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Abstract

The b-phase of Au7Cu5Al4 undergoes a reversible shape-memory phase transformation for which several conflicting martensite phases
have been reported. Here we show the significance of the cooling temperature used to obtain the martensite. If Au7Cu5Al4 is cooled from
the parent phase condition to cryogenic temperatures, e.g. below 200 K, the martensitic phase is orthorhombic (space group Pcmn,
a = 4.4841 Å, b = 5.8996 Å, c = 17.8130 Å); however, when this composition is cooled to only �260 K it will in general consist of a
mixture of orthorhombic and monoclinic phase (the latter has space group P21/m, a = 4.4742 Å, b = 5.9265 Å, c = 13.3370 Å,
b = 91.425�). In contrast, a sample with decreased Al content (Au7Cu5.7Al3.3) transforms fully to monoclinic phase if cooled to �260 K.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The b-phase with approximate stoichiometry Au7Cu5Al4
is a shape-memory alloy (SMA) sometimes referred to as
Spangold [1]. Like other SMAs it undergoes a reversible,
displacive, thermoelastic phase transformation between a
parent (high-temperature) phase and a martensitic (low-
temperature) phase [2]. The alloy qualifies as 18 carat gold
and therefore has been of minor interest in the jewelry
industry [3]; however, its good castability, high strength
and wear resistance, and resistance to corrosion [3,4]
suggest that it could also be more generally useful as a
SMA. One application might be as a component within
http://dx.doi.org/10.1016/j.actamat.2014.07.039
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biomedical devices since the high gold content of the alloy
renders it radiopaque—a property that facilitates the posi-
tioning or manipulation of a medical device in vivo [5].

Previously, the martensite start (Ms) temperature in this
alloy has been reported in the range of 293–303 K and the
austenite start (As) temperature in the range 328–353 K,
with some variability due to the effect of thermal history
[2,6–9]. The crystal structures of the parent and martensite
phases are an important aspect of SMA technology, since
they influence the nature of the transformations, the usable
amount of strain, the reproducibility of the transformation
temperatures and cyclic stability, all factors which must be
controlled in technological applications of SMAs [10–12].

Recent work [13] has elucidated the structure of the
b-phase at higher temperatures, showing that the parent
phase possesses the L21 structure between the As and
eserved.
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�903 K, and the B2 primitive cubic structure between
�903 K and its melting point. It melts directly from the
B2 structure into the liquid state.

Various structures have been proposed for the martens-
ite phase of Au7Cu5Al4. For example, it was shown that the
martensite could be considered to have a hexagonal-type
packing arrangement on the B19 model, but with a unit cell
of double size to account for the ternary ordering [14]. In
contrast, analysis of electron diffraction patterns indicated
that it was monoclinic with a = 4.65 Å, b = 5.56 Å,
c = 3.906 Å, a (sic) = 87� [9], which is similar to the heavily
faulted structures determined for many Cu-base martens-
ites. The endothermic transformation of the martensite to
the parent phase at �350 K is clearly discernible on differ-
ential scanning calorimetry or differential thermogravimet-
ric traces; however, several workers have also published
data showing that some martensite samples undergo an
additional, less pronounced, transformation at �320 K,
prior to their up-transformation to parent phase [8,9].

Recently, we became aware that the temperature to
which a martensitic sample was cooled influenced its
X-ray diffraction pattern. Here we have used in situ
X-ray and neutron powder diffraction studies to show that
there are both monoclinic and orthorhombic martensite
structures in this system, with the nature of the martensite
being controlled by the cooling temperature.

2. Experimental

2.1. Sample manufacture

The samples for this project were manufactured by melt-
ing high-purity base metals of Au (99.99%), Cu (99.9%)
and Al (99.99 + %) in an alumina crucible under a protec-
tive layer of carbon pellets.

The Au was melted first, and then the Cu and Al stirred
in. The samples were annealed at 970 K to convert them into
the b-phase, followed by quenching into iced brine. The
structures obtained from two samples are reported here:
Spangold, i.e. Au7Cu5Al4 (43.5, 32.2, 24.2 at.% gold, cop-
per, aluminum), and Au7Cu5.7Al3.3 (43.3, 35.7, 20.9 at.%
gold, copper, aluminum). In all our refinements, it has been
assumed that all phases in a sample have the analyzed
composition. Powders were prepared by wet grinding on
abrasive paper, followed by washing in water. The individ-
ual particle sizes were of the order of several tens of
micrometers.

2.2. X-ray diffraction

X-ray powder diffraction was undertaken at the Euro-
pean Synchrotron Radiation Facility (ESRF) (ID11: Mate-
rials Science Beamline) and the Australian Synchrotron
(AS) (10BM1: Powder Diffraction). In both cases spinning
0.3 mm capillaries filled with powdered sample were used.
A LaB6 standard (NIST 660a) was used to calibrate the
wavelength and determine the instrument contributions
to the observed line profiles. Powders were measured at
temperatures ranging from 252 to 382 K. Due to the large
grain sizes within the material and the small volume sam-
pled within the silica capillaries, the XRD patterns
obtained at either synchrotron were slightly affected by
texture.

At the ESRF samples were analyzed at an incident
wavelength of 0.31090 ± 0.00001 Å. A short wavelength
was chosen in an attempt to minimize the impact of the
absorption on the data. Due also to the small size of the
beam at ESRF (100 lm � 100 lm), the sample was stepped
along its length in 10 lm increments in order to improve
counting statistics. Each camera image was radially aver-
aged to give intensity vs. 2h (0.0187� per step). The mean
of 360 patterns was used for structure refinement. The sam-
ple was cooled to 200 K and data collected at 292 K.

At the AS wavelengths of 0.42654 ± 0.00001 Å
0

(sample
Au7Cu5Al4) and 1.1597 ± 0.00001 Å (sample Au7Cu5.7-

Al3.3) were applied. Samples Au7Cu5Al4 and Au7Cu5.7Al3.3

were precooled to either liquid nitrogen (77 K) or 263 K
and the data subsequently collected at room temperature
(Mythen strip detector, 0.004� intervals).

2.3. Neutron diffraction

Complementary neutron powder diffraction (NPD) data
were collected on Echidna (the high-resolution powder dif-
fractometer) at the OPAL reactor of the Australian
Nuclear Science and Technology Organisation (ANSTO).
The configuration of this instrument has been described
by Liss et al. [15]. Neutron diffraction data is useful because
it is more sensitive to the Al positions in this system and
because it samples a much greater volume of material.
(The latter factor helps eliminate texture effects.) Data were
collected from stationary powder samples at 302 K using
neutron wavelengths of 2.2736 and 2.4380 Å from the
(331) reflection of the germanium monochromator; no
extra collimation was used. Approximately 0.3 cm3 of the
powder was packed into a vanadium can with a 6 mm
diameter. Al2O3 standard patterns were also collected for
each instrumental configuration.

2.4. Rietveld refinement

The structures were determined by co-refinement of the
full X-ray and neutron diffraction patterns using the pro-
gram Rietica [16,17]. In the combined XRD–NPD Rietveld
analysis the AS was down-weighted to 40% to compensate
for much higher counting statistics than that of the NPD
data. The parameters refined included relative scale factors
between the data sets, wavelengths and zeroes (to allow for
the slight temperature differences between the various mea-
surements), instrument parameters for each data set, and
crystal structural parameters with isotropic displacement
parameters (assumed as the same for all phases). The
refined Pcmn, cubic and P21/m structures were used as
the input values to start the multiphase refinements of the



Fig. 2. Refinement of the Echidna neutron powder diffraction data
(k = 2.2736 Å) collected from the single-phase monoclinic Au7Cu5.7Al3.3

alloy, where the grey excluded regions represent single detectors with
incorrect calibration values. The inset shows the (201) reflection which
indicates a tripling of the c axis of the doubly extended B19 unit cell
reported earlier [14].
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samples with more than one phase. In the case of multi-
phase samples, only the P21/m phase was refined com-
pletely, with the already refined structures held fixed.
Variation of the cell parameters was allowed to account
for slight temperature variations between the data sets
and instruments. No attempt was made to refine the site
occupancies. In principle refinement of the occupancies is
possible but with the compositions used here all the syn-
chrotron patterns are dominated by the gold, and for neu-
trons the gold and copper have almost identical scattering
lengths so cannot be distinguished. Three site types were
assumed, Aln, Cun and Aun, with the excess copper ran-
domly distributed over the Aln and Aun sites according to
the measured composition [13]. Note, however, that the
martensite would be expected to have inherited the site
occupancies of the parent cubic phase, at least initially.
These have been estimated previously [13] and indicate that
the Aun sites would be �0.80 Au, with the balance of the
occupancy on this site being Cu.

3. Results

Two structures have been determined, both based on the
Im3m cell of the high-temperature cubic phase: an ortho-
rhombic cell with a 4-fold increase in c with space group
Pcmn (Pnma, #62 non-standard setting) (see Fig. 1), and
a monoclinic phase with a 3-fold increase in c and b angle
of �91.4� in space group P21/m (see Fig. 2). As will be seen,
martensitic samples were found to consist either of one of
these phases, or in some cases, of a mixture of these two
phases. The martensite (whether orthorhombic or mono-
clinic) transforms to cubic austenite at �353 K (Fig. 3).

The Pcmn phase was refined using three Au7Cu5Al4
(Spangold) histograms. The synchrotron data was collected
at room temperature (AS at 299 K, ESRF at 292 K) from
samples that had been cooled to liquid nitrogen tempera-
tures. The Echidna data was collected at 302 K after the
sample was held for 6 h at 319 K and 3 h cooling down
Fig. 1. Refinement of the ESRF powder diffraction data (k = 0.31090 Å)
collected from the Au7Cu5Al4 alloy in dominant phase Pcmn with a small
amount of cubic austenite.

Fig. 3. X-ray diffraction map (k = 0.31090 Å) showing transformation of
orthorhombic (Pcmn) martensite of Spangold (Au7Cu5Al4) to cubic
austenite of L21 structure at �355 K. The line at �10� corresponds to the
(220) and (028) reflections of the martensite which change smoothly to
the (222) of the parent phase.
to 302 K). These three temperatures gave the closest agree-
ment with the lattice ratios, leading to a more stable refine-
ment. From prior work [13], it was known that the
intensity values of the AS data were affected by some pre-
ferred orientation, but the fit of these whole pattern refine-
ments was judged to be acceptable for the purpose of
ascertaining the crystal structures.

The monoclinic phase was first refined using three Au7-

Cu5.7Al3.3 histograms collected from a sample that had
been cooled to only 260 K (AS at room temperature
(1.1597Å) and two Echidna patterns at different wave-
lengths) because this sample was pure monoclinic. Due to
the lower Al content of this alloy (21at.% compared to
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the 24 at.% Al of the Au7Cu5Al4 sample), the As and Ms

were slightly higher, at about 363 and 303 K, respectively.
The AS pattern was severely affected by absorption and we
used as large an absorption correction as Rietica would
accept (m = 400 cm�1, r = 0.015 cm). Including the AS
pattern was necessary to provide stability to the unit cell
values.

Inspection of the Au7Cu5Al4 patterns at room tempera-
ture taken when the samples were only freezer cooled
(263 K) shows that they are a mixture of the above two
phases, being �30% orthorhombic and �70% monoclinic
(Fig. 4). By fixing the orthorhombic cell it was possible
to refine the monoclinic cell in these mixed patterns. Two
histograms were available: an AS pattern at 0.42654 Å
and an Echidna pattern at 2.2713 Å. The AS pattern had
some small impurity peaks probably due to the grinding
media used to make the powder (as determined by inspec-
tion of the pattern taken above the As transition tempera-
ture) and these regions were excluded from the refinement.

Table 1 gives the refined unit cell information for the
three structures, Table 2 lists the atomic position coordi-
nates and Table 3 gives the goodness-of-fit results for the
refinements. In general the goodness-of-fit of the neutron
data is superior to that of the synchrotron data. The differ-
ence is due to sampling statistics: the synchrotron beam
illuminates only a few hundred crystallites at a time,
whereas the neutron beam probes a very much larger vol-
ume of material containing millions of crystallites. A Bragg
R of �10 is usual for powder pattern refinements. The
higher value for the AS is a consequence of its higher inten-
sity. The interatomic distances are listed in the Supplemen-
tary Material. It is clear that the X-ray diffraction patterns
of both martensitic structures can be simulated using a
sinusoidal modulation of the atomic positions, with dis-
placements in the x-direction, and the sine wave directed
along the z-direction (Fig. 5). The Au and Cu/Al layers
are, however, slightly out of step. Similar modulation has
Fig. 4. A selected 2h region (k = 0.42654 Å) of the AS powder diffraction
data showing the Pcmn and P21/m phases coexisting in Au7Cu5Al4. The
“Freezer-cooled” sample was cooled at 263 K for 12 h, and the “Liquid
N2-cooled” sample was held in liquid nitrogen (77 K) for 30 s.
been proposed in the past for martensites formed from
NixAl or Ni2MnGa [18]. Because Al is a weak scatterer
for both X-rays and neutrons its position is less well
defined than the others (as can be seen by the errors in
Table 2).

The variations of lattice parameter with temperature
were obtained using the data collected at a range of tem-
peratures at the ESRF. In the Pcmn space group, as the
temperature is increased, both a and c decrease while b

increases (see Fig. 6), while the volume of the unit cell
shows a steady increase (see Fig. 7). The internal coordi-
nates are not well defined for the copper and aluminum
sites but the shifts from the austenite structure are <1 Å.
The x coordinate of the gold atom #2, Au2 (indicative of
the maximum displacement of the oscillation), however,
shows a steady decrease with increasing temperature,
before it collapses into the austenite position at �353 K
(shown in Fig. 8).

4. Discussion

There have been conflicting structures reported in the
past for this material and the results of this paper have
resolved some of these issues. It is clear that the prior ther-
mal history of a martensitic sample is an important param-
eter since it determines how much of the orthorhombic or
monoclinic phases will exist at room temperature. Cooling
to 77 K has produced a single-phase orthorhombic mate-
rial in the Au7Cu5Al4 sample, whereas a mixture of ortho-
rhombic and monoclinic phases was the norm in samples
cooled to only 260 K, as shown in Fig. 4 and Table 4.
The coexistence of the two martensitic structures in these
latter samples is very likely due to a combination of two
factors: (i) an overlap in the Ms/Mf and As/Af temperature
ranges of the two phases (so that, for example, the Ms of
the orthorhombic phase lies at a higher temperature than
the Mf of the monoclinic phase; and (ii) thermodynamic
hysteresis in their transformations so that an As lies at a
considerably higher temperature than the corresponding
Ms. The latter situation, for example, holds in TiFeNi
alloys which, under some conditions, can consist of a mix-
ture of P3 and B190 phases due to this effect [19]. In con-
trast, the Au7Cu5.7Al3.3 sample which was only cooled to
260 K was monoclinic, indicating the sensitivity of these
phenomena to stoichiometry as well. However, it is likely
that this sample would also have converted to orthorhom-
bic phase if it had been cooled to 77 K. Further work to
determine the actual martensite-to-martensite transforma-
tion temperatures in these alloys would be worthwhile.

Once the lowest-temperature martensite was obtained
after cooling to liquid nitrogen temperatures, indexing
showed that all lines could be accounted for by a four times
expansion in one direction. There were two options for the
space group—the centric one that has been reported in this
paper (Pnma, #62 non-standard setting), and the non-
centric one (Pna21). However, although the latter had the
correct line markers, it had unstable refinements under all



Table 1
Refined unit cell parameters for the martensite structures.

Parameter Au7Cu5.7Al3.3 P21/m Au7Cu5Al4 P21/m Au7Cu5Al4 Pcmn

a (Å) 4.4734(2) 4.4742(1) 4.4841(2)
b (Å) 5.9150(3) 5.9265(1) 5.8996(2)
c (Å) 13.3333(6) 13.3370(3) 17.8130(8)
b (�) 91.525(1) 91.425(1) NA

Note. Numbers in parentheses are error values.

Table 3
Goodness-of-fit refinement results.

v2 Rp Rwp Rexp RBRAGG

Au7Cu5.7Al3.3 P21/m

AS (1.1597 Å) 0.846 2.16 3.20 3.48 22.22
Echidna (2.2736 Å) 2.003 7.52 9.61 6.79 12.84
Echidna (2.4380 Å) 2.516 5.02 6.45 4.07 8.26

Au7Cu5Al4 P21/m

AS (0.4265 Å) 9.694 10.98 14.57 4.68 10.18
Echidna (2.2713 Å) 3.323 4.25 5.64 3.09 19.20

Au7Cu5Al4 Pcmn

AS (0.4265 Å) 13.689 13.71 19.26 5.21 27.58
ESRF (0.3109 Å) 0.719 4.85 7.51 8.86 9.19
Echidna (2.2722 Å) 2.420 4.11 5.39 3.47 15.42

Fig. 5. The atomic positions in both structures are displaced in the x-
direction with a sinusoidal cyclic variation that travels along the z-
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conditions. The relationship between the present ortho-
rhombic phase and the B33 orthorhombic martensite pre-
dicted to form when the monoclinic B190 martensite of
the NiTi system is cooled to extremely low temperatures
[20–22] is intriguing. The structures are, however, subtly
different because the present phases contain three atom
types (Au, Cu and Al) and the displacement of their atomic
positions is along the a axis rather than the b axis.

The diffraction pattern of the monoclinic phase con-
tained an extra peak, the (201) reflection, located between
the strong peaks at �62� in the 2.2735 Å pattern (62.4�, d

spacing = 2.1913 Å, see inset of Fig. 2), indicating that it
is formed by a tripling of the doubly extended B19-style
unit cell reported previously [14]. The space group P21/m
was required to maintain the gross atomic arrangement
with only small displacements of atoms on cooling. The
structure of the Au7Cu5.7Al3.3 sample was refined in this
large monoclinic cell, with the AS data included to provide
stability to the unit cell values. The y values of the gold
have been refined, as allowed by the symmetry, though
these have show minimal movement off the zero (indicative
of the data quality).

The sample with the higher aluminum content has the
weakest scattering power on the Aln site and the coordi-
nates shown in Table 2 are the least reliable, with errors
higher by a factor of 3. All refinements suffer from conver-
gence issues, with one of the main causes being that the
crystallite size is relatively large. Lower aluminum content
seems to favor the monoclinic phase, as indeed is normally
the case in coinage metal SMA martensites, e.g. Cu—Al–
Ni [12].
Table 2
Atomic positions for the martensite structures.

Au7Cu5.7Al3.3 P21/m Au7Cu5Al4 P21/m Au7Cu5Al4 Pcmn

x y z x y z x y z

Cu1 0.2913(14) 0.2500 0.0875(7) 0.2852(34) 0.25 0.0914(17) 0.2358(42) 0.2500 0.0691(15)
Cu2 0.1854(19) 0.2500 0.4270(7) 0.1822(34) 0.25 0.4202(16) 0.3332(35) 0.2500 0.3177(11)
Cu3 0.3041(17) 0.2500 0.7534(7) 0.3358(39) 0.25 0.7550(16)
Al1 0.2474(32) 0.7500 0.0949(13) 0.2137(94) 0.75 0.0999(38) 0.2679(88) 0.7500 0.0659(32)
Al2 0.1677(31) 0.7500 0.4302(12) 0.2484(104) 0.75 0.4131(44) 0.3968(72) 0.7500 0.3320(22)
Al3 0.3252(28) 0.7500 0.7588(13) 0.3004(98) 0.75 0.7711(34)
Au1 0.1773(8) 0.0136(11) 0.2549(3) 0.1887(7) �0.0072(13) 0.2564(3) 0.2568(11) 0.0015(18) 0.9434(4)
Au2 0.2941(7) 0.0029(13) 0.5902(3) 0.3064(6) 0.0009(16) 0.5879(3) 0.3402(8) 0.9922(17) 0.1940(34)
Au3 0.2393(8) 0.9915(12) 0.9234(4) 0.2281(7) 0.0079(15) 0.9250(3)

Note. Numbers in parentheses are error values.

direction.



Fig. 6. As the temperature is increased for Spangold in the Pcmn space
group both a and c decrease while b increases.

Fig. 7. As the temperature is increased the volume of the unit cell for
Spangold in the Pcmn space group shows a steady increase.

Fig. 8. The x coordinate of Au2 shows a steady decrease with increasing
temperature, before it collapses into the austenite position at �353 K.

Table 4
Approximate fractions (wt.%) for the P21/m monoclinic structure (Au7-

Cu5Al4). These data were estimated from the Rietveld refinements without
taking the effect of texture into account. An error of about 5% is possible.

Temperature (K) Orthorhombic Monoclinic Cubic

wt.%

299 (scan 1) 32 66 �2
299 (scan 2) 36 63 �1
312 (scan 1) 31 68 �2
312 (scan 2) 36 62 �2
327 (scan 1) 35 �2 64
328 (scan 2) 30 0 71
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5. Conclusion

The monoclinic phase P21/m is the favored martensite
structure in Spangold-type SMAs that have been cooled
in iced brine or a freezer (�260–270 K). However, if the
temperature were further decreased, to liquid nitrogen tem-
perature for example, then an orthorhombic martensite
with Pcmn symmetry would form at the expense of the
monoclinic structure. Due to the combination of overlap
and/or hysteresis in transformation temperatures, mixtures
of the two martensitic phases may be present in these
alloys.
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