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The Cu-Pd-Sn material system has a (Cu, Pd);Sn phase region that shows an interesting and unexplored marten-
sitic phase transformation. Literature on this system is limited and the description of the phases present is incom-
plete and partly contradictory. With focus on a specific Cu-rich composition in this phase region (Cus;Pd,,Sn,s5)
and having employed a combination of differential scanning calorimetry, X-ray diffraction, optical microscopy
and density functional theory (DFT) methods we analyze the phases involved and the phase transformation tem-
peratures. The martensitic transformation was found to occur at approximately 378 K upon heating and at 328 K
under cooling conditions. The crystal structure of the high temperature (HT) austenite phase was identified as
face centered cubic with lattice constant a = 6.2261(1) A at 473 K. DFT simulations of plausible atomic arrange-
ments indicated that the HT phase was an L2, (Fm3m) type structure. The martensitic LT phase was found to be
orthorhombic with a D0,; (Pnma) type structure with lattice parameters a = 8.9860(3) A, b=5.9347(2) A and

c=45328(2) A at 298 K.

1. Introduction

The search for new and better shape memory alloys (SMAs) has been
of increasing interest in the scientific community as potential applica-
tions for these materials are expanding [1]. SMAs are the basis of de-
vices spanning from novel solid-state actuators [2], medical implants
[3], caloric [4,5] to energy harvesting applications [6-8], and morphing
aerostructures have recently been proposed for structural applications
[9].

SMAs undergo a highly reversible, diffusionless solid-to-solid
martensitic phase transformation from a high symmetry, high temper-
ature (HT) austenite phase to a low symmetry, low temperature (LT)
martensite phase [10]. The transformation is temperature-driven in the
case of the shape memory effect and stress-driven in the case of supere-
lasticity. Along with the structural change, a change in another property,
such as a mechanical [11] or electromagnetic [8,12] property, might
follow, making SMAs attractive in a range of applications [1].

A major limiting factor for large-scale implementation of SMAs is
structural and functional fatigue, especially for high-cycle applications
[13]. It is commonly believed that the stress transition layer, originating
from poor compatibility between the austenite and martensite phases, is
the main contributor to the degradation of SMAs [14,15]. This transition
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layer gives rise to an energy barrier that causes hysteresis [16] and leads
to the eventual failure of the material.

Theoretical conditions of compatibility have been presented in the
literature [14,16,17]. These conditions are evaluated based on a trans-
formation stretch matrix, which is constructed using knowledge of the
lattice parameters and the space group of the martensite and austenite
phases [18]. These theories state that when the middle eigenvalue of the
transformation stretch matrix equals unity (4, = 1) perfect compatibil-
ity between a single variant of unstressed martensite and austenite may
be obtained [14,16]. Recently, even stronger conditions of compatibil-
ity have been put forward through the so-called cofactor conditions [17].
The cofactor conditions predict the possibility of several unstressed in-
terfaces, thus giving supercompatibility between the phases [17,19]. Ma-
terials that closely satisfy the cofactor conditions have been shown to
display small hysteresis and a high level of reversibility [20,21]. This
has led to the discovery of materials with outstanding fatigue proper-
ties, such as AusyCuy5Znys [22] and TisyNizyCuy, [21] displaying re-
versible transitions without significant degradation up to 10° and 107
cycles, respectively.

Cu-Pd-Sn alloys with 25 at. % Sn show a martensitic phase transfor-
mation [23]. With the high solubility of Cu on the Pd site, lattice pa-
rameters, and hence the cofactors conditions, can potentially be tuned
to tailor materials with improved compatibility and thus improved fa-
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tigue properties [24]. So far, only a limited number of reports exist on
the Cu-Pd-Sn system [23,25-32] and fundamental studies are needed
for further understanding of their phase transforming properties.

The earliest found studies on ternary Cu-Pd-Sn were performed by
Evstigneeva and Nekrasov who reported on phases and phase relations
in the pseudobinary Pd;Sn-Cu;Sn phase diagram up to 30 at. % Cu [25].
The phase region was further described in a paper by Evstigneeva and
Genkin [23] where a phase transition was reported to take place at 473 K
in a sample of composition Cu,5Pds5oSn,s. The HT phase was identified
as cubic with lattice parameter a = 3.89 A at 487 K and was described
as a solid solution of Cu on the Pd sites (Cu, Pd);Sn, hence isostruc-
tural to cubic Pd;Sn. The LT phase was identified as orthorhombic with
a=>b=7.88(5) Aand ¢ = 3.94(2) A and can be compared with its
mineral equivalent Cabriite, which has been presented in detail by Wil-
son et al. [26]. Structure determination of the low-temperature phase
was not possible due to finely twinned aggregate grains, thus the space
groups were not determined.

More recently, isothermal sections of the Cu-Pd-Sn system at 773
and 1073 K have been described by Kareva et al. [31]. The data was
based on numerous specimens annealed at 773 and 1073 K, quenched,
and characterized at room temperature. In contrast to the reports by
Evstigneeva and Genkin, Pd-rich (Cu, Pd);Sn samples were described
with an orthorhombic structure at both 773 and 1073 K. The (Cu, Pd)3;Sn
phase region was reported to stretch from 9 to 32 at. % Cu at 773 K and
from 12 to 35 at. % Cu at 1073 K, both with 25 at. % Sn.

Kareva et al. also reported a fine twin-intergrowth structure mak-
ing it unachievable to obtain single crystals to clarify atomic positions
and, due to similar X-ray scattering factors for Pd and Sn, the structure
type was not identified. However, the space group was determined as
Pnma (#62) for the composition Cu,5Pds5oSn,s, with lattice parameters
a =18.980(3) A, b = 5.9234(16) A and ¢ = 4.5311(2) A.

The present paper aims to give new insight into the previously re-
ported phase transformation and the two transforming phases. By com-
bining theoretical and experimental tools we have determined the trans-
formation temperature and the full crystal structure of the two phases
involved.

2. Methodology

In the present study, a sample with composition CuzzPd,,Sn,5 was
prepared by flame melting high purity Cu, Pd and Sn metal powders in
a sealed and evacuated quartz ampule. The sample was homogenized
at 1123 K for one week and subsequently quenched in water before a
second heat treatment at 623 K for 60 h. Powder samples were prepared
by crushing and, to remove any internal strain introduced by the crush-
ing process, the powders were annealed in sealed and evacuated quartz
ampules using zirconium as getter. The samples were annealed for three
hours at 573 K in a tubular resistance heating furnace and subsequently
quenched in water.

The microstructure was investigated by optical microscopy using a
Reichert-Jung MeF3 instrument with cross-polarized light. The sample
temperature was adjusted qualitatively using a heat gun.

A Bruker D8-A25 diffractometer with a Ge (111) Johanssen
monochromator and a Lynxeye detector for high-resolution X-ray pow-
der diffraction (XRD) was used to characterize the crystal structure of
the powder sample. The diffractometer utilized Cu K,; radiation and
transmission capillary geometry. The sample was quenched to 123 K,
then scanned in the 26 range from 20° to 90° at 298 K. Temperature-
dependent properties were investigated in the 20 range 39° to 45° and
with heating steps of 2°, using an Oxford instruments cryodrive attach-
ment. The obtained diffractograms were analyzed using the proprietary
TOPAS V5 software.

Phase transformation temperatures were identified by differential
scanning calorimetry (DSC) using a Perkin Elmer (DSC 8500) instru-
ment. The sample (19.8 mg of powder in standard pan N5390123) was
investigated between 148 K and 488 K, using heating and cooling rates
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of 10 K/min and with nitrogen as a protecting gas. The transformation
temperatures were determined using the tangent method where A and
A correspond to the austenite start and finish temperatures and M, and
M correspond to the martensite start and finish temperatures, respec-
tively [33].

Theoretical calculations utilizing first-principles density functional
theory (DFT) within the Vienna ab-initio simulation package (VASP)
[34-36] were used to complement the experimentally obtained re-
sults. Within VASP, our calculations used the projector-augmented wave
(PAW) method [37], describing core electrons using PAW pseudopoten-
tials [38] and exchange and correlations effects with the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) [39]. To
describe the electronic system, a plane-wave energy cutoff of 500 eV
was used and a Monkhorst-Pack [40] mesh of points was generated as-
suming a k-point density of at least five points per A1, All structures
were relaxed allowing for simultaneous changes to the atomic positions
and the unit cell lattice parameters. The relaxation criterion required
that the remaining forces be less than 0.01 eV/A. For each ground-
state calculation, the iterations of the total energy were stopped once
the differences in energy between successive iterations were less than
0.01 meV per unit cell. Some of the compounds studied exhibit solid
solutions of atomic species on one of the sublattices. These structures
were represented by special quasi-random structures (SQS), which are
designed to mimic the radial correlation functions of a perfectly random
structure [41]. Structures containing 104 atoms were generated with a
Monte-Carlo algorithm as implemented in the temperature-dependent
effective potential (TDEP) package [42]. They were relaxed to their
ground-state cubic crystal structures by successive ionic and volume re-
laxations (in total five relaxations), avoiding VASP’s symmetry-breaking
relaxation of the supercell lattice parameters. The formation enthalpy
Hi,., was defined as the enthalpy difference between these supercells
and the corresponding number of metal atoms in their standard state.
This enthalpy corresponds to the total electronic energy calculated by
DFT and is based on the assumption that contributions from volume
change of the bulk materials are negligible compared to the internal
energy.

3. Results and discussion
3.1. Phase transformation

In agreement with previous reports [23,31], a twinned microstruc-
ture was observed after quenching the sample from elevated tempera-
tures. The twinned regions were found to be optically active when im-
aged with cross-polarized light as depicted in Fig. 1 (a). Upon heating,
the twinning features disappeared abruptly and the sample became opti-
cally inactive as depicted in Fig. 1 (b). This change in optical properties
is consistent with a martensitic phase transformation from a non-cubic
to a cubic structure.

The phase transformation temperatures obtained from DSC data are
depicted in Fig. 2, where A, A;, M and M; were found to be approx-
imately 378 K, 382 K, 328 K and 323 K, respectively, with hysteresis
(AThys = (Ag + A¢ - M - My)/2) of 54.65 K.

The phase transformation was also observed by in situ XRD, as de-
picted in Fig. 3 (a). Upon heating from room temperature to 403 K a
clear change in the intensity profile in the selected 20 range (39-45°)
can be seen. The Bragg reflection at 20 = 40.9° (marked “A”) indicates
HT austenite while those at 26 = 39.9°, 40.1° and 41.5° (marked “M”)
denote the LT martensite. The phase transformation upon heating starts
at around 363 K, which is slightly lower than what was recorded by
DSC (378 K). This discrepancy may be related to differences in thermal
history and internal strain in the samples, as the phase transformation
temperature is known to shift when cycling a sample with poor A/M
compatibility [13].

It should be noted that the transition temperature recorded by
XRD, as well as with DSC, for the Cus3Pd4,Sn,s composition are all
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Fig. 2. Differential scanning calorimetry curves of the martensitic transfor-
mation, showing the austenite start temperature at approximately 378 K and
martensite start temperature at 328 K. The black line corresponds to the exper-
imental trace.

well below 473 K that was previously reported for Cu,5PdsoSnys by
Evstigneeva et al. [23]. Hence, this is an indication that the transition
temperature is composition-dependent within the (Cu, Pd);Sn phase
region.
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Fig. 1. Polarized optical micrographs of
Cug;Pd,,Sn,s depicted at (a) room tempera-
ture with sample in the martensitic phase and
(b) at an elevated temperature in the austenitic
phase.

3.2. Austenite structure determination

In order to solve the crystal structure of the phases, XRD was per-
formed on the austenite and martensite phases of Cuz3Pd4,Sn,s. The
resulting diffractograms are depicted in Fig. 3 (b) and (c).

The characteristic Bragg peaks of the HT phase, marked by circles
in Fig. 3 (b), imply a face-centered cubic (FCC) unit cell with lattice
parameter a = 6.226 A. This is inconsistent with the previously reported
primitive cubic HT phase, with space group Pm3m (#221) and a = 3.89
A [23], thus revealing a new unreported cubic HT phase in the (Cu,
Pd);Sn system. While it was straightforward to identify the Bravais unit
cell, deducing the atomic positions from the XRD intensities is more
challenging due to the similar X-ray scattering factors of Pd and Sn.

However, the number of plausible structure types of the cubic HT
phase is limited. From the size and symmetry of the unit cell, 16 atoms
can be expected in the conventional FCC unit cell. For the CuPd,Sn
phase there are three likely structure types: AlCu,Mn (full Heusler,
L2, (Fm3m, #225)), BiF; (D05, (Fm3m, # 225)) and AgLi,Sb (inverse
Heusler, XA (F43m, #216)) as illustrated in Fig. 4. In the stoichiomet-
ric (CuysPdsoSnys) L2; structure, Sn (red balls) occupies the 4a posi-
tions, while Cu (blue balls) and Pd (yellow balls) occupy the 4b and 8¢
positions, respectively. In the non-stoichiometric Cuz3Pd4,Sn,5 compo-
sition, some of the 8c positions will be occupied by Cu as illustrated
with two-colored balls. In the D05 structure, Sn occupies the 4a posi-
tions, while Cu and Pd are disordered on the 4b and 8c sites. Like in
the L2;-Heusler structure, the atoms in the stoichiometric XA inverse
Heusler structure are ordered: Pd on 4a and 4c, Cu on 4d and Sn on 4b
sites, while for the non-stoichiometric Cus3Pd4,Sn,5, some of the 4a/4c
positions will be occupied by Cu.
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Fig. 3. X-ray powder diffractograms of Cus;Pd,,Sn,; were recorded with increasing temperature from room temperature to 403 K (a) where a phase transformation
from the martensite (M) to austenite (A) is found to start around 363 K. In (b) and (c) diffractograms were recorded at constant temperature (473 K (b) and 298 K
(c)) where circles and diamonds mark Bragg peaks indexed according to a cubic L2, phase and an orthorhombic DO,; phase, respectively.
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Diffractograms of the three candidate structures were simulated and
compared to the experimental diffractogram as presented in Fig. 4 (a).
This reveals prominent differences in the intensity of the weak reflec-
tions (111), (200), (311) and (420), as highlighted in the zoomed-in
regions in Fig. 4 (b). Most notably, the absence of the (200) and (420)
reflection in the experimental data is a strong indication that L2, is the
appropriate HT structure.

DFT calculations were performed to corroborate the experimental
findings and quantify the relative stability of the three cubic structure
candidates D03, L2; and XA described above. The simulations were per-
formed at the composition used in the present paper (Cuz3Pd4,Sn,s) and
at the CuysPd5oSn,5 composition used in previous papers [23,31]. Pre-
dicted electronic enthalpies are presented in Table 2 and relaxed crystal
structures in Fig. 4 (c).

The theoretical calculations suggest that the most stable cubic struc-
ture candidate (i.e., the structure among D03, XA, and L2; with the most
negative formation enthalpy) for both Cu,5Pd5,Sn,5 and CugsPdy,Snys
is L2;. The enthalpy differences between the structures are not large,
but significant within the level of theory (ground state (T = 0 K) DFT at
the GGA level). The present precision parameters warrant a numerical
uncertainty of less than 0.02 kJ/mole of atoms. Five different SQS mod-
els were used for each composition to obtain a representative selection
of structural motifs, and the enthalpy of formation varied by less than
0.07 kJ/mole of atoms between the different models. The results are
thus robust and reproducible. This is supported by the comparison be-
tween the calculated and experimentally measured formation enthalpy
of the LT DO;; phase, which is reasonable given the differing composi-
tion (Table 2).

The observed phase transformation in the present study is marten-
sitic, and a close relationship between the unit cells of the HT and the
LT phase should exist. The lattice parameters of the LT phase can be
described as: a;p = /2 ayy, byr = agr and ¢;p = agr/4/2.

3.3. Martensite structure determination

The diffractogram of the LT phase, obtained at 298 K, is presented in
Fig. 3 (b). The characteristic Bragg peaks of the LT phase, marked with
diamonds, were indexed in agreement with an orthorhombic unit cell
with space group Pnma and lattice parameters as listed in Table 1. This is
similar to the reported structure of the related compound Cu,sPdsSnys
reported by [31], also listed in Table 1. The volumes of the unit cells
differ by less than 0.1% despite the difference in composition.

The orthorhombic structure in [31] was interpreted as a HT phase
since the investigated samples were quenched from high temperatures.

24 26 28 64 66 68
20

OCu OPd @5n

Fig. 5. Structure model of DO;; (Pnma) LT phase. Visualization of structural
models by [43].

However, with the insight from the present study, it is clear that they
correspond to the orthorhombic LT structure. This is also consistent with
the phase transformation between an LT orthorhombic and a HT cubic
phase reported in Ref. [23]. The unit cell of the LT phase was not iden-
tified, but the space group Pmmm (#47) was suggested.

The present study concluded that the LT crystal structure is or-
thorhombic in the Pmmm space group in agreement with [31]. How-
ever, efforts to reliably refine the atomic positions failed due to
finely twinned crystallographic grains and similar scattering factors
of Pd and Sn, similar to what was experienced by [23] and [31].
DFT calculations were instead used to relax the atomic positions in
both CuysPds5Sn,5 and CuzzPdy,Sn,s, presented in Table 3, suggesting
that the LT phase corresponds to a DO;; atomic arrangement as illus-
trated in Fig. 5.

To investigate the possible reversibility of the Cus3Pd4,Sn,5 sample,
the transformation stretch matrix was determined as shown in Ref. [18].
Lattice parameters used for the calculations were obtained by XRD as
presented in Table 1. The calculated transformation matrix between the
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Table 1
Lattice parameters obtained from X-ray diffraction data and DFT calculations. The DFT results are taken from the most stable structures identified in.
HT (Fm3m) LT (Pnma)
Composition a(A) a(A) b (A) c(A)
Cug3Pd,,Sn,s 6.2261(1) 8.9860(3) 5.9347(2) 4.5328(2) Current work,
HT 473 K, LT 298 K (XRD)
Cug3Pd,,Snyg 6.2238(1) 8.956(6) 5.963(4) 4.507(4) Current work,
At transition 343K (XRD)
CuigsPd,,Snys 6.309 9.160 5.925 4.630 Current work, 0 K (DFT)
CuysPds,Snys 6.334 9.243 5.628 4.706 Current work, 0 K (DFT)
CuysPdsSnyg 8.980(3) 5.9234(16) 4.5311(2) [31], RT (XRD)
Ctiys PdsoSnyg 3.89° 7.88(5)" 7.88(5)" 3.94(2)° [23], LT 466 K, HT 487 K (XRD)

* Space groups were not determined but Pm3m and Pmma were suggested.

Table 2

Formation enthalpy in kJ/mole of atoms for the three HT
cubic crystal structure candidates DO;, XA, and L2; of
Cus3Pd,,Sn,s and Cu,sPdsoSnys, compared to that of the
LT DO;; (Pnma) phase.

Composition DO, XA L2; DOy, Expt.
CuzsPdy,Snys 269 -25.6 -30.1  -284
CuysPdsSnys  -33.4 -27.6  -383  -40.5 -43.1°

2 Composition Cuyy sPdsg oSnyg 5 [44]

Table 3
Suggested atom position from DFT calculations for the DO,; (Pnma) LT phase.

Site Wyckoff position  x y z Atom Occ.
CuysPds)Snys
Pd 8d 0.135 0.000 0.678 Pd 1
Cu 4c 0.386 0.250 0.682 Cu 1
Sn 4c 0.116  0.250 0.190 Sn 1
Cuy3Pd,ySnys
Pd 8d 0.138 0.000 0.700 Pd/Cu 0.84/0.16
Cu 4c 0.383 0.253 0.694 Cu 1
Sn 4c 0.110 0.257 0.206 Sn 1
two phases is
0.958 0 0
U = 0 1.021  0.003 |, (D
0 0.002 1.021

whose eigenvalues are 4, =0.958, 4, = 1.018 and A; = 1.024. The 4,
value clearly differs from unity, which can partially explain the rela-
tively large hysteresis seen for this composition. In addition, complex,
multilevel twin structures were observed in the L2; phase, extending
over several length scales. This can facilitate a transformation path dif-
ferent from traditional martensitic theory [45,46].

Nevertheless, 4, is not too far from unity, and there is solid solubility
of Cu on the Pd position within the (Cu, Pd);Sn phase. It may therefore
be possible to tune the composition, and thus the lattice parameters, to
find a composition closely satisfying the cofactor conditions within this
system. Ongoing investigations indicate that changing the composition
can indeed lead to 4, closer to unity and significantly reduced hysteresis.

The calculated electronic enthalpies in Table 2 suggest that the LT
phase is more stable than the most stable HT phase in the case of
Cuy5Pds,Sn,s, while the cubic HT phase is the most stable in the case
of Cus3Pd4,Sn,ys. However, these are valid at ground state (0 K) and
several significant contributions to the total Gibbs free energy are ne-
glected. Notably, this includes the phonon free energy, the electronic
entropy, and the compositional entropy. We expect that the transforma-
tion is temperature-driven and that the difference in compositional en-
tropy and phonon free energy is large between the LT and HT phases. A
theoretical quantification of this would require extensive phonon-based
thermodynamic calculations beyond the scope of this study. Therefore,

since no meaningful assessment of their relative stability can be made
solely based on the electronic enthalpies, such an assessment has not
been performed (Eq. (1)).

4. Summary

In the current study, we have solved the partial contradictions
reported on the Cu-Pd-Sn system in the literature. We have ob-
served and analyzed the phases and martensitic phase transfor-
mation of Cus3Pd4,Snys. The austenite and martensite phases of
Cuz3Pdy,Sn,; were characterized using XRD and DSC to determine
temperature-dependent lattice parameters and transition temperatures.
The following conclusions have been drawn:

1 Cusz3Pdy,Sn,s undergoes a martensitic phase transformation with
A= 378K, Ap= 382K, M,= 328K, and M;= 323K.

2 The low-temperature phase of Cus3 Pdy,SnysisD0;; (Pnma) with lat-
Eice parameters a = 8.9860(3) f\, b =5.9347(2) 10\, and ¢ = 4.5328(2)
A.

3 The high-temperature phase is 12; (Fm3m) with lattice parameter
a=6.2261(1) A.

4 The middle eigenvalue of the transformation stretch matrix is 4, =
1.018.
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