tered structure a taking into account only nearest neigh­
bour central forcé constants27):

Ac°m =  A(cí, -  c“2) =  A(c°, +  c°2 + 2c°M) =

3a„
' A/3„ xCuxz (19)

Comparing this valué w ith the observed entropy change 
during the martensitic transformation, — S M =  0.165 
R3), it can be concluded that order in the martensite af- 
feets the transformation entropy negligibly and therefore 
S¡3 _  js approx¡mately the same as that between the 
equilibrium ft and a phases: Sp — S M — — S°.

This result is in complete agreement w ith the observation 
that S° — S M does not depend or depends little on com- 
position in Cu-Zn and CuZnAl in spite of the large in- 
fluence of composition on order.

The evaluation of S11 — S a is d ifficult due to the small d if­
ference in Debye temperatures for both phases. Debye 
temperatures have been determined from specific heat 
measurements at low temperatures for various a and ft 
phase compositions of binary Cu-Zn28) 29). Extrapolation 
to cZn = 0.4 yield a low temperature o f 0 D = 299 + 3 K 
for the a phase and 0 D = 265 ±  3 K fo r the ordered /? 
phase. For the Debye model an entropy difference of Sp 
— S° = 3 R In (©“ /©£) = 0.36 R is thus obtained from 
the low temperature Debye temperatures. Though this 
valué is of the correct order of magnitude it is higher by a 
factor of tw o. It is known that Debye temperatures de­
pend on temperature and on the physical quantities from 
which they are evaluated at higher temperatures. In or­
der to derive more reliable transformation entropies calo- 
rimetric data are therefore required.

Summary
The enthalpy difference between the high temperature 
bcc [) phase and the martensite, and between the ortho­
rhombic 3R martensite and the stress induced fcc phase 
has been calculated and compared w ith experimental re- 
sults fo r binary Cu-Zn and some ternary Cu-Zn based 
alloys. In addition, the entropy difference AS between /? 
and martensite has been estimated.

It is shown that the enthalpy difference £** — EM between 
P and martensite is mainly due to long range order contri­
bution from fourth nearest neighbour atom pairs in the 
martensite phase.

The fourth neighbour chemical pair interaction energy 
m ^x  of Cu w ith third elements X of small concentrations 
in Cu-Zn matrix has been related to their ¡nfluence on the 
transformation enthalpy E1’ — EM. It has been shown that
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a correlation exists between E11 — EM (and th u sm ^x ) and 
the change ¡n lattice spacing in the a phase fcc puré Cu 
matrix due to small additions of X.

The concentration dependence o f the stress which is ne­
cessary to induce an fcc ordered phase in a martensitic 
single crystal has also been analysed. It is shown that the 
addition of the long range order contribution from fourth 
neighbours to the measured and extrapolated stacking 
fault energies in the disordered fcc a Cu-Zn phase can re­
produce the measured concentration dependence of the 
critical stress.

It is shown that long range order has a negligible effect 
on the transformation entropy AS, in agreement w ith the 
observed insensitivity o f AS against changes of long 
range order.
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