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The Stress Induced Phase Transformation in Martensitic Single

Crystal of CuZnAl Alloys

Gabriel Barcel6, Manfred Ahlers and Ricardo Rapacioli
(Centro Atémico Bariloche, Comisién Nacional de Energia Atémica, S.C. de Bariloche, R.N. - Argentina)

The critical resolved shear stress for the transformation from martensite to fcc has been measured for ternary CuZnAl
alloys. It is shown that the energy difference between the disordered fcc a phase solid solution and the ordered mar-
tensite at the same composition is the sum of an order contribution from fourth nearest neighbor pairs and of a term
which is determined by the a phase stacking fault energy. Implications on martensitic transformations are discussed.

Spannungsinduzierte Phasenumwandlung in martensitischen Einkristallen von CuZnAl-Legie-

rungen

Es wurde die kritische Schubspannung fir die Umwandlung von Martensit zu einer flichenzentrierten Phase in
Cu-Zn-Al-Legierungen gemessen. Es wird gezeigt, dal? die Energiedifferenz zwischen dem ungeordneten a-Mischkri-
stall (kfz} und dem geordneten Martensit aus zwei Anteilen besteht, einem Beitrag zur Fernordnung, der durch die
Wechselwirkung viertndchster Nachbarpaare beschrieben werden kann, und einem Beitrag, der durch die Stapelfeh-
lerenergie im a-Mischkristall bestimmt wird. Es werden Schluf3folgerungen bezliglich der Martensitumwandlung ge-

zogen.

A martensitic CuZn single crystal can be produced by
stressing in tension a single crystal of ordered bcc
phase of favorable orientation above the M, temper-
ature') 2). With further stressing and beyond a critical va-
lue T3 the martensitic single crystal itself gets deformed
with the formation of a new phase having a different lat-
tice')?). Surface observations have shown that this
structural transformation is associated with a shear on
the close packed (001) plane of the 3R orthorhombic
martensite in the direction [100] (corresponding to a
{11}y <112>,, system in a face centered lattice)’). It
has been concluded that the new phase is a long range
ordered structure closer to fcc.

In binary CuZn the critical resolved shear stress 1 is tem-
perature independent but varies with the alloy composi-
tion'). On unloading the fcc phase persists in the binary
CuZn alloys even below 15, and disappears only simul-
taneously with the retransformation to the 8 phase’), in-
dicating that a hysteresis exists between the stress 1, for
the transformation to fcc and the stress t,,,, for the re-
transformation from fcc to martensite. If the hysteresis
were absent T, would be a measure of the difference in
free energy between the orthorhombic and the fcc long
range ordered structures. It had been argued for Cuzn?)
that although the hysteresis probably is not zero it is con-
centration independent, thus allowing to determine the
concentration dependence of the free energy difference
between the two phases.

The composition range in which martensitic single crys-
tals can be obtained in binary CuZn is very limited, rang-
ing from about 39.4 to 40.4 at.% Zn. More extensive var-
iations in composition are, however, possible with ter-
nary CuZn based alloys, that in addition provide the pos-
sibility to study the influence of electron concentration
on martensite transformation temperature M.

Measurements of the critical stress have now been made
in ternary CuZnAl alloys and are reported in this paper.
As will be shown, the influence of long range order and
of electron concentration can be separated and the con-

tribution from the hysteresis can be evaluated. The re-
sults are analysed in terms of a long range order contri-
bution that can be described by fourth neighbor pair in-
teraction energies and an electronic contribution that de-
pends only on electron concentration.

Experimental Methods

Ternary Cu-Zn-Al alloys were prepared by melting
99.99% pure metals in sealed quartz tubes under an
inert, argon atmosphere. Cylindrical 8 phase single crys-
tals were grown subsequently, also in sealed quartz
tubes by the Bridgman method. Two sets of alloys were
prepared, one of constant electron concentration e/a =
1.48 with varying Mg temperature, and the other with a
constant Mg of —50°C, but differing in e/a ratios. The
M temperatures were obtained from electrical resis-
tance measurements. Samples for tensile tests were pre-
pared by spark machining the single crystals. The central
part had a length of 20 mm and a diameter of 2.6 mm. At
the ends the samples had shoulders that fitted into the
grips of the tensile testing machine.

The orientations of the tensile axes as referred to the bec
lattice were determined by X-rays and are shown in fig.
1. Table 1 provides a list of the crystals with their compo-
sitions and the measured Mg. All samples were solution
treated, to begin with, at 800°C and then air cooled.
Quenching was avoided so as to eliminate quenched-in
defects that otherwise have a strong influence on the
transformation behavior of the alloy®).

Martensite was stress-induced under tension, at a tem-
perature above Mg in samples that had Mg above room
temperature. Stress was applied until all material had
transformed, which could be verified optically. The mar-
tensite single crystals so produced were cooled under
constant stress to room temperature in order to retain
them as such. These crystals were then deformed at
room temperature until the new stress-induced phase
appeared. The 8 phase crystals with Mg below room
temperature, on the other hand, were continuously de-
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formed under tension at temperatures above My at a de-
formation rate of 0.1 cm/min.

Results

A deformation cycle, starting with the 8 phase single
crystals is shown in fig. 2. On loading the martensite is
induced at a stress 02" (load divided by initial cross sec-
tion), and the transformation is complete at of ™. The
stress then increases rapidly until at o, the martensite
starts to deform, without marked hardening and associat-
ed with the appearance of deforamation bands, very sim-
ilar to those observed in binary CuZn'). On unloading
the new phase starts to disappear at o, but in general
does not disappear completely, as the retransformation
to the f phase occurs before at og’ ”. The curve in fig. 2
is altered, depending on the alloy composition: If oy is
small or if 65" is high at the deformation temperature

used o,,,, may lie below o’

m

100 110

Fig. 1. Orientations of the tensile axiles as referred to the bcc
lattice. The symbols are the same as those in table 1.

Sample |Atloy[Symh Co(;:posl(i;: (aLY‘.A)l TexpoC|Ms C éir thr:z
81 i | @ 63 26,7 | 10,3 |-197 [-250 | 194
82p n|<z | 6651 13 145 |- 65 |-133 | 162
82¢c 1l |- " I n - 65 [~-133 | 147
78p g | 89 144 | 166 | 17 |- 1 |127 64
78 i | M it I I 17 |- 1 |17 62
88c |IvV |4 | 70 12 18 17 62 | 114 61
49 A v In " 0 20 74 {120
50 v le 1 I " 20 77 | 127
57c v | Q| 668 20,2 | 13 0 [-45 | 113 | 66
57p v 1O " " 1" -4 |-45 [ 117 56
48 vV o " I 1 20 |-53 | 116
650 |[wvi |[OJ | 7,9 | 16,1 |16 |-27 |-78 | 153 81
7 Vi | " H 1" 1 - 69 | 146 77
59 vi 1 O n Il n 20 - 42 | 155
83 |vii || 689 121 | 19 |-28 ~ 44 | 161 95
51 vit | A 1 " 1" 20 [-32 178

Table 1. The critical resolved shear stresses 7., for the begin-
ning of the transformation to the stress induced new phase {13}
and for the start of the retransformation to martensite (t,).
Ty the temperature of measurement. Samples with the same
number have been cut from one single crystal, ¢ denoting the
lower part that solidified first, p the upper part. The orientations

are shown in fig. 1, denoted by the same symbols Symb.

The critical resolved shear stress Tz on the relevant shear
system was deduced from the measured og, taking into
account the orientation relationship between 8 and mar-
tensite, the change in orientation of the tensile axis dur-
ing transformation and of the cross section of the in-
duced martensite. The shear system that is activated at
the stress oy in the ternary alloys is the secondary shear
system (001),, [100], of the orthorhombic martensite.
This is supported, in addition to the results for CuZn') by
a crystallographic analysis of the surface markings in a
ternary alloy with Mg > 20°C, and by transmission elec-
tron microscopy to be discussed below.

The results of the measured critical stresses 15 and t,,,,
thus deduced are listed in the table and are plotted in fig.
3 to 5. The scatter in the data is partially caused by the
serrations in the o-e curve near og, that introduces some
uncertainty in the determination of oy, and partially is al-

T

]
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Fig. 2. A transformation cycle, stress o versus strain €. Other
symbols explained in the text.

so due to small deviations of the nominal compositions
which have a large effect on o5, as can be noted from
figs. 4 and 5. This is supported by the scatter in Mg for
the same nominal alloy composition (compare with the
table).

In fig. 3 is shown the influence of the measuring temper-
ature on 1y, obtained from a sample with Mg = —1°C
which has been subjected to loading-unloading cycles at
various temperatures. After each cycle the sample has
been reheated to 800°C, in order to eliminate any defect
that is introduced during the cycle. The sequence in tem-
peratures is 22°C, —192°C, +24°C, —192°C, +62°C,
+44°C.

Within experimental scatter the number of cycles does
not affect t5. As can be noted from fig. 3 there is a small
decrease in Ty with decreasing deformation temperature.
In comparison, the temperature dependence of Ty for
binary CuZn using the data of ref. ') is smaller than that
of the ternary alloy in fig. 3. At any rate the temperature
dependence of 1, is small compared to the composition
dependence and therefore will be neglected in the ana-
lysis.

T, and 1, are drawn as a function of electron concentra-
tion in fig. 4 for the ternary alloys with a constant Mg
temperature of about —50°C, and for the binary CuZn
for which Mg varies with e/a'). Extrapolation of both
curves to e/a = 1.382 corresponds to the 15 value for
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the binary CuZn with an Mg = —50°C. Both curves ex- (a) for Mg = —50°C in ternary CuZnAl:

trapolate to the same 1, within experimental scatter, in - _ Can3 2
spite of the fact that the ternary CuZnAl have DO, order Ts 510 + 1.36 - 10° (e/a — 1) [MN/m’]
and the CuZn only B2 order. This result indicates that for (b} for e/a = 1.48 in ternary CuznAl:

a given Mg the 15 is only a function of the electron con-
centration. The retransformation stress lies 60 MN/m?
below 15, with the same concentration dependence as
Tg.

In fig. 5 1 and T, are plotted as a function of Al-con-
centration for a constant electron concentration. As can
be seen, 14 varies with composition even at a constant
e/a, implying that e/a is not the only variable that con-
trols Tg.

The results of figs. 4 and 5 can be represented by the fol-
lowing equations:

%
Lm
J
150 I~
[
100 -
50
—
0 1 1 1
-200 -100 0 (o)

Fig. 3. Temperature dependence of the crss 1z for Cu-14.4
at.% Zn-16.6 at. % Al (filled circles) and Cu-39.6 at.% Zn {cros-
ses, from ref. ).
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L 1 1 ! 1 S I} l O —i —
1382 140 1.62 1.44 1.46 148 150 ela
Fig. 4. Crss 1, as a function of e/a at constant Mg = —50°C

for ternary CuZnAl on transformation (filled circles) and on re-
transformation (crosses), and for binary CuZn (inclined cros-
ses) on transformation (from ref. )).

15 = 302 — 10° C,, IMN/m?]
(c) For binary CuZn:
15 = —827 + 2.19 - 10° C,, [MN/m?)
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Fig. 5. Crss 15 as a function of Al concentration at constant e/a
= 1.48, for CuZnAl, on transformation (circles) and retransfor-
mation (crosses). The open circle is the value from sample 81
adjusted to e/a = 1.48 using fig. 4.

Electron microscopy studies were also made in order to
confirm that the structure induced by deformation of the
martensite indeed is an ordered face centered one. The
new phase was retained in an alloy Cu-12 at.% Zn-18
at.% Al as follows. After inducing the new phase, the
samples were kept for a week at 40°C without unload-
ing. This procedure often leads to a stabilisation, whose
origin is not clear. Thin foils could then be prepared from
the sample for TEM. An electron diffraction pattern from
a foil cut normal to the compact plane is shown in fig. 6.
It is evident that the spots corresponding to martensite
are absent and the pattern is of a face centered lattice.
Strong streaking is observed in the pattern due to addi-
tional stacking faults. The amount of streaking and
therefore the faulting was found to be different in differ-
ent regions of the foil.

Discussion

The stability of the equilibrium phases in the Cu-Zn sys-
tem is controlied by the electron concentration e/a and
the long range order®). It seems appropriate therefore to
attempt a description of the stability difference between
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the 3R ordered orthorhombic martensite and the stress
induced ordered fcc lattice in terms of two contributions,
one that is independent of the atom distribution for a
given composition, but depends on electron concentra-
tion, and the other which takes into account the order-
ing. The latter has been described with great success by
pairwise interaction energies®) ®). This approach there-
fore will also be adopted in the present discussion. Fur-
ther, the transformation from 3R to fcc by a shear on the

{002)

(111

(000)

(1171)

(002)

Fig. 6. TEM diffraction pattern and the schematic representa-
tion.

(001) [100] system does not change the order contribu-
tions from first and second neighbors, only the third and
higher order neighbors are affected.

The energy difference between 3R and fcc resulting from
the order can be calculated by counting the number of
bonds for a given neighbor pair and multiplying them
with the corresponding pair interaction energies. This
has been done in a previous paper’) for the alloys which
have the B2 long range ordered structure in the high
temperature f§ phase. It will be extended now to the DO,
ordered structure, which is present in the alloys studied
here. The following definitions are used:

Let M/} be the interaction energy between an atom A
and B (A, B = Cu, Zn, Al}in /-th nei%;hbor position. Then
a ""chemical interaction energy’’ m4, can be defined by
mi = —2M + MY, + My, where A # B. The long
range order in the 3R martensite is that inherited from
the high temperature  phase, since the martensitic
transformation is a diffusionless one. It is sufficient
therefore to characterize the order in 3R by the order in
DO,, which is usually described by subdividing the lattice
into four parallel fcc sublattices with lattice constant 2a,

the origin of the sublattice I, Il, lil and IV given by (0, 0,
0), {a, 0, 0), al1/2, 1/2, 1/2) and a(1/2, 1/2, —1/2) re-
spectively. The occupation probability of having an A
atom on any site of sublattice / = 1 to IV is p}, with p5 +
ps + p¢ = 1for aternary alloy.llt is convenient to intro-
duce the parameters x, = (p\ + p! — pV); =
1/2(p,, — pR)and z, = 1A/2(p,'A'Pi p}l’)foléor Béogrderl},\ #
0. ya + 24 + Oand for DO, order x, # 0, y, = 0, z, # 0.

Interactions up to eighth neigbors in the 3R structure
have been included in the present evaluation of the ener-
gy difference between 3R and fcc. Below ninth neigh-
bors the pairs do not extend across more than three
neighboring close packed planes, the ninth neighbor dis-
tance corresponding to a <111> in a fcc lattice, the first
to extend across four ciose packed planes. Therefore to
eighth neighbors the difference in ordering energy be-
tween 3R and fcc is the same as 2/3 of that between hex-
agonal and fcc. The energy difference between fcc and
3R can be written as

Efcc _ EM = A (E;fc _ Eehlll) _ Z AH) E;c;-M R

A B

(CaCo + XaXs) — 2y AP EIS™ (C,Cq — xaxg) —

_ AZB A(3) ELCBC-M ZAZB
The sum extends over all different pairs. The first term
on the right describes the part that is insensitive to the
atom distribution but depends on the electron concen-
tration e/a. For the alloy compositions considered in the
present paper, A (EX* — EM will be approximated by a
linear function of e/a.

A" ElMand A® EXSM have been derived earlier’) and are
given by

2N
N pfeeM _ 3) @) 5) )

AV EST = 3 (—mus + Mag — 2mey + 3myy +
+ 2m7 — 2m'®)
AB

2N
2) pecM _ @) &) m 8
AP EEM = 5 2miy — 4mbSy + dmY, — 4m%).

In addition we have here the term which has to be consid-
ered for DO, order with z # 0:
) 4

: N
A® E:EM = (—=mue + mpg

(51 6)
3 + 2myy — Myy —

(7} (8)
— 2myy — 2myy)

where N is the number of atoms.

The following remarks concerning the equations will
now be made:

a) Chemical pair interaction energies had been deduced
from X-ray measurements in several short range ordered
alloy systems and it had been shown that they osciliate
with decreasing amplitude at increasing pair distance®).
Such a behavior has been explained by the incomplete
shielding of extra charges by the conduction electrons®).
In the free electron approximation the chemical interac-
tion energy mY, for atom pairs sufficiently far apart is
given by mily = .5 (COS (2kc * 1, + @ag)/r7) where 4
and ¢, are constants, r; the distance between an atom
pair / and k. the wave vector at the Fermi surface for free
electrons. The k; and consequently m%, depends on the

electron concentration. For fourth nearest neighbors
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with distance r, = {/ 6/2) a,,, a change of electron con-
centration from e/a = 1.382 to 1.48 corresponds to a
change in 2k; - r, by 17.8%. This change is too large to be
neglected, and therefore an e/a dependence of m', (and
consequently of A? £55M) has to be taken into account in

the following discussion.

b} Since the fifth, seventh and eighth nearest neighbor
distances (1.354 a; .., 1.581 a, and 1.683 a,,.) are appre-
ciably larger than fourth neighbor distances (1.225 a,)
the m"”, i > 4 will be neglected in the following, and the
corresponding terms in A” £ as well, since their mul-
tiplicity remains small.

c) Itis seen thatin A" £/ and A® £/ the differences
mys — miy enter as leading terms. The m&y and m'}, cor-
respond to pairs which differ only by 6% in their dis-
tance’), suggesting that m'3% = mY. This assertion is
supported by the results discussed in fig. 4 which have
shown that an extrapolation of Tz from the DO, and B2
alloys yields the same value, implying that the A® £fcc™
terms which describe second neighbor order can be ne-
glected. The difference m%y, — m' appears also in A"
EXS™, which therefore will be neglected too.

d) For the ternary CuZnAl alloys the three chemical inter-
action energies mi,., m&,, and m, have to be evaluat-
ed. The my,, can safely be assumed to be zero, since
first and second neighbor chemical interaction energies
in the B phase are also negligible for Al-Zn pairs'™). The
ratio f = mg.,/me,, can be deduced in the following
way: the long range order in the 3R martensite causes a
small lattice distortion"). This distortion depends on
composition and is related to the Mg temperature').
Since the Mg temperature is determined mainly by m%}"),
it is possible to deduce f from the effect that a third ele-
ment has on My, i.e. one Al atom has to be replaced by f
Zn atoms in order not to change Mg. The M tempera-
tures for CuZnAl with small amounts of Al and B2 order
have been measured™). It follows from this data that f =
1.375. The same f also fits the results for Mg of CuZnAl
alloy with higher Al content and DO, order. We shall

therefore substitute in the following for m&, = fm!, .

e) The energy difference £ — E™ can equivalently be
expressed in terms of stacking fault energy I' considering
the 3R lattice as a basic fcc ordered structure with a re-
gular array of stacking faults. The order contribution per
stacking fault within the approximation to eighth neigh-
bors {i.e. interaction between three neighboring close
packed planes only} is independent of the density and dis-
tribution of the stacking faults. The same is not neces-
sarily true for that electronic contribution which is insen-
sitive to order. The partial dislocation which trails behind
a stacking fault starts to move under a critical stress t
given by I' = 1b,, where b, is the Burgers vector of the
partial dislocation. If a long or short range friction stress
Ty, is present, then 7 is the difference between the applied
1g and the friction stress t;,. Since the stress 1, (fig. 3)
does not increase with decreasing temperature, short
range obstacles that can be overcome by thermally acti-
vated processes can be of no importance. The observed
hysteresis during a loading and unloading cycle (fig. 2)
permits to give an upper limit for the friction stress as 60
MN/m?. It is likely that the friction stress is considerably
lower than this value. If the friction is due to the solid so-
lution hardened lattice, then its stress should be indepen-
dent of the direction in which the partial moves, and
have a value given by 1, = 1/2 - 60 MN/m?. If the dislo-
cation density increases with the deformation, then the
retransformation on unloading should require an even

larger reverse stress, leading to a friction stress on trans-
formation of 1, < 30 MN/m?. A third estimate of t, can
be based on an extrapolation of the plateau stress in the
disordered a phase CuZn to e/a = 1.48 assuming that
long range order does not increase this stress. In this
manner another upper limit value') for 1,, can be derived.
Using dry/dC%? = 41 MN/m? and taking into account
the smaller Burgers vector of the partial dislocation com-
pared to a a/2<110> we get for 1, < 15 MN/m?.

f) In the present alloys the investigations were carried
out at temperatures considerably below the order-disor-
der temperatures, hence it can be assumed that maxi-
mum possible long range order is already reached, which
implies that C,Cg — x,xz = Cy for A = Cu, B = Zn, Al,
It is now possible to write the transformation enthalpy,
taking into account the simplifications made so far, by:

Efcc _ 4 (4)

EM = A (Eélcc - Ee“f' - ?NmCuZn (Czn + fC)

where A (Ef° — EY) = AE (e/a — 1).

Using this equation, m{,, at constant e/a = 1.48 can be
calculated from the slope of the line in fig. 5 as ma,,
(1.48) = —260 [K] (The m{ . are expressed in units of
the Boltzmann constant and have the dimension of K}). In
addition, m¥.,, for an electron concentration near e/a =
1.40 can be determined from fig. 4. The line for the ter-
nary alloys describes the influence of e/a on t at a con-
stant Mg, the difference to that for the binary CuZn thus
comes from the change in Mg, and amounts to —4/3
mas, 10.382 — C,,) in energy, from which a value m{,.
= —110 [K] is calculated for e/a = 1.40. From these ex-
perimentally determined m{, several conclusions can
be drawn, which will now be discussed in detail.

1) The values of m{,, depend on composition, a behav-

ior that is already expected from the composition de-
pendence of k., as discussed earlier, but may also be due
to a composition dependence of ¢, and @c,,. Since
no further information is available at this moment on
how m{, depends on composition, this point will not be

pursued in this paper.

2) The m¢.,, for e/a = 1.382is in close agreement with a
value which has been deduced from independent experi-
ments: it had been shown that the concentration depen-
dence of the transformation temperature Mg between 8

and martensite is essentially determined by mY}, under

the hypothesis that the m', are structure insensitive, in
the sense that they only depend on the /-th neighbor dis-
tance and not whether the lattice is fcc or bee. The value
that had been deduced was m), = —125[KI), in very
ciose agreement with the present results, supporting
further the approach used to describe order effects by

pairwise chemical interaction energies.

3) By subtracting the long range order contribution from
the measured energy differences £°° — E™ (more pre-
cisely the 3}, the values for the disordered lattice should
be obtained. This evaluation has been done for Cu-0.396
Zn and for Cu-0.48 Zn, the latter by extrapolating to C,,
= 0 from the ternary alloys at e/a = 1.48 {fig. 5). The
extrapolation introduces some uncertainties due to the
large concentration range used for extrapolation. Figure
7 shows the results. In order to compare with the other
curves to be discussed subsequently, it is convenient to
consider the 3R structure as an fcc lattice with stacking
faults and to calculate the difference between the disor-
dered 3R and fcc structure per stacking fault, which is
denoted by a square associated with a bar. The square
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corresponds to a zero friction stress of the moving par-
tials, whereas the bar indicates the range of uncertainty
if a friction stress up to one half of the hysteresis stress is
admitted. As has been discussed earlier, it is likely that
the friction stress is considerably smaller than half the
hysteresis stress, and therefore the correct value is ex-
pected to be close to the square. In the same figure is al-
so shown the energy difference per stacking fault be-
tween the ordered fcc and 3R, denoted by I'. The two
lines correspond to a zero friction stress and to a friction
stress that is one half of the hysteresis stress. Further-
more, in the same figure are also shown stacking fault
energies y of the disordered a phase solid solution of
CuZn, according to node measurements by various
authors'®) ®). The a-phase y values have been extrapolat-
ed (the continuous curve at y > 0}, using a linear rela-
tionship between logy and [¢/(c + 1)]?, where ¢ = 3 (e/a
— 1)'®). This empirical relationship describes very well
the behavior of various binary Cu alloys over a large
concentration range'®). The agreement between the ex-
trapolated y values from a phase and the data deduced
from the martensite at small friction stresses is excellent.
This means that (within experimental uncertainly) the
disordered 3R structure can be considered as a basic fcc
disordered a phase with a stacking fault density 1/3. This
result implies that the regularity of the stacking fault dis-
tribution in 3R does not constitute any important ele-
ment of phase stabilization.

230 |

L L L s I

01 02 03 04 05C Zn

Fig. 7. Stacking fault energies SFE as a function of zinc concen-
tration in binary CuZn: Filled circles: SFE of a phase. Lines de-
noted by I": Range of SFE for the ordered 3R martensite. Filled
square: calculated SFE for disordered 3R, the bar indicates the
uncertainty range (see text).

Thus the martensitic long range ordered 3R, which is ob-
tained by a diffusionless transformation from f3 can be re-
lated in a simple way to the disordered fcc a phase which
is stable at lower zinc concentration. Its energy consists
of three components: The energy of the a phase CuZn
alloy (at the corresponding composition), second the
energy contribution from the stacking faults, character-
ized by the stacking fault energy y, and third the order
contribution using the fourth neighbor chemical interac-
tion energy m&,..

The entropy difference AS between the a phase and the
ordered martensite is small. This can be seen by splitting
AS into a contribution due to the phase change between
a phase disordered and ordered fcc, and a contribution
between ordered fcc and ordered 3R. The first term has
been shown to be small’), and the second remains also

small, since the temperature dependence of the critical
resolved shear stress is quite temperature insensitive.
Such a behavior is also expected from the small tem-
perature dependence of the stacking fault energy in the a
phase'). It is therefore concluded that the entropy of
formation of the 3R martensite is approximately the
same as that of disordered a.

On the basis of the present discussion the stability of the
3R martensite can be compared with a hypothetical or-
dered fcc and hex martensite. The three structures differ
in their stacking fault densities, and since their energies
are linear functions of the fault density, the most stable
of the three lattices is either fcc (for I' > 0) or hex (for T <
0). For I < 0 therefore, as in our CuZn alloys, a hexago-
nal martensite instead of a 3R martensite would be ex-
pected in striking contrast to the observations. The
conclusions that can be drawn from this discrepancy is
that 3R forms, not because of its higher thermodynamic
stability, but due to the very restricted transformation
mechanism involved, which requires planes with the
least possible distortion. This can best be satisfied by the
most homogeneous distribution of stacking faults in the
fce lattice, but not by a hex. lattice?).

Summary

1) Martensitic single crystals of ternary CuZnAl show a
stress induced transformation from the martensitic 3R to
an fcc ordered structure. The corresponding critical re-
solved shear stress 15 is very weakly dependent on tem-
perature but is strongly affected by the alloy composi-
tion. The 15 has been measured for alloys with the same
M, temperture but different electon concentration e/a
and for alloys with constant e/a but varying M.

2) The results are analysed in terms of a contribution that
depends on order, i.e. on the distribution of the atoms,
and another that is a function only of the electron con-
centration.

3) It is shown that the order contribution is controlled by
the chemical interaction energies between fourth nearest
neighbors. Numerical values are calculated, which are in
excellent agreement with those obtained from the analy-
sis of the Mg temperature.

4) By subtracting the order contribution, the energy dif-
ference between the hypothetical disordered 3R and fcc
structures has been calculated. It is shown that it is re-
lated to the stacking fault energies in the « phase solid
solution range, and that the regularity of the stacking
fault distribution in martensite does not constitute an ad-
ditional element of phase stabilisation.

5) It is concluded that the 3R martensite in the CuZn
alloys is less stable than a hex. martensitic phase, but that
its formation is related to the mechanism of the martensit-
ic transformation, which requires an undistorted habit
plane.

This work was partially supported by the Argentinian
Consejo Nacional de Investigaciones Cientificas y Técni-
cas, Cdodigo 01 AB2 - 05-008. Discussions and a critical
reading of the manuscript by Dr. M. Chandrasekaran is
gratefully acknowledged.



738 Gabriel Barcel6, Manfred Ahlers and Ricardo Rapacioli Z. Metallkde.

Literature

') W. ARNEODO and M. AHLERS,
Scripta Met 7 (1973) 1287.
2) W. ARNEODO.and M. AHLERS, Acta Met 22 (1974) 1475.
3) R. RAPACIOLfand M. AHLERS,
Acta Met, to be published.
%) C. S. BARRETT and T. B. MASSALSKI,
Structure of Metals, McGraw Hill, New York 1966.
5} G. INDEN, Z. Metalikde. 66 (1975) 648.
6) G. INDEN, Z. Metallkde. 66 {1975) 577.
7} M. AHLERS, Z. Metallkde. 70 (1979) 379.
8) S. W. WILKINS and C. G. SHIRLEY,
J. Appl. Cryst. 8 (1975) 107.

%) J. FRIEDEL, Nuovo Cim. (Suppl) 7 (1958) 287.
19) R, RAPACIOLI and M. AHLERS,

Scripta Met. 11 {1977) 1147.
) L. DELAEY, Z. Metallkde. 58 (1967} 389.
2) M. AHLERS, Scripta Met. 8 (1974) 213.
'3) H. POPS and N. RIDLEY, Met. Trans. 1 (1970} 2653.
%) P. HAASEN, Suppl. Trans. Jap. Inst. Me. 9 (1968) 40.
'S} P. C. J. GALLAGHER, Met. Trans. 1 (1970) 2429.
'6) C. B. CARTER and I. L. F. RAY, Phil. Mag. 35 (1977) 189.
7) L. REMY, A. PINEAU, and B. THOMAS,

Mat. Sci. Eng. 36 (1978) 47.

(Eingegangen am 10. April 1979)



