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Abstract. On the basis of recently published data for the manensitic transformations in Cu~Zn-
Al alloys, an evaluation of the phase stabilities of martensitic and equilibrium phases tn other
noble-metal alloys has been made. The contributions which control the Gibbs energy of the
different phases are discussed quantitatively. The most important of these are the stability of the
disordered phases, the vibrational entropy, the influence of the long-range order characterized by
pair interchange energies, the structure-dependent lattice distortions and the energies associated
with the stacking sequences in the different close-packed phases.

L. Introduction

The noble-metal alloys of Cu, Ag and Au with subgroup B elements form a rather coherent
group as concerns the temperature and composition ranges of the different equilibrium phases
[1]. Their stabilities seem to be controiled mainly by the electron concentration e¢/a. This
has been taken as evidence that the interaction of the non-localized s- and p-electron states
at the Fermi surface with the structure-dependent Brillouin zone boundaries determines the
selection of the different phases. Doubts arose when it became apparent that the Fermi
surface touches the Brillouin zone already in pure copper. In addition, long-range order is
often observed whose Gibbs energy contribution can exceed considerably that between the
different phases. Although repeated efforts have been made to evaluate theoretically the
relative stabilities of the different phases, it is extremely difficult to determine the enthalpy
and entropy differences experimentally, first because they are so small and second because
they can be influenced by short-range order effects which are difficult to quantify.

In this respect the martensitic transformations in the noble-metal alioys are a great
help. Although martensite is a non-equilibrfium structure, it permits one also to deduce
information on the equilibrium phases [2]. This is because the enthalpy and entropy
differences involved in a martensitic transformation can be measured experimentally with
the required precision, and because there is no change in configurational entropy, since the
martensitic transformation is diffusionless, without a change in the atom distribution on the
lattice sites.

Recently an experimental study of the martensitic transformations in Cu~Zn and Cu-
Zn-Al alloys has been completed and the factors which contribute to their stability have
been analysed quantitatively [3-5]. They include the long-range order contribution, the
influence of the different stackings of the close-packed martensites and the lattice parameter
changes.
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It seems appropriate now o apply these concepts to other noble-metal alloys, for which
considerable experimental information exists, although not that detailed [6,7]. In this paper
the face-centred ordered martensites and their relationship with the disordered a-phase solid
solutions, and the hexagonal martensitic and equilibrium structures, will be mainly discussed.
Although the Ni-Al alloys do not belong to the noble-metal alloys, their martensites are
similar, which warrants a brief consideration also of this system.

2. Martensite and equilibrium structures based on the FCC lattice

2.1. Face-centred martensites and the contribution of long-range order

Face-centred martensite is generally observed for the lowest electron concentrations at which
the BCC phase is stable at high temperatures. The high-temperature 8-phase from which it
forms can be disordered prior to the transformation {denoted A2 or 8) or it can have order
in first neighbours (B2 or 85), or also in second neighbours (D0s; or 8, and L2, or Bs).
Face-centred martensite is denoted 3R, if disorder or B2 order is inherited, and 6R for D03
or L2) order [2]. In L2 ordered Cu-Zn-Al alloys with ¢/g =~ 1.48 the 6R martensite is
nearly cubic with a smal} tetragonal distortion at ¢/a ~ 0.985 [5]). This justifies considering
the 6R simply as a face-centred structure onto which order is imposed, which is described
in terms of pair interchange energies whose composition dependence is neglected. This
approach will also be adopted for the other noble-metal alloys.

Most order—disorder descriptions limit themselves to only first- and second-neighbour
interactions, { = 1, 2:

with = —2Vap + Vit + Vb )

where the V fé are the interaction energies between the corresponding atoms on a given
Bravais lattice. In the following, w represents the pair interchange energies in the high-
temperature S-phase, and m those in the martensites. In the high-temperature phase, based
on the BCC Bravais lattice, the state of order is described by the occupation probabilities pf,\
of atoms A on the four sublattices J = I-IV (figure 1). For B2 order, pk = pll # pIl! = pIVs
for D03 order, p = pfl = pill # pl¥; for L2, order, pl = p # plll & pl¥. Itis
convenient to introduce as a measure of B2 order the quantity

xp=3(ph+ Ph— P - pl). @

In the presence of D03 or L2 order an additional parameter

za = $(pN — P €)

is required [12]. If the maximum degree of long-range order prior to the transformation is
reached, then the order parameters are related to the composition of a ternary system by

¥a=1—ca Xp = —Cg Xc=—cc

4

Za =2ca— 1 ¢ = —2¢¢ zat+zg+ze =0

where A denotes the majority atom with ¢4 2 0.5, wffé > wfl’,. and the ¢, are the atomic
fractions. This corresponds to the configuration with the lowest energy, with all C atoms
but ro A atom on sublattice IV, and the B atoms distributed on III and IV sites. Since the
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Figure 1. {(2) Four BCC unit cells with the four different sublatice sites. (b} Two FCC unit cells
with the sublattice sites inherited from the BCC structure.

martensitic transformation proceeds generally at low temperatures, it is possible to obtain the
maxirmnum degree of long-range order in the BCC phase by careful previous heat treatments,
as discussed for Cu—Zn-Al alloys [8,9].

The ordering energies ¢an be evaluated. straightforwardly for the ordered BCC and the
order-inherited FCC phase. In the B2 lattice (figure 1(a)), each atom on the (I+II) sublattices
has eight nearest neighbours on the other (HI+1V) sublattices, and vice versa. The six
second-nearest neighbours lie on the same sublattice pair set (I+II} or (HI+IV). If A-B
bonds are favoured, wj{,; > 0, then the first-neighbour pairs contribute favourably, and the
second-neighbour pairs unfavourably. Third- and higher-order pair interchange energies are
generally assumed to be small and therefore are neglected. The enthalpy of formation of
the B2 ordered BCC phase is therefore

HE, = Hi + 1> (Bujp — 6wi)xaxs )
AB

where the sum is over the different atomn pairs. The factor of % in front of the sum avoids
the double counting of pairs (see also [2]).

During the martensitic transformation the B2 structure is changed to L1y (figure 1(b)).
An atom now has 12 first neighbours, of which four lie on the same set (I+ID) or (III+1V),
and eight on different sets, so that only four favourable net first-neighbour bonds remain.
The six next-neighbour pairs lie always on the same unfavourable (I+II) or (III+IV) set.
Thus, for the FCC () martensite with B2 inherited order, the enthalpy of formation is [2]

Hg, = Hg + %2(4'":33 ~ 6y )X B (6)
AB
When DO; or L2 order is present in the BCC phase, then each sublattice III site has six

favourable sublattice IV sites as next-nearest neighbours. Afier the transformation this leads
to four favourable II-IV first-neighbour pairs and to four unfavourable HI-IT and IV-IV
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second-neighbour pairs on the same (001) plane, in addition to two favourable II-IV pairs

on neighbouring (001) planes. Thus the change in enthalpy difference, when L2 order is
added to B2, becomes {2, 10]

(HY,, — BE) — (HY, ~ HBZ).—]Z[ﬁw‘Z' @m — 2m' D) zaze. ()

The factor % takes care of the single counting and of the ordering in only a haif of all
sublattice sites, i.e. those corresponding to IH and IV. It should be noted that the martensite
with a DO inherited order does not lead to the commonly observed Li, CusAu-type order,
but to D0y;.

The enthalpy difference between the ordered BCC and the corresponding FCC phase can
be determined experimentally, according to

Hf, — HY) =Ty AS. ®

In the noble-metal alloys the hysteresis is small between the starting temperature M;
for the martensite transformation on cooling and the temperature A of the end of the
retransformation, being of the order of 10 K. The temperature Ty is expected to lie in
between these limits, M; < Ty < Ay, but owing to the scatter from sample to sample no
error is committed by setting Ty ~ M;. The entropy difference AS is due solely to the
change in vibrational modes, since the configurational entropy does not change, and the
density of electronic states at the Fermi surface is too small to be of importance. (The
differenice between the electronic specific heats of the phases is considerably smaller than
that of the FcC alloys, which amounts to ¥ = 0.8 mJ mol~! T2 [78]. Therefore, the
coniribution to AS§ from the conduction electrons is far below y7T = 0.03kg at room
temperature,) It has been shown [11] that it is the soft [110]3(110}5 transverse modes
in the BCC phase which are mainly responsible for AS, as had been proposed originaily
by Zener [77]. AS depends only weakly on alloy composition in the Cu-Zn—Al systems,
according to [3]

= [0.51(e/a) — 0.58]%p. (%)

AS is, within experimental scatter, the same for B2 and L2, order and does not change
when the transformation proceeds to martensites with different stacking sequences, as 9R,
I8R or 2H. Thus an equivalent to equation (8) holds also for B2 ordered martensitic
transformations, and for transformations to differently stacked martensites, with the same
AS from equation (9).

If the pair interchange energies for the §-phase and the martensite can be determined,
then it is possible to obtain the enthalpy difference between the disordered FCC «- and BCC
B-phases by subtracting from the measured enthalpy difference (equation (8)) the long-range
order contribution according to equations (3)(7).

The pair interchange energies can be determined in several ways.

(a) They can be found from the critical ordering temperatures. For a binary A-B
alloy around an equiatomic composition with B2 order, the relationship between the critical

temperature ¢ for B2 ordering at ¢y = 0.5 and the pair interchange energies can be
expressed as

4wy — 3wl = BoTL. (10)
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Bo depends on the ratio w2 /w{}. Inden [12] writes By = 2/« and presents the relationship
between wis/w'y and , as obtained by comparing the results from the simple Bragg~
Williams—Gorski (BWG) theory (¢ = 1) with those from the cluster variation methed.

For Cu—Zn with w&m/wm = (.56 (iable 1), By = 3.00 is derived and, for Cu-Al

&’M/w&'m = 0.61) (table 1), fy = 3.26 would be appropriate. The ratio wm /w”) has
to be deduced from additional experimental information, e.g. from the cnthal L21 ordering
temperature in ternary alloys. For those binary alloy systems whose w /w'” is not known
experimentally, an average fy = 3.1 will be used in the following.

For face-centred alloys with cg ~ 0. 25 ordenng in first- and second-nearest nelghbours
Ieads to an L1, ground structure, if m AB/ my ' < 0 and to DOy for 0 < mm /m”j
[13]. In some «-phase noble metals, ordermg is accompanied by the forrnahon of Iong-
period superlattice structures, which can be described by a mixture of L1; and D0y on
an atomic scale. This makes it difficult to detepmine experimentally the sign of mffl’; but
indicates that mﬁ, is small compared with mﬂé, since otherwise either D0»; or L1, would be
stable also at finite temperatures. The relationship between the critical ordering temperature
at cg = 0.23 and the first- and second-neighbour pair interchange energies in the FCC lattice
can be written as

2mily — 3mD = oy T2, (11)
For m‘z’ = 0, &y is found to be 4.30 both from the cluster variation method and from Monte
Carlo calculatlon_s (13]. In the following this value for ay will be used for an approximate
evaluation of mf& from T, whenever available. Following other workers (see, e.g., [12]),
the pair interchange energies are expressed here in units of the Boltzmann constant and thus
have the dimension of temperature. In order to transform them into joules per mole, they
have to be multiplied by 8.3143 I mol~! K1,

{b) The pair interchange energies can also be estimated from an analysis of the influence
of the L2, order on the martensitic transformation temperature My, according to equation (7).
This requires, on the one hand, that crystals with perfect B2 and L2, order can be obtained
by a careful and appropriate pre-treatment and, on the other hand, that no other contribution
influences the energy difference between the B2 and L2, ordered crystals. Both conditions
are met in the Cu-Zn—Al system [3,9]. In these alloys it is the 9R or 18R martensite that
is most commonly observed but, since the energy difference between the FCC and the 9R or
18R martensite is independent of the second-neighbour ordering in 8 [4], the relationship of
equation (7) can also be applied to these martensitic structures. For the other noble-metal
alloy systems, no experimental verification exists yet. Nevertheless it will be assumed for
the following that the relationship holds also for the other alloys.

(c) Pair interchange energies have also been determined from the diffuse scattering of
short-range-ordered alloys. This method is quite elaborate, and a wide variety of values can
be obtained {14], unless very careful experimental measurements are made, as in the case
of Cu—Zn [15]. In the latter case it has been shown that the pair interchange energies from
short-range order in Cu-31.1 at.% Zn agree well with those deduced from the change in
M between B2 and L2, order [3].

2.2. Martensite in the Cu-Zn—-Al alloys

This system has been discussed in detail eisewhere [3-5]. Therefore, only a few aspects of
relevance in comparison with other noble-metal alloys will be presented. The martensite
that is generally observed does not have the face-centred structure but contains stacking
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faults on each third close-packed plane. Their contribution to the energy has been evaluated
[4] and, by subtracting it, the enthalpy difference between the high-temperature phase and
the face-centred martensite could be deduced. The pair interchange energies for the 8-phase
were determined from the critical B2 and L2, ordering temperatures and are listed in table 1.
From the influence of 1.2, order on the martensitic transformation the values of mg‘; - -é-mfl;
were derived for the Cu—Zn and Cu-Al pairs [3]. In a-phase Cu—Zn, no long-range order is
observed, but the pair interchange energies deduced from the short-range order [15] are in
good agreement. In Cu—Al an intermediate long-range-ordered face-centred phase is present
ataround 23 at.% Al If its decomposition temperature is identified with the critical ordering

temperature, mg: Al %mgu’ 4 = 1376 K is derived according to equation (11), in rather good

agreement with m&’m - %mgfm = 1512 K, taking into consideration the uncertainties in

m?

cuﬁy subtracting the long-range order contribution from the enthalpy difference in the
martensitic transformation, the enthalpy difference between the perfectly disordered FCC
and BCC structures has been obtained [5]. For Cu—Zn the result agrees well with ab-initio
calculations [16). For Cu-Al, no such data are available. For the BCC disordered Cu—Zn
the enthalpy of formation can be adjusted by a parabola with a constant coefficient, only if
it is assumed that BCC Zn is more stable than FCC Zn.

The enthalpy differences between the disordered o and £ should also be compared with

the ¢-f-phase boundary of the equilibrium phase diagrams. The enthalpy differences [5]
can be expressed by

HY — H% =3712-555cz¢  for CutZn (12)

HE — HE =514 —2060ca;  for Cu-Al. (13)
For Cu-Al the second-neighbour contribution mgg a; 18 neglected. The peritectic temperature
between the liquid, @ and £ is the highest equilibrium temperature between o and B
for which short-range order effects play the smallest role. On the assumptions that the
Gibbs energies of o and 8 are the same in the middle of the two-phase region, and that
equations (12) and (13) are valid also at these high temperatures, the corresponding entropy
difference can be derived. For Cu-34 at.% Zn at the peritectic temperature of 1176 K,
AS = Q.154kg and, for Cu-179 at.% Al at 1310 K, AS = 0.111kg is deduced. For
Cu-Al, this AS agrees quantitatively with the value which is expected from the martensitic
transformation (equation (9)). For Cu—Zn there exists a difference. This is at least in part
due to some short-range disorder which is retained even at high temperatures and stabilizes
the B-phase. Owing to the large difference in the critical order temperatures, its influence in
o is smaller, and thus the two-phase ¢—f boundary is shifted to lower values. If equation (9)
for AS and equation (12) for Hﬁs — HE, are valid, the two-phase region has to be shifted
by 5 at.% Zn to higher values in the absence of short-range order contributions. This brings
it close to the same electron concentration as for the Cu—Al system, and emphasizes again

the predominant role of the electron concentration although strong Fermi surface~Brillouin
zone interactions especially in this composition range are absent in the «-phase.

2.3. Martensite in the Cu-Au-Zn alloys

The binary Au-Zn alloys present some peculiarities that are absent in Cu-Zn-Al. The 8-
phase is ordered to the melting point. The critical ordering temperature has been estimated
as 1386 K for 50 at.% Zn, by extrapolating from temnary alloys {17]. At around 37.5 at.%
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Zn a stable phase with an order different from B2 but based on the BCC has been observed
[18]. This indicates that the atom distribution can be more complex than that of an ideal
B2 structure at the equiatomic composition if the order energy is high.

A martensitic transformation has been observed for Au-Zn alloys with & zinc content
above 46 at.%, whose M, increases with increasing zinc concentration {19,20], and is
modified by the cooling conditions in the high-temperature phase.

In the a-phase solid solution, several long-period superlattice structures are observed
[18,21]. At 25 at.% Zn ordering to an L1, structure with antiphase boundaries (APBs) on
(100) planes, two unit-cell distances a 2part occurs at a temperature of 693 K. This ArB

formation may be an mdlcatlon that m| Auzn 1S small. This temperature leads to an energy of

{equation (11)) m”' 2 fgzﬂ == 1490 K. The order contribution increases the stability

of the BCC phase more than that of the FCC martensite (equations (5) and (6)). For an alloy
concentration cz; = 0.40 the BCC is favoured by an energy of 210 K, which implies a
lowering in M; with respect to the hypothetical disordered phases of about 1000 K (using
a reasonable upper limit value for AS = 0.2kg). Thus, the failure to observe a martensitic
transformation below 46 at.% Zn can be rationalized. The reason for the appearance of the
martensite above this Zn concentration and its anomalous increase with increasing ¢z, into
the range of major stability of the equilibrium B2 phase is not understood.

In the ternary Cu—Au—Zn alloys with Au concentrations of around 25 at.% and cz, of
between 0.45 and 0.30, L2, order has been observed for the g-phase. From the critical B2
and L2, order temperatures the pair interchange energies of the Cu-Au pairs in the BCC
lattice were derived [17] (see table 1). The L2, order is associated with an increase in M,
[22-24]. From the temperature dependence of the critical stress to induce martensite above
M; in Co-Au—Zn alloys with 26 at.% Au and 45-49 at.% Zn reported by Miura et al [25],
an entropy change AS = (0.21 £ 0.01)kg was deduced [10}. If eguation (9) were valid,
AS = 0.175kg would be expected for e/a = 1.48, which within the experimental scatter
is quite similar. An analysis of the L2, dependence of M, according to equation (7} [10]
permits one to obtain mgn'Au mgu’ an = 1295 K. It is interesting to compare this value with
that obtained from the critical ordering temperature T. = 663 K in the binary rFcC CuiAu
alloy. According to equation (11), m'cl,: An ; :{: v = 1425 K, a value which is very close
to that derived here, in spite of the differences in the electron concentrations of the alloys,
in the type of order, in the lattice parameter and in the uncertainty of the value for mg}Au
24. Martensite in the Ag-Au-Zn alloys

In the binary Ag-Zn alloys the BCC equilibrium phase is disordered and is replaced by the
§-phase below 547 K. The B2 ordering temperature was deduced by extrapolating results
from temary Au Agps—.Zngs alloys [26], and T¢ = 506 K was obtained for Ag-50 at.% Zn
{17]. Iwasaki et al [27] measured the pressure dependence of the ordering temperature for
Ag-50.4 at.% Zn. By linear extrapolation to atmospheric pressure an ordering temperature
of 495 K is derived, in good agreement with the former value. The critical ordering
temperatures in the Ag-Au~Zn f-phase alloys permitted also the interchange energies of
the Ag~Au pairs in the BCC structure to be derived [17]). They are listed in table 1. In the
c-Ag-Zn alloys, no long-range order has been observed.

A martensitic transformation has been found and analysed for Ag-38 at.% Zn, with
an M, of 133 K {28]. The martensite plates consist of a 3R and a 9R structure, which is
an indication that they have nearly the same enthalpy of formation. From M, and the pair
interchange energies in the #-phase it is possible to estimate the critical ordering temperature
and the corresponding pair interchange energies in the FCC a-phase. This is done in the
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following way. Since the ordering temperatures in the o- and the S-phases are low, it can
be expected that the location of the o + § two-phase region in the phase diagram is not
modified by short-range order at high temperatures and that therefore the temperature in the
middle of the two-phase region is a good approximation for the a—8 temperature 7. By
linear extrapolation to 38 at.%, Ty = 860 K is obtained. Thus the difference To — M, is
due to the order contribution in the martensitic transformation. Knowing the 8-phase order
energy (equation {(10)} and using the same entropy difference as for Cu-Zn—Al (equation (9))
{AS = 0.124%g), a critical ordering temperature for the FCC phase of T¥ = 220 K, and an
energy of mi\'g’z,, -~ %mfg’z" = 473 K is obtained. This T is very reasonable, taking into
consideration that, in ¢-Ag—Zn, no long-range order but considerable short-range order has
been found [29], similar to that in a-Cu—Zn and o-Cu—Al of approximately the same e/a
[30].

In the ternary Au.Aggs_.Zngs alloys with around 25 at.% Au the critical L2| order
temperature is increased. In the Cu-Au—Zn system this is associated with a considerable
shift in M to higher temperatures. A similar influence of L2 order on M; is unlikely for
the Au-Ag-7Zn alloys because, as will be discussed, the influence of L2, order is small for
the Ag-Au-Cd alloys around the AgAuCd, composition at which only the Ag-Au pairs
contribute, as in Ag—Au~Zn,

2.5. Martensite in the Ag-Au-Cd alloys

Apart from the Cu-Zn- and Cu—Al-based alloys it is the Au—Cd system whose martensitic
transformation has been studied in most detail. The binary Au-Cd BCC phase is ordered to
the melting point [31], and its critical ordering temperature is not known. In the «-phase,
some ordered structures are observed [32, 33] which are not only paaked at 25 at.% Cd but
extend as long-period superlattices to higher concentrations. Therefore the simple clusier
variation approximation which leads to equation (11), probably is not valid. An evaluation
of the martensitic transformation in terms of the long-range order contribution, as done
for the other alloys, therefore is not justified at this stage. Moreover, the martensite has
a strongly distorted 9R structure, and its M is modified considerably by the quenching
conditions [34], which would not be expected from the high ordering temperature in the
B-phase, unless more complex order patterns are present, as in the case of the Au-Zn system
at around 37.5 at.% Zn. The high M, are not incompatible, however, with the high ordering
tendencies in the a- and B-phases.

"In the binary Ag-Cd alloys the disordered BCC is separated from the B2 ordered -
phase by a hexagonal £-phase field which extends from 513 to 713 K. The critical B2
ordering temperature lies within this range. As a first approximation it will be positioned
in the middle at 722 = 613 K, This temperature is sufficiently high for ordering to occur
during the quench as in Cu-Zn—-Al with L2; order for quenches above 600 K [9]. On the
other hand it is low enough that ordering remains incomplete when the hexagonal &-phase
becomes sufficiently stable (see below for a more detailed justification).

In a-Ag—Cd only short-range order has been observed [35]. Since, therefore, T¥ is not
available, we shall attempt to determine it from the martensitic transformation, as has been
done for Ag~Zn. The temperatures M as reported in three different papers [36-38] agree
quite closely, which supports the observation that in Ag—48.3 at.% Cd the order is perfect,
even after quenching [39]. The Cd concentration dependence of M, can be expressed as

M (K) = 1560 — 3008cca. (14)

The martensite has 9R and 2H structures [40} and not the face-centred lattice as supposed
for the present discussion, but this difference will be neglected considering the uncertainty
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in 7. Using linear extrapolation from high temperatures of Ty in the middle of the two-
phase region, and AS from equation (9), T2 = 330 K is obtained if it is assumed that
T# = 613 K. It would change by £70 K, if the upper and lower limits for TS were taken.
The corresponding pair interchange energies for the BCC and FCC phases are listed in table 1
with their upper and lower limits. In order to derive w! Ang a ratio wm /wﬂgal = 0.55 has
been used.

Ternary Ag-Au—Cd alloys with Ag concentrations of around 25 at.% have been analysed
for the critical L2, ordering temperature and for the martensitic transformation [41,42].
From the critical temperature for L2, ordering, T-* = 474 K for 20 at.% Au-30 at.%
Ag-50 at.% Cd alloy, wfgjm = 470 K is derived, supposing perfect B2 order prior to the
L2, ordering. This value is smaller than that obtained from the Ag-Au-Zn alloys by Inden
[17], who considered incomplete B2 order, according to the BWG model. If perfect order
is assumed, his value shifis from 535 K by only a small amount to 570 K. It is possible
that the difference between the lattice parameters of Ag—Au-Cd and Ag-Au-Zn [42] is the
reason for the difference in wfg’Au

By quenching, the L2; order can be suppressed [42]. There is, however, hardly any
influence on M,, which is lowered by only a few kelvins. According to equation (7), this

implies that mgg’,\u sz;Au = zwfg’Au = 700 K. If the second-neighbour contribution

mfg'Au can be neglected, and if extrapolation to binary Ag-Au is permitted, a critical

ordering temperature T = 325 K is expected according to equation (i11). This value
relates favourably to the strong short-range order or even small-particle long-range order
after irradiation at 55°C in 50 at.% Au alloys [43].

2.6. Binary noble-metal alloys with subgroup B elements whose valency is higher than two

The alloy systems that will be discussed are Cu—Ga, Cu-Sn and Ag-Al, since for them
information on the mariensitic transformation is available. Existing results for temnary alloys
for which the third component is present in small quantities of less than 5 at.% will not
be considered here, because without additional information on the influence of «—8-phase
stability, on the atom distribution between the lattice sites and on the change in S-phase
order energy, the interpretation remains highly speculative.

The Cu—Ga alloys resemble in many respects the Cu-Al alloys. On quenching, the
B-phase orders below the B-phase stability range at temperatures which are equal to those
in Cu—Al [44], At the lowest Ga content, M, lies above Tc , and a disordered martensite
forms. M, coincides well with the extrapolated Tp in the middle of the o + B two-phase
region, as in Cu-Al [45], Apparently the short-range order which exists above M does not
medify M., This indicates that the inherited short-range order in the o-phase modifies the
stability in the same way as in 8. If we take the short-range order energy proportional to that
for long-range order, this implies that ,6072; =2 aoT?, a relation that is obeyed for Cu~Al,
according to the pair interchange energies derived for that system. It is therefore concluded
that the pair interchange energies for the ¢- and 8-phases in Cu—Ga are essentially the same
as for Cu-Al.

The B-phase in Cu—Sn seems to order at a high temperature between 1000 and 1025 K,
in spite of the low Sn concentration of 14.8 at.%, at which the S-phase is stable [46].
This is an indication that the Cu—Sn pair interchange energy for the 8-phase is high. The
temperatures M, have been measured [47]; they depend on the pre-treatment in the 8-phase
and on the aging in the martensite. The relationship between M; and Tj in the middle of
the o + B two-phase region cannot be determined with the required precision, since the
a + B two-phase region has a wide composition range and a narrow temperature range. If
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the temperatures in the middle of the (& + B)-phase are extrapolated to the composition
for which the martensitic transformation is observed, M; = 460 K would be expected,
compared with the observed value of 210 K, This difference between Ty and M, if it is
real, is an indication that the long-range order stabilizes the 8-phase more than the «-phase.

In B-Ag-Al, no long-range order has been observed after quenching [48]. It would be
expected therefore that, similar to Cu-Al and Cu-Ga at the lowest electron concentration,
the temperatures M, coincide with the extrapolated temperatures Ty in the middle of the
o + B two-phase region. Probably this was the argument which led Arias and Kittl [49] to
estimate M;. The measured temperatures My [50] are considerably lower; instead of 660 K,
M; is 170 K for 25 at.% Al This large difference could be rationalized as being due to
the short-range order energy in the B-phase, if the corresponding energy contribution in
the o-phase were negligible. Experimental results [51] have established the existence of
short-range order; therefore the reason for the low M; is not clear. It should be remarked,
however, that in Ag—Al alloys a massive transformation occurs even during quenching [49],
and maybe the depression in M; is also related to it

2.7. The stability of the FCC and BCC equilibrium phases in the noble-metal alloys: a
comparison

The stability of the Hume-Rothery phases has been discussed in terms of three variables,
namely the lattice parameters, the electron concentration and the electronegativity {1]. In the
cubic - and g-phases the atomic volume is the same and, since it determines the distances
between the atoms, the lattice parameters are not a free variable to adjust the enthalpy
difference between o and 8, in conirast with the hexagonal phases to be discussed below.

The electronegativity is generally described in terms of pair interchange energies.
The long-range order manifests itself mainly in the ordering of first- and second-nearest
neighbours, and correspondingly only two pair interchange energies can be derived. From
a short-range order analysis and from computer simulations, also more distant neighbour
pairs are often found to contribute. Their contribution to the critical ordering temperatures
can easily be evaluated, using the BWG approximation, since it can be expected that in the
disordered state the correlation between distant atoms is lost. For Cu-Zn alloys the third-
and more-distant-neighbour pairs are not important [15, 16], and therefore the values derived
from T should represent quite closely the correct values. This is assumed to hold also for
the other noble-metal alloys. Frequently only one ordering temperature is observed, and the
ratio w™® fw™ or m™® /m"* has to be guessed from some other information. Inden [17],
when deriving the wf{é, assumed in this case that the same interchange energies determine
also the heats of formation of the disordered alloys with respect to the same crystal structure.
In this way he obtained a ratio wfé / wf.,fé of around 0.5. This assumption can be criticized,
especially since Turchi er al [16] calculated a ratio wgu’z,l/w&zﬂ of about 0.25 for Cu—Zn
but nevertheless obtained a correct T, cﬂ , using the relevant k. From a detailed analysis of the
Cu—Zn, Cu-Al and Cu~Zn—Al alloys with respect to the 8-phase ordering temperature and
the L2, order influence on the martensitic transformation (equation (7)), it can be concluded
that the ratio w'? /w'™ obtained by Turchi et al cannot be correct. It is thought that the
wyp given in table 1 not only for Cu-Zn and Cu-Al but also for the other noble-metal
alloys are appropriate, although their composition dependence has been neglected.

The electronegativity influences also the enthalpy of formation of the disordered phases.
It is often expressed with respect to a mixture of the pure elements having the same crystal
structure by a parabola

Hix = AdisCacn (13)
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with Ag;s related to the interchange energies according to [2]
i 3]
dis = Mg + 3myp

(i6)
Agis = 4w:&!l; + Swfé

for the disordered FCC - and BCC fS-phases, respectively. The question that is to be
discussed now, using the data in table 1, is the relationship between the pair interchange
energies of the disordered state {(equation (16)} and those derived from the order transition,
for the BCC- and the FCC-based lattices, For the FCC phase the Ag; have been calculated from
the published heats of formation [52,53]. The linear interpolation for the pure elements in
their BCC or FCC structures was done using the data for pure elements compiled by Dinsdale
[54].

On comparison of § A% in column (9) in table 1 with the values for m‘! — 0.5m in
column (5) or m'" — 1.5m'? in column (6), good agreement is observed for most binary
alloy systems with e/a > 1, i.e. for Cu-Al, Ag—-Cd, Ag—Zn, Ag-Mg, Au-Cd and Au—Zn,
at least within the uncertainties given in the tabie. The most notable exception for the FCC
phase is Cu-Zn. It is clear from the results, especially for Cu-Zn and more so even for the
Cu—-Au and Ag-Au monovalent alloys, that the mixing enthalpy cannot always be expressed
solely in terms of the same first- and second-neighbour pair interchange energies which are
also those responsible for long-range order, in spite of the good correlation that is often
found, as seen from table 1. In addition, the use of enthalpy differences between the phases
of the pure elements can be questioned, since their atomic volumes are often very different
from those obtained by extrapolation of the alloys. Therefore, the decomposition of the
enthalpy of mixing into a term obtained by the linear interpolation between the elements
and an electronegativity effect remains speculative uniil it can be clearly stated under which
conditions it is valid.

As can be seen from table 1, neither the pair interchange energies nor the mixing
enthalpies are solely a function of the electron concentration, as is obvious when the Cu
and Ag alloys are compared with the Au alloys. It seems, however, that in spite of these
considerable variations the difference between thc enthalpies of formation of the - and
B-phases is largely determined by the electron concentration. As an example, Cu~Zn can
be compared with Au—Cd. The entropy difference AS, as derived from the martensitic
transformation for Au—46.5 at.% Cd, of 0.14kg [55] is similar to that of the Cu alloys
{equation (9)). Since it can be expected to describe well also the AS between ¢ and S, as
discussed earlier, an enthalpy difference of 126 K is deduced at a temperature of 900 K,
the temperature at which disordered e is in equilibrium with £, which is quite similar to
the enthalpy differences of Cu—Zn (160 K} and also of Cu-Al (120 X} around an electron
concentration ¢/a = 1.38.

When these findings are generalized, it is suggested that the electron concentration
determines the o8 relative stability and its boundary in the phase diagram whereas
the energy contribution from the electronegativity is structure independent, as holds
approximately within the error limits of the data for most of the alloys listed in table 1.
Differences in electronegativity can manifest themselves in differences in long-range or
short-range order energies, or in large differences between the heats of formation of o and
B. The former case seems to be applicable to Cu-Zn, for which excess short-range order
in the B-phase shifts the w—g-phase boundary to lower Zn concentrations, as discussed
earlier. For Cu-3n, on the other hand, the heats of formation in the o-phase seem to be
much smaller than those of the S-phase, if judged by the high wlc  values in table I,

CuSn
and this also influences the order energies. Thus, the extension of the B-phase stability to
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lower alloy concentrations observed for Cu-Zn and Cu-Sn alloys [1] can be rationalized,
Whether this holds also for the Cu—In system {[1] cannct be judged from the present data.
Whereas in Cu~Zn the heats of mixing are larger than those which would be expected from
the m"! listed in table 1, for Ag—Au and more strongly for Au—Cu the opposite holds. This
indicates that it is the electronegativity which makes the solid solution favourable, and that
without it a phase decomposition can be expected, as occurs in fact for the Cu-Ag system,
which lacks the strong electronegativity due to the Au atoms.

The prominent role of the electron concentration in the relative stability of the a-
phase with respect to the B-phase is evident. It had been suggested [1] that this is due
to an enhancement in the stability when the Fermi surface touches the Brillouin zone,
and calculations by Evans et af [56] supported this hypothesis. This explanation has
to be discarded, however, at least for Cu-Zn, for which sufficient data are available,
The a enthalpy of formation follows a smooth parabolic relationship to 50 at.% Zn [5]
and the enthalpy difference between « and B decreases continuously with increasing Zn
concentration not only in the range in which the B-phase is stable at high temperatures [5]
but even at lower ¢z, according to the first-principle calculations by Turchi et al [16].

3. Martensite and equilibrium structures based on the hexagonal lattice

3.1. The 2H martensite and the influence of the lattice distortion

The formation of the 2H martensite can be described by a Bain distortion to an FCT lattice,
followed by the introduction of regularly spaced stacking faults on each second close-packed
plane. It is more convenient, however, to describe the transformation by a different Bain
distortion paraliel to the [110]g, [liO]ﬂ and [001]s directions, associated with a shuffie of
atoms on each second plane (figure 2). This description has the advantage that it shows
more straightforwardly the relationship between the BCC and the 2H Jattice, and that it
does not impose additional conditions on the relation between the three Bain distontions, in
contrast with those starting with an FCT lattice, for which only two independent distortions
exist. Often, however, the distance between the close-packed planes in 2H does not differ
within the experimental uncertainty from that of the corresponding FCT lattice, and both
approaches are equivalent. One or the other is used, depending on whether the relationship
between the FCT, 9R and 2H martensites is stressed, or that between 2H and the ordered
BCC-based lattices is preferred, as in this paper. From figure 2 it can be seen that the
2H martensite has alternating rows of (I+II) and (III+IV) sublattice sites in the [001]pcc
direction of the (110)pcc plane. This implies for the 2H martensite a deviation from the
hexagonal symmetry of the basal plane. The 2H lattice therefore is orthorhombic {0). The
deviation from the hexagonal symmetry can be expressed by the factor ¥

afb=+1+2y2% (17)

¥ = 1 for hexagonal symmetry, and ¢ = 1/+/2 = 0.7071 for the {011} planes of the BCC
lattice. When the 2H martensite is described by an FCT lattice with stacking faults, ¥ is the
tetragonality given by ¥ = (¢/a@)rcT.

For Cu-Zn—Al alloys a strong composition-dependent deviation of  from 1 has been
observed for the 2H and 18R martensites, whereas the 6R martensite is nearly cubic,
c/a = I, even after stabilization [5]. This cannot be due to an adjustment of the first-
and second-neighbour atom pairs driven by the reduction in the pair interchange energies.
In this case a similar distortion ¥ would be expected for all three martensite structures. That
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(001)y]] (110)

bcc

Figure 2. (a) Bcc lattice with (110} plane exposed. (&) (110)pcc after the transformation

to (001), with the sublattice sites inherited from the 8CC structure, Orthorhombic directions
indicated.

order must be responsible is obvious, since in a disordered martensite the six neighbours of
an atom within each compact plane are equivalent and form a hexagonal array. It has been
shown, in fact, that the energy per fault in 18R—considering it as an FCT lattice with faults
on each third plane—can be reduced by the distortion and depends on the FCC 6R ordering
energy [57].

On generalization to other alloy systems, it is tempting to correlate a decreasing ¥ with
an increasing order energy of the face-centred martensite or equilibrium phase. The order
energy is, according to equations (4) and (9), H, = aolfxats = —ag T2} for a binary
system with perfect B2 order, In figure 3 are plotted the ¢ for Ag-Zn, Ag~Cd and Au-Cd,
as taken from the literature, versus the order energy, with T from table 1, together with
the relationship for Cu~Zn-~Al at efa = 1.48 [5]. The few data available indicate that
there is a comrelation between tr and the a-phase ordering energy, provided that the latter
rises above a critical value. ¥ seems to go to a saturation value at around 0.83 for high
ordering energies. This corresponds to a lattice which is intermediate in structure between
BCC (¢ = 0.707) and hexagonal (¢ = 1), The decrease in ¥ implies also that the amount
of martensite shear decreases to about 10% at ¥ = 0.83.

The reason for the decrease in ¥ with increasing order energy will not be speculated
about here. It is clear, however, that with increasing order the planes that contain the [010],
direction become more and more distinct from those containing the other close-packed
directions at an angle of 120°. This provides a degree of freedom to distort the Brillouin
zones in such a way that the electrons close fo the Fermi surface can decrease their energy.
Whether this is a reasonable explanation has to be studied in more detail.

3.2, The disordered equilibrium &-phase

The following observations made for 9R, 18R and 2H martensites in Cu—Zn-Al are relevant
to this discussion [4]. Considering 9R, 18R and 2H as a face-centred lattice into which
stacking faults are introduced on each third and second close-packed plane, a stacking fault
energy can be defined, which depends strongly on ¥ but extrapolates for ¥ = 1 in the 18R
martensite to that of the disordered FCC phase, at least, at efa = 1.48, indicating that the
interaction between the stacking faults in 18R is negligible, and that the long-range order



Phases in Hume-Rothery noble-metal alloys 8143

¥+

A
10"\
09+

-—;-GB:‘—__—“
. el o
O'BL 1 1 1 1 1
200 300 400 500
adTECE (1)

Figure 3. The distortion v as a function of the ordering enesgy in the face-centred lattice: ——
near ¥ = I, Cu—Zn-Al with e/a = 1.48 [5]; ®, 9R Ag-38 at.% Zn [28]; &, 2H Ap—47.5 at.%
Cd [75); O, 2H Au-47.5 at.% Cd [76]. :

contribution in the absence of the lattice distortion is small, at least within the experimental
uncertainty {57]. The stacking fault energy in the 2H martensite shows the same composition
dependence as that of the 9R and 18R martensites but is 11 mJ m~? higher than that of
18R, which can be considered as an unfavourable interaction between the faults in 2H, but
which is absent for the more distant faults in 9R and 18R. Since this difference between 2H
and 9R or 18R is independent of composition, of order energy and of the lattice distortion,
it is concluded that this difference exists also for the disordered phases. This then means
that, in order to describe the stability of the disordered hexagonal phase with respect to the
FCC lattice at the same lattice parameter, a repulsive interaction term has to be added to
the energy of a single isolated fault, The latter can be determined experimentally in the
a-phase by the splitting of dislocation nodes [65]. The fact that a 9R or 18R martensite is
observed in most shape memory alloys at appropriate compositions is an indication that the
repulsive interaction between faults in 2H is a general phenomenon.

In the following therefore the energy difference between the FCC o-phase and the
disordered hexagonal £-phase is considered to be the sum of the contribution of individual
stacking faults, of an unfavourable interaction term and of an energy gain due to a lattice
distortion. In the hexagonal laftice the distance between the atoms is determined by the
atomic volume and by the ratio (¢/a)nx, i-e. by one more degree of freedom than in FCC.
It is well known {1] that ¢/a changes with electron concentration owing to the interaction
between the Brillouin zone and the Fermi surface.

In order that the disqrdered &-phase appears as an equilibrium phase, several conditions
have to be met: with respect to the disordered a-phase, the repulsion between the faults has
to be overcompensated by a negative stacking fault energy and/or an adequate change in
(¢/a)nex to such an extent that its Gibbs energy becomes lower than that of the two-phase
mixture of the disordered «-phase and complex cubic y-phase. With respect to the BCC
phase, the enthalpy of formation of ¢ and of £ has to be lower than that of the disordered
B-phase for Cu-Zn and Cu-Al, and therefore £ is favoured over 8 at low temperatures,
at which the vibrational entropy no. longer contributes to the BCC structure, However, as
soon as the BCC structure orders, the associated energy decrease can be sufficiently high
to suppress the formation of the £-phase, It is not surprising therefore that & appears only
when the ordering energy for the BCC phase is too low, either because the electronegativity
(pair interchange energy) is low or because the concentration of the alloying element is low,
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which occurs for higher-valency elements.

These concepts are iliustrated in figure 4 for the Cu~Zn system, for which quantitative
results exist. The lowering of the &-phase energy due to the lattice distortion has not been
taken into account. The small difference between the enthalpies of o and & compared with
the ordering energy in the BCC phase is evident. This figure can also serve as a qualitative
guide to rationalize the formation of § in Ag—Cd in a limited temperature range between 513
and 713 K. The B2 phase becomes more stable than £ even when it is only partially ordered
and reappears again at low temperatures. For this reason, the unknown critical temperature
T2 should not be too high, and its location in the middle of the &-phase stability range
seems reasonable,

fH
(K] Cu-Zn
1800
{ T s
11000 —————————¢{rigid)
cx(dl"S)
200 \
7 g%x{ord]
41400 3N
i B2
TP RIS SR
040 045 050 Czp

Figure 4. Heats of formation as a function of Zn concentration for Cu-Zn for disordered
BCC (B{dis)) from [3], for disordered Foc {x(dis)) and disordered hexagonal without change in
(c/fadmex (E(rigid)), for ordered hexagonal with ¥ = 1 (hex(ord}), for 3R and 2H martensites,
for 3R with {c/a@)rcT = 1. for 2H with variable ¥ < 1 and for B2 ordered Bce¢. The difference
3R — hex(ord) which is the same as a(dis) — £(rigid) is from [4], w(dis) — p(dis} from [5], and
3R.2H. B2 from [3,4].

Figure 4 also shows that the hexagonal phase can become more stable if it orders, This
is expected to occur only if also the FCC phase has a sufficiently high ordering energy;
additional contributions could be due to a change in (c/a@)nx and to the formation of long-
pericd superlattices [1]. Au—Cd and Au-Zn with their high T can be a case in point.

4. The Ni—-Al martensite

The Ni-Al and Ni-Ti alloys have been the subject of considerable interest owing to their
shape memory behaviour associated with the martensitic transformation. Ni-Ti has a lattice
distortion which is different from those discussed in this paper [7] and therefore will not be
considered further. The Ni-Al alloys, on the other hand, transform martensitically in a way
similar to those of the noble-metal alloys. In addition, the ordering tendencies are increased,
which brings the Ni—Al alloys close to true intermetallic compounds. For these reasons it is
appropriate to compare the martensitic transformations in the noble-metal alloys with that
of Ni-Al. The Ni-Al alloys have also found applications for their mechanical properties as
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superalioys, and thus information from the martensitic transformation may become relevant
also for the dislocation behaviour in these alloys [66].

The martensite has an FCT twinned structure at and below 36.6 at.% Al and a 7R
lattice above this composition [67-69], The FCT lattice has a strong tetragonal distortion of
{c/a)rcT = 0.85 for 36.6 at.% Al [67] and, for the 7R, i = 0.84 is obtained for 37.5 at.%
Al [68]. This distortion is similar to that expected from the curve in figure 3 extrapolated
to the ordering energy of NisAl. Whether this coincidence is accidental or points to some
common features is not clear. It should be emphasized, however, that this strong tetragonal
distortion cannot be explained by the ordering of hard spheres with different radii. A linear
extrapolation of the atomic volumes v, to pure Ni and Al leads to a relative difference
[valAl) — ra(Ni}]/ra(Ni) = 13.7%, corresponding to a radius difference ra /ry = 4.4%,
which would lead 10 (¢/a)rer considerably closer to 1.

From short-range order studies on Ni-10 at.% Al [71, 72} and from ab-initio calculations
[73] it has become evident that more distant atom pairs contribute considerably to the order
energy. Therefore, it is not possible to relate the order temperature which has been measured
[70] by a factor g = 4.3 to the pair interchange energies. Since it can be expected that the
correlation between more distant atom pairs disappears largely in the disordered state above
T2, their contribution can easily be incorporated using the BWG approximation [66,71].

The ordering energies for B2 and Ll at 50 at.% Ni have been calculated [73} and
can be compared with those which would be expected from the martensitic transformation.
At ca = 0.388, M; = 0 K and, according to equations (5) and (6), the energy difference
between the disordered FCC and BCC is equal to the ordering energy. Using a compaosition
dependence of the ordering energy proportional to ci! (equations (5) and (6)) and taking
the calculated value of 1952 K at 50-at.% Al for the difference between the order energies
of B2 and Lo [73], a value of 1175 K is obtained for Hj}, — HZ, at 38.8 at.% AL This is
a factor of 10 higher than that for the noble-metal alloys. It is very doubtful whether this
is realistic. If we assume that Hﬁs — Hg = 115 K, as for Cu-Al, the difference in order
energy at 30 at.% Zn would also be reduced by a factor of 10 [66].

5. Pre-martensitic phenomena and surface martensite

Recently, attention has been focused on pre-martensitic phenomena, such as the tweed
contrast, which is observed in the electron microscope. Robertson [58] has suggested that,
in order to exhibit strong tweed contrast, the alloy must possess a high elastic anisotropy,
a high ordering temperature and a large deviation from the stoichiometric composition.
The importance of these three factors can easily be rationalized. A high ordering energy
corresponds according to figure 3 10 a low ¥ and thus to a decrease in mariensite shear.
The lower the martensite shear, the less distortion is required in the surrounding BCC matrix
to create a martensite embryo. Even if the martensite is not yet stable at temperatures
close to but above Ap, the thermal energy can be sufficient to create embryos of martensite-
like structures by fluctuations, if also the elastic constants, especially ¢/, are small, which
corresponds to a high elastic anisotropy. When the formation of the marteqsite is too
unfavourable energetically, the fluctuations disappear. Since M, decreases generally with
increasing alloy concentrations towards the stoichiometric composition, the tweed contrast
should also decrease. Thus, for Cu—Zn, Cu—Al-Ni and Cu—Zn—-Al there is a medium tweed
contrast level [58], which moreover is limited to the surface regions [59] for Cu-Zn-Al
provided that no surface martensite forms, whereas for Au-47.5 at.% Cd and Ni-Al away
from 30 at.% Al it is strong, as can be expected.
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It should be mentioned in passing that the enhanced vibration amplitude near the surface
in Cu-Zn—Al should increase the vibrational entropy of the BCC phase, and consequently
decrease M. It has been observed instead that the martensite formation is enhanced in
surface regions of about 10 nm thickness with the appropriate orientation [60-62], leading
to a surface M, about 500 K above that for the bulk. Thus, this change in M; seems not
to be related to a.tweed-type lock-in of the thermal fluctuations near the surface. It is
more likely that, during the oxidation of the surface, vacancies are injected, which enhance
diffusion {63] and produce stabilization of the martensite during its formation, as in bainite-
type transitions. The stabilization of the martensite can lead to considerable changes in M,
also in the bulk [64].

6. Summary

Based on recent results for Cu-Zn-Al [3-5] an evaluation of the contributions to the
stabilities of martensitic and equilibrium phases is made for other noble-metal alloys and for
Ni-Al, using data from the literature which are often not complete. It is hoped, however,

that the speculative part-of this work can be reduced in the future by more experimental
results. '

{1) The face-centred 3R or 6R martensites with inherited B2 or L2, order can be well
related energetically to the disordered @ FCC and 8 BCC equilibrium phases and to the
difference in long-range order contribution which is given by the pair interchange energies
or equivalently by the critical ordering temperatures. The long-range order can shift M;
considerably with respect to the equilibrium temperatures between the o~ and B-phases.

(2) In the 9R, 18R and 2H martensites of many noble-metal alloys an important
contribution to the stability is due to a distortion of the basic cubic or hexagonal lattice. This
complicates the comparison with the disordered hexagonal £-phases which are observed as
equilibrium phases in many noble-metal alloys. The distortion depends on the ordering
energy in the ¢-phase. With increasing a-phase order the 2H martensite becomes more BCC
like, and the corresponding martensite shear decreases. This holds also for the Ag and Au
alloys and probably influences the formation of tweed phenomena, which have been studied
by transmission electron microscopy.

(3) A comparison of the data for the different noble-metal alloys permits one to evaluate
the influence of the lattice parameters, electron concentration and electronegativity on the
stability of the Hume-Rothery noble-metai alloys.

(4) The martensites in Ni—Al show many aspects similar to those of the noble-metal
alloys. On the other hand they are representative of the transition towards true intermetallics.
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