
C
.N

.E
.A

. 
B

ib
li

o
t 

ec
a

*
*

rV
’VO

 
P

U
B

U
C

A
H

O
T

S

(U n  flí/
A cia  M e ta lú rg ica .  Vol. 27. pp. 777 to  784 0001-6160/79/0501-0777102.00/0
©  P erg a m o n  P ress  L td  1979. P rin te d  in  G re a t  B ritain

THE INFLUENCE OF SHORT-RANGE DISORDER  
ON THE MARTENSITIC TRANSFORMATION  

IN Cu-Zn AND Cu-Zn-Al ALLOYS

R. RAPACIOLI and M. AHLERS
Centro Atómico Bariloche, Comisión Nacional de Energía Atómica,

San Carlos de Bariloche, Argentina

(Received 26 M ay  1978; in revised form  27 September 1978)

Abstrae!—The transformation temperature, Aís in C u-Zn and C u-Zn-A l alloys is changed by quenching 
from temperatures, TQ > M s. In C u-Zn the quench from TQ leads to an increase in 1Vf„ whereas 
in Cu-Zn-Al, Aís is lowered compared to samples that are slowly cooled or have been aged at room 
temperature after the quench. The effect is ascribed to quenched-in disordered atom pairs in the long- 
range ordered matrix. The formation energies for disordered pairs have been calculated, and it is 
shown that in C u-Zn nearest-neighbour pairs increase M„ whereas in C u-Zn-A l mainly C u-Zn next- 
nearest-neighbour pairs control the change in M ,

Résumé—On fait varier la température de transformation M , dans C u-Zn et C u-Zn-A l en trempant 
á partir de temperatures Ta > M,. Dans Cu-Zn, la trempe á partir de Te produit une augmentation 
de JVÍS, alors que dans Cu-Zn-Al, M s est abaissée par rapport aux échantillons refroidis lentement 
ou vieillis á l’ambiante aprés la trempe. Nous attribuons cet effet á des paires d’atomes trempées 
dans l’état désordonné, dans la matrice ordonnée á longue distance. Nous avons calculé les énergies 
de formation des paires désordonnées et montré que dans C u-Z n les paires de premiers voisins augmen- 
tent M s, alors que dans Cu-Zu-Al, ce sont essentiellement les paires C u-Z n de seconds voisins qui 
contrólent les variations de M s.

Zusammenfassung—Die Umwandlungstemperatur M s in den Legierungen C u-Zn und C u-Zn-A l wird 
durch Abschrecken von Tem peraturen Tq > M s verandert. In C u-Zn führt Abschrecken von Tq aus 
zu einem Anstieg in M„ wohingegen M s in Cu-Zn-A l, verglichen mit langsam abgekühlten oder bei 
Raumtemperatur nach dem Abschrecken ausgelagerten Proben, erniedrigt wird. Der Effekt wird entord- 
neten, in die ferngeordnete Matrix eingeschreckten Atompaaren zugeschrieben. Die Bildungsenergien 
entordneter Paare wurden berechnet; es wird gezeigt, daB in C u-Zn Paare náchster Nachbarn M s 
erhóhen, in C u-Zn Al dagegen Cu-Zn-náchste Nachbarn die Ánderung von M s kontrollieren.

1. INTRODUCTION

In noble metal alloys the m artensitic transform ation 
is well characterized by the tem peratures Aís, A i A s 
and A f. M s and M f  are the tem peratures for the 
beginning and completion of the m artensitic transfor­
m ation on cooling from the phase, while A s and 
Af  are the corresponding tem peratures on reheating 
from the m artensite phase. These transform ation tem­
peratures are changed by mechanical stresses. The 
critical stress which is necessary in order to
induce the martensite and the tem perature depen- 
dence of are further im portant param eters
which are related to  the entropy of transformation. 
A study of the factors that may influence these par­
ameters is of interest, not only to better understand 
the underlying transform ation mechanisms, but also 
to  evalúate the conditions under which the properties 
of these materials are changed, an aspect which is 
im portant for their technological applications.

In an earlier paper [1] it had been shown that it 
is possible to change M s and the stress a ^ f M in single 
crystuls of C u-Z n-A l by a previous short-tim e heat- 
ing (‘flash heating’) to 300°C followed by a rapid 
quench. However, on ageing at room  tem perature the

stress a ^ M again decreased to  its norm al valué. Sub- 
sequently it was found [3] that M s can be changed 
not only by flash heating but also by a longer time 
anneal at tem peratures TQ above room  temperature, 
followed by a rapid quench.

The relationship between changes in the transfor­
m ation tem perature M s and the annealing tempera- 
ture Tq have now been studied in m ore detail in 
C u-Z n and C u-Z n-A l single crystals. The results are 
reported in this paper and an interpretation is given 
in terms of quenched-in short-range disorder in a 
matrix that is essentially long-range ordered.

2. EXPERIMENTAL METHODS

The ternary C u-Z n-A l alloy composition was 
C u-20 at.% Z n-14 at.% Al. The selection was based 
on requiring an M s tem perature in the experimentally 
accessible range (M s =  180 K for the present alloy) 
and on getting single-phase alloys which do not 
decompose on therm al treatm ents, thus limiting the 
com position to  an electrón concentration near 1.48. 
In addition a Cu-39.1 at.% Zn alloy with M s = 146 K 
was studied. Both alloys were prepared by melting 
99.99% puré metáis in sealed quartz tubes with an
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argón atm osphere. Single crystals were grown in 
sealed quartz tubes in the usual way by the Bridgman 
method. Subsequently these single crystals were 
spark-m achined into cylindrical samples of 50 mm 
length and 2.5 mm dia, and annealed at 850°C for 
24 h prior to  all further treatm ents. All treatm ents 
of the ternary alloys were performed in air, since it 
had been shown that the zinc loss is negligible. The 
binary [i C u-Z n  alloys, however, had to  be encapsu- 
lated for each heat treatm ent due to the rapid loss 
of Zn at higher temperatures.

The influence of the heat treatm ent was followed 
by measuring changes in the electrical resistivity in 
the f¡ phase a t 0°C and by determining the transfor- 
m ation tem peratures, also by electrical resistivity.

3. EXPERIMENTAL RESULTS

The tem peratures M s, M f  and A f  were determined 
immediately after quenching from the tem perature TQ. 
After each transform aron  the sample was reheated 
to  700°C prior to  the next heat treatm ent at Tq. This 
annealing process is essential in order to elimínate 
the effects of the m artensitic transform ation on the 
13 phase [2]. The M s tem peratures that are measured 
after quenching from TQ depend on TQ and are differ- 
ent from those obtained after slow cooling. If, how­
ever, the specimen is annealed at 0°C (i.e. above M s) 
after being quenched from TQ, M s depends on ageing 
tim e and converges to  a valué M s(0) which is indepen­
den t of Tq for quenches below TQ = 200°C, and is 
identical to the M s valué for slowly cooled samples. 
For quenches from higher tem peratures TQ > 200°C, 
asym ptotic valúes of M s which differ by less than 4 K 
are found. The variation of M s (TQ) — Aís(0) vs TQ 
is shown in Fig. 1 for the C u-Z n-A l alloy and in 
Fig. 2 for the binary C u-Zn. It is found that by 
quenching from 7¿, M s is depressed in C u-Z n Al but 
is increased in C u-Z n, though to a smaller extent. 
It has also been verified that other C u-Z n-A l alloys 
with e/a = 1.48 and M s between 100 and 300 K 
showed the same effect. The change in M s is indepen- 
dent of the num ber of the previous reheating and 
quenching cycles.

Fig. 1. Change of Af, temperature as a function of quench­
ing temperature Te for Cu-20at.% Zn-14at.% Al.

Fig. 2. Change of M, after quench from TQ for Cu-39.1 
at.% Zn.

In previous publications [3, 6] the electrical resisti­
vity measured at 0°C in the [í phase has been found 
to show a similar dependence on the quenching tem ­
perature, although for both alloys this param eter in- 
creases by quenching. In Fig. 3 the difference p(TQ) — 
p(0) between the resistivity of the quenched ternary 
alloy and that after a long-time anneal at 0°C is plot- 
ted vs M s (Tq) — M s (0) for a Tq range that spreads 
from room  tem perature to  660°C. The cióse relation- 
ship between the two param eters is evident. W ithin 
experimental scatter the tem peratures M f , A s and A¡ 
shift by the same am ount as M s, implying that the 
hysteresis is not changed by a quench from TQ.

Transm ission electrón microscopic (TEM) studies 
have determined the time at which precipitates start

Fig. 3. Difference AM s  between M s after quench from T q  

and after slow cooling to 0°C vs the corresponding 
change in resistivity for three Cu-Zn-Al samples of the 
same composition:

Tq 200°C (▲, □, • )  and TQ > 260°C ( + ).
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to  be visible in the alloys at a given T q  tem perature
[3]. For the present alloys the annealing times at T Q 

are considerably shorter than the time for precipi- 
tation to start. This should preclude the appearance 
of new phases during the heat treatm ent at T q .

Some electrical resistivity measurements in the fi 
phase C u-Z n-A l have been made in addition to those 
reported in [3]. Samples were quenched from various 
Tq $  200°C to 0°C, and the increase in resistivity 
p{TQ) — p(0) was determ ined at 0°C. The p(0) 
obtained after prolonged annealing at 0°C was inde- 
pendent of Tq and agreed with the valué obtained 
when the sample was slowly cooled from higher tem- 
peratures. However, when the sample had been 
quenched from a TQ above the 7¡K)3 tem perature, 
where ordering in next-nearest-neighbours to a D 0 3 
structure occurs [4], p(Q) after a 0°C anneal remained 
somewhat higher (Ap = 3.10“ 7 fi cm) than the valué 
for the slowly cooled sample. By TEM  it was 
found [4] that samples quenched from above Too 3 
had a dom ain size of a few hundred Ángstrom 
whereas quenching from below TDO¡ resulted in con­
siderably larger dom ains of 0.1 p. D uring ageing at 
0°C the dom ain size did not change. Thus domain 
boundaries have a negligible effect on p and M s.

F or specimens quenched from TQ S  170°C the 
quench velocity was not critical. This was tested by 
keeping the samples a few seconds in air before sub- 
merging them in water at 0°C. In all cases p( TQ) 
remained the same within the experimental scatter. 
O f course this result does no t rule out the existence 
of an additional com ponent which anneals out very 
rapidly. For Tq  > 170°C the quenching velocity 
becomes increasingly im portant [6, 7] and quantita- 
tive evaluations become less reliable, unless the 
quenching velocities are measured precisely. F or this 
reason results for Tq below 200°C will be considered 
for the discussion that follows. In Fig. 4 is shown 
Ap  =  p(T q ) — p(0) for C u-Z n-A l as a  function of I/ T q 

in a semilogarithmic plot. The results of Fig. 4 can 
be described by a linear relationship with a slope of

Qf =  d ln (p ( rQ) -  p (0 )¡/d ( l/D  =  (1500 ±  100)/c,

where k = 13.8 x 10 24 J is the Boltzmann constant 
multiplied by 1 K.

4. D ISCU SSIO N
The change in the M s tem perature after quenching 

from T q  below 200°C is due to a change in the differ- 
ence of the internal energy A H  = H f  — H M between 
the (i phase and the m artensite Ai, because neither 
the hysteresis given by A f  -  M s ñor the entropy dif- 
ference AS = Sp — SM between the two phases is 
affected by quenches from T Q <  200°C. The latter 
result had been obtained by measuring the critical 
stress cr£"M as a function of tem perature for various 
7 ¿[1 ].

The effect of quenching can either be due to 
changes in A H  related to domain boundaries or to 
energy changes inside the ordered domains. It is 
unlikely that dom ain boundaries contribute signifi- 
cantly, for the following reasons: a large change in 
dom ain boundary area produces only small changes 
in Aís for ternary C u-Z n-A l alloys after ageing at 
0°C. In binary C u-Z n the dom ain size after quench­
ing from below TBl is so large that the increase of 
M s with rising Tq < 200°C cannot be due to  domain 
boundaries. Finally, the linear relationship between 
A M S and (p — p 0)/p0 of Fig. 3 is independent of TQ,
i.e. independent of the domain size, serving as a 
further indication that quenching effects change the 
properties within the domains. The fact that quench­
ing effects anneal out at such low tem peratures as 
0°C suggests that only defects of atom ic size can be 
responsible for the ageing effects in M s and p. The 
most reasonable choice is quenched in short-range 
disorder in a long-range ordered matrix [3 ,6]. For 
Tq < 200°C it will be shown later that the am ount 
of quenched-in disorder is small and therefore it is 
possible to describe it approximately by non-interact- 
ing disordered pairs which are obtained from the 
long-range ordered matrix by interchanging the corre- 
sponding atom  pairs.

The m artensitic transform ation is diffusionless and 
therefore the m artensite inherits the disorder from the

2 2  2 4  2 6  2 8  3 0  32

Fig. 4. Resistivity change referred to the resistivity at 0°C vs 1 /Tq , where TQ is the quench temperature. 

a.m. 27 /5— f-
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phase. Henee, for an evaluation of the enthalpy 
change on transform ation it is necessary to  evalúate 
the concentration of disordered pairs in the /¡ phase 
and to  determine the energy change of each pair dur- 
ing the transformation.

4.1 Short-range disorder in the binary [i phase C u-Zn

Clark and Brown [6] have measured the resistivity 
change p(TQ) — p(0) =  Ap for Cu^I8.5 at.% Zn after 
quenching from various TQ. They found that p(TQ) 
increases with TQ for TQ <  230°C, and obtain 
a ‘form ation energy’ Q f =  0.31-0.34 eV (i.e. 
3.8 x 103fc-4.1 x 103k). They analyse their results 
in terms of single nearest-neighbour disordered 
C u-Z n  pairs in the long-range ordered matrix and 
calcúlate the form ation energy for pairs by taking into 
account only nearest-neighbour interactions between 
atom s, and by estim ating the corresponding chemical 
interaction energies from the ordering tem perature in 
C u-Z n they get a formation energy for pairs of 
0.22 eV (2.6 x 103 k) which is considerably lower 
than the experimental valué. The calculations can be 
im proved if next-nearest-neighbour interactions are 
included and if the chemical interaction energies are 
used which have been determined recently by Inden 
[8]. The valué of the form ation energy for pairs Epr 
in this approxim ation is deduced as follows: the 
chemical interaction energy between atom  A and B 
is defined as

wÜ'b =  - 2  W %  + +  W " ,

where W {£k and are the bond energies for 
AB, AA and BB atom  pairs in next-neighbour (‘nn \ 
i =  l) or next-nearest neighbour (‘n n n \ i — 2) posi- 
tion, respectively. If p'Cu is the probability of having 
a Cu atom  in the Cu-rich sublattice (for complete 
long-range order p'Cu = 1, if the concentration CZn ^  
0.5), the internal energy of a given atom  distribution 
can be calculated by counting the num ber of bonds 
and multiplying them by the corresponding bond 
energies. This is the basis of the Bragg-W illiam s- 
G orski model, which describes long-range order [8].

In the present case only the change in nn and nnn 
has to be considered. Doing this the formation energy 
of a wrong pair, obtained by an interchange of a nn 
C u-Z n atom  pair, is

Ep =  (14 Wcuz,, — 12 Wc^zJÍPcu — 1 +  CZn).

From  [8] w ^ , ,  =  955k, =  535k, and if com ­
plete long-range order P'Cu =  1 is assumed, a form a­
tion energy for pairs of ESF =  6950 K. CZn =  3370/c =  
0.29 eV for Cu-48.5 at.% Zn is obtained. £f- depends 
on the tem perature through P'Cu which decreases 
when Tq  approaches the order-disorder tem perature 
rB2. The decrease in £f leads to a stronger increase 
in the num ber of disordered pairs than if ££ were 
constant. This can be seen as follows: the num ber 
of pairs n is proportional to exp( — E $ (T )/ k BT ) -,  the 
derivative of ln n with respect to  1/T,

(d in  n /d l /D  =  (-E U T )/k„ ) -  dE ‘‘(T )/kBT d (\¡T )

has an additional term that is due to the tem perature 
dependent £'/( T ). Since £ f  decreases with increasing 
tem perature, d£ f{T )/d(l/T ) >  0 and |d  ln n /d (l/T ) | 
>  E ^T y k g . F ar below the order-disorder tempera- 
ture PlCu is cióse to  1 and better approxim ations than 
the B ragg-W illiam s-G orski model are required to 
obtain the valué that has to be added to  the calcu­
lated £'£ in order to  com pare with m easured QF. It 
is possible that this factor accounts for the small dis- 
crepancy between Ef- = 0.29 eV and Qf =  0.31
0.34 eV measured by C lark and Brown [6]. A second 
point has to be kept in mind: the difference Ap = 
P (T q ) —  p(0) has been measured. If the correct contri- 
bution of the disordered pairs at 0°C had been added, 
the slope (in the semilogarithmic plot) would have 
been smaller. This contribution can be neglected for 
C u-Z n because EPF is sufficiently high but becomes 
im portant for the ternary alloys with the lower ££, 
as will be shown later. There is thus some confidence 
that the resistivity changes are due to isolated dis­
ordered nearest-neighbour C u-Z n atom s, whose for­
mation energy can be calculated from known chemi­
cal interaction energies.

4.2 Short-range disorder in the ternary j) phase Cu- 
Z n -A l alloys

In the ternary alloys, ordering to  a B2 and a t lower 
tem peratures to a D 0 3 structure has been observed
[4]. For the alloys used in the present investigation 
the B2 and D 0 3 ordering tem peratures are at 810 
and 580 K, respectively. The evaluation of short-range 
disorder in the ternary alloys is m ore complex than 
in ¡i phase C u-Z n due to  the larger num bers of pair 
combinations. In addition, atom  interchanges 
between nnn positions have to be considered. As for 
C u-Z n, it will be assumed that isolated wrong atom  
pairs exist in equilibrium in the long-range ordered 
matrix. This is a useful first approxim ation, which 
may become unreliable when the tem perature gets 
cióse to  the ordering tem perature.

Long-range order in the ternary alloys is described 
with reference to a lattice which is divided into four 
sublattices I-IV , as shown in Fig. 5. In each of 
the four sublattices J, the occupation possibility P'A 
of having an atom  A on its site is independent of 
the position on the sublattice. The P \  th a t corre- 
sponds to the máximum degree of long-range order 
in an alloy with Cu concentration CCu >  0.5, which 
are of interest here, are:

Pcu =  Pcu =  1 p"\ = p'cl = 0,

Pcu =  4CCu — 2 p 'Z = 4Ca,

Several p \ are zero for perfect long-range order and 
can be expected to  remain small at tem peratures suffi­
ciently below the order-disorder tem peratures. Their 
contribution therefore will be neglected in the follow- 
ing discussion. Six disordered atom  pairs are then
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Fig. 5. Schematic drawing of the ¡i phase lattice denoting 
by I-IV the four different sublattices.

considered and are listed together with their calcu- 
lated formation energies. The atom s of the pairs are 
labelled by the sublattice on which they would be 
positioned in a perfectly ordered lattice, and whether 
they are nn or nnn pairs:

£ íknnA llvCu') =  « Zn +  w ^ ,  -  w<z‘n>AI)

x (2p 'l  +  1.5p'zvn)

+  M 'u A I P p a Í +  1-5p'Z)

~  3(wcu)Zn +  vvcJai

-  *% ía)Pza ~  é w ^ ip " 1,.

The formation energies for nn Z nlvC u‘ and Zn"'C ul 
are obtained by interchanging the corresponding 
labels.

££(nnn Z n,vCuln) =
-síwñzn + w&v, -  zzy&jzM -  íoŵ v.,,

and correspondingly for nnn A l'vC unl and AllvZnln. 
The abbreviation Z A =  y(p"‘ — pAv) has been used. 
The chemical interaction energies are listed in the 
table:

U.0')WAB CuZn CuAl AlZn

nn 955k (1345 +  25)k ( - 5 0  +  100)/t
nnn 535 k (825 +  15)* (200 +  \00)k
Ref. (8) (4) (4)

For the alloys with M s =  180 K the following 
numerical valúes for the form ation energies Epr are 
obtained (in units of 103Ac):

The predictions can be com pared with the measure- 
ments summarized in Fig. 4. As has been discussed 
above, two points have to be kept in m in d : first, only 
the difference Ap =  p(TQ) — p(0) can be measured 
and, second, the real formation energy FJ¡.- is in itself 
a function of tem perature through the tem perature- 
dependent long-range occupation probabilities p'A. 
F o r the pairs considered here E1? decreases with in- 
creasing tem perature (except nn ZnIIICul pairs, whose 
££ has been found to increase with temperature). 
Consequently the E[ are smaller than the QF deduced 
from the slope of the experimental curves. Com paring 
the experimental valué of QF =  (1500 ±  100)/c with 
the calculations, it can be stated at this point that 
nn Z nlllCu1 and the nnn pairs can contribute to the 
resistivity change Ap. It will be shown later that of 
all the pairs the ZnIVCunl pairs are the most impor- 
tant in changing M s.

4.3 The influence o f  short-range disorder on the 
martensitic transformation

The concentration of the disordered pairs is not 
changed during the transform ation and is given by

«a'b =  « 0 ) e x p  -  £f(A,B)//cBTQ,

where m A b ( 0 )  is the concentration of possible pair sites 
for nn (i = 1) or nnn (i =  2) interchanges of atom s 
A and B. £¡Í(A, B) is the corresponding formation 
energy in the /? phase. Due to the change in the crys- 
tal structure the energy of a disordered pair in general 
will be altered during the transformation.

If A £  =  ££(A, B) — E f  (A, B) is the difference in the 
formation energy of a pair (A, B) between the two 
phases, then the change in internal energy is given 
by

<5 AH =  Y. [££(A,B) -  £"(A , B )K » t(0)
A,B

X  exp -  ££(A, B)/kBTQ.

The corresponding variation in M s is SM s(TQ) = 
SAH /AS  (the sum is over all possible disordered 
pairs). The difference in M s between a sample 
quenched from Ta and slowly cooled to  0°C is then 
AM s =  SM s(Tq) — <5Aís (0°C). The observation that 
AM s and p(TQ) — p(0) are proportional among them- 
selves indicates that the same type of pairs are respon- 
sible for the resistivity changes and for A M S. There-

Al'vCu' ZnlvCu' Znll,Cul Al'vCum ZnlvCu"' AllvZnlu

4.3 ±  0.2 3.5 ±  0.1 2.0 ±  0.1 2.6 ±  0.1 1.8 ±  0.2 0.7 ±  0.3

The calculations show that nn AllvCu' and nn 
Z nIVC u‘ pairs have higher form ation energies, and 
therefore are present only in negligible concen- 
trations. On the other hand the nn AllvZnln have a 
small energy of formation, whose valué is quite uncer- 
tain, since mainly contributes. The remaining
pairs have similar valúes for the formation energies.

fore the results from the previous two paragraphs 
allow us to  evalúate FJ¡,.

The differences in pair formation energy A E f =  E1/
— £ “  between the two phases have been calculated 
and are listed below. In the close-packed martensite 
structure nnn atom  distances are considerably larger 
than nn distances, and the nn contribution to the pair



782 RAPACIOLI a n d  AHLERS: ORDER AND THE MARTENSITIC TRANSFORMATION

form ation energies is expected to dom ínate £ “ . 
Therefore chemical interaction energies between more 
distant nn neighbours for m artensite have been neg- 
lected. If it is assumed that the interaction energies 
depend only on the distance between atom s and not 
on the crystal structure, then they should not be very 
different in the two phases, since the interatom ic dis- 
tances are only 2-3% larger in the m artensite than 
in f¡. Equating the nn chemical interaction energies 
in the m artensite with that of the /? phase valué w^B, 
the following AEF are obtained:

A £F(CuZn) =  ( 4 < z „  -  6w g Zn) ( ^ u -  1 +  2CZn).

F or the ternary C u-A l-Z n  alloys, using the same 
labelling as before, one gets for the nn AllvCu‘ pair:

A £F(nn AllvCu') =  (2w,c1u)Zn -  3wl¿¿z„

+  -  3w£¡ai -  2<Vz„

+  3wM2.n)p'zn +  2 ( 2 ^ ^ ,

-  3w£JAi)Pai.
An nnn pair in the phase can transform  to two 
different nnn pairs in the martensite, depending on 
whether the pair has its elongation parallel to the 
Bain axis or norm al to  it. The Bain axis is the <100)^ 
direction in the /? phase, which transforms into a 
<100)^  direction of an f.c.c. martensite. Therefore the 
nnn pairs are labelled by the additional Symbol N  
and P  for pairs norm al and parallel to  the Bain axis, 
respectively:

A £F(nnn Z nlvCu,M, N ) =  (3 < > Zn -  5w[2>-/n

+ ÍW^Al -  Sw&’a,

-  3w(A‘̂ n +  5u,(̂ n)Z A1

+  2(3wcu)Zn — 5wc,|Zll)ZZn,

A £F(nnn Z n,vCu"', P) = (4w<c1u)Zn -  5w(c2u’Zn

+  ‘M 'uAi -  5 ^ ,

-  +  5w(AiZn) Z A|

+  (Sw^’zn -  lO w g zJZ z^

The A £F for the other pairs are obtained by inter- 
changing the labels correspondingly.

Specifically for binary CuZn (Af, =  146 K) in its 
long-range ordered State p'Cu =  1 we get A £f (CuZn) 
=  480 fe. F or the CuZn Al with M s = 180 fe the 
valúes are listed in the following table in units of fe:

quantities and consequently the resulting numerical 
valúes for A £f  have a long range of uncertainty. 
However, when com paring A £f of the different pairs, 
one feature becomes evident: nearest-neighbour dis­
ordered pairs always have a lower form ation energy 
in the m artensite than in the /? phase, whereas next- 
nearest-neighbour CuZn and CuAl pairs have a nega- 
tive AE F and thus a higher form ation energy in the 
martensite.

The com parison with experimental results of 
Figs. 1-3 permits the following conclusions: the sign 
of the change in M s tem perature with TQ is deter- 
mined by the sign of A £F. In binary C u-Z n, M s in- 
creases with Tq íí 200°C, in agreement with the pre- 
dictions of a positive AEF for nearest-neighbour pairs. 
The máximum change in Afs is about 6°C ; this small 
effect is due to the high form ation energy £ F in CuZn. 
which keeps the concentraron  of disordered pairs 
low. From  the experimentally determ ined AAfs and 
an appropriate valué for £'/. a AEF can be deduced 
which can be compared with the calculated AEF from 
above. Using the theoretical E'F = 2720fe for 
C u-39 .14 at.% Zn which had been calculated before, 
AEf =  (800 ±  100)fe is obtained, which agrees within 
a factor of two with the theoretical A £f =  480fe. 
However, if the QF measured by Clark and Brown 
for Cu-48.5 at.% Z n are inserted for ££, taking into 
account a correction corresponding to the different 
com position resulting in 2900fe ^  E'F <  3200fe, a AE F 
between 1200/c and 2200fe is deduced from the 
measured AA/S. This shows that the AEF valúes are 
very sensitive to  the exact £f-. As has been discussed 
before, the TQ dependence of the electrical resistivity 
gives a Qf that is only an upper limit to  the real 
££. This would explain the better agreement in AE F 
for the calculated EF than for the measured Qe.

In the ternary alloy a decrease of A/s by some 40UC 
for Tq sí 200°C is observed (Fig. 1). A decrease in 
Aís is predicted only for next-nearest-neighbour CuAl 
and CuZn pairs, indicating that the concentration of 
nnn pairs that are quenched from TQ control the 
change in A/s. The calculations suggest that the con- 
tribution from nnn C u '"Z nIV pairs is larger than that 
from the nnn CulnAllv pairs, since AEF is smaller and 
££ is larger for the latter. This is further supported 
by the cióse relationship between AAÍS and Ap 
(Fig. 3), which is independent of TQ. If different pair 
types were present in com parable amounts, their con-

AllvCu' Z n 'vCu' ZnmCu' AllvCu'" ZnlvCuMI Z nMIAllv

430 ±  130 220 950 ±  200 N  0 +  65 
P -8 5 0  ±  75

-3 6 5  +  170 
-1 1 0 0  ±  190

365 +  380 
250 +  420

The error limits have been calculated using the 
errors of the m easured interaction energies w^Jai and 
w<Aizn W - Since the error for wír1u)Zn is no t known, it 
has been set to zero. In the formulas for A £f enter 
the differences 2w{/¡¿ — for nn pairs, and 3w(¿ ’ — 
5 » ^  or 4w(/¿J) — 5w{¿¡ for nnn pairs. These are small

tributions to the electrical resistivity and to M s would 
vary in different ways with tem perature, and therefore 
a tem perature-independent relationship between AAfs 
and Ap would not be expected to  hold. In the follow­
ing, therefore, only the contribution from C u"'Z nlv 
nnn disordered pairs will be considered. Their con-
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centration at 200°C in the p  phase is 1.10 3—2.10 3, 
when using the calculated formation energies, and 
”cuzn(0) =  iPcuPzn =  7.10~2. Thus their concentration 
remains sufficiently small even at TQ = 200°C, and 
a description by disordered pairs is justified. Alterna- 
tively, the small valué makes it difficult to  determine 
the pair concentration by an independent experimen­
tal method.

After the m artensitic transform ation, only j  of the 
C u"'Z n,v pairs have their axis parallel to the Bain 
axis, therefore the average theoretical A E F is

AE F =  j  A £f(CuI"Z nlv, P)
+  §A£f(Cu"IZ nlv, N) = - 6 1 0 k. 

Using the abbreviation

0  =  e x p (-£ ^ //c BTQ) -  exp( —£^/273/cb),

the change in the transform ation tem perature M s can 
be rewritten as

<2> = ------— ------A M s.
A £fnCuz„(0) s

<P has been calculated from the measured AM s of 
Fig. 1 and is plotted in Fig. 6 as a function of \/T q 
in a semilogarithmic plot (symbol • ) . For the present 
alloy the calculated A £f  =  —610/c, A S  =  0.155fcBfrom
[5] and nCuzn(0) =  7.10-2 were used to evalúate the 
proportionality  factor between <P and A M S. The data 
of Fig. 6 lie on a straight line with the slope 1400/c. 
The rem aining two curves of Fig. 6 show the tempera- 
ture dependence of (I> for two different E£, denoted 
by □  for ££ =  1370/c and +  for ££ =  850k. The cor­
responding slopes have the valúes 1600/c and 1400/c, 
which are higher than £(.' and quite insensitive to  vari- 
ations in EJ’f . Thus the can be deduced from the 
measured tem perature dependence of AM s only 
within a large error margin.

The best agreement seems to  exist between the

<t>(AMs) curve ( • )  and an E[ =  900/c. This would im- 
ply, however, a discrepancy with the calculated ElF 
for C un,Z nlv pairs by a factor o f two. If, on the other 
hand. an E£ =  1370/c were valid, corresponding to an 
upper limit of 1600/c in the slope of $(A M ,|. according 
to the results of Fig. 4, then the AE F in the propor­
tionality factor between <P and AM s had to be in- 
creased by a  factor of 2.5 in order to  obtain agree­
ment.

Thus it can be stated that E'F and AE F agree by 
more than a factor of 2.5 with the calculated valúes. 
Taking into account the approxim ations made and 
the uncertainty in the measured chemical interaction 
energies, this is a highly satisfactory result, which in- 
dicates that the approach described in this paper is 
a valid one and permits a description of the influence 
of short-range disorder on the m artensitic transform a­
tion in long-range ordered brass.

5. SUMMARY

(1) The electrical resistivity and the transition tem­
perature M s in C u-Z n and C u-Z n-A l alloys is 
changed by quenching from the tem peratures TQ 
above M s. In C u-Z n quenching leads to  an increase 
in M s smaller than 8 K, and in C u-Z n-A l it produces 
a decrease of M s up to  40 K.

(2) The results are interpreted by supposing that 
single disordered atom  pairs in a long-range ordered 
matrix are produced in therm al equilibrium at TQ and 
that they are retained after quenching. Their forma­
tion energies are calculated using existing data for 
chemical interaction energies between atoms. It is 
shown that in C u-Z n the form ation energy of nearest- 
neighbour C u-Z n pairs is in good agreement with the 
experimental results of C lark and Brown [6], In ter­
nary C u-Z n-A l mainly next-nearest-neighbour disor­
dered pairs are quenched in.

(3) The formation energy of disordered nearest- 
neighbour pairs in the binary C u-Z n m artensite is 
smaller than in the fi phase. The m artensite becomes 
more stable with respect to /? and M s is increased 
by only a small am ount because of the small concen­
tration of the disordered pairs. Alternatively in Cu 
Z n-A l mainly next-nearest-neighbour disordered 
CuZn pairs contribute to  the change in M y Their 
presence increases the energy of the m artensite with 
respect to p  and thus lowers M v The formation 
energy of the pairs in the fi phase is considerably 
smaller than for CuZn. Consequently the pair concen­
tration is higher and quenching leads to larger vari- 
ation in M s. The m easured form ation energy in the 
fi phase and its difference between fi and m artensite 
agrees by a factor of more than 2.5 with the calculated 
valúes.
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