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(S I N

Abstract: Owing to exceptionally high selectivity, membranes based on palladium alloys are widely
used for obtaining high-purity hydrogen. An important issue for providing high hydrogen permeabil-
ity of the membranes is to form the required phase composition. The structural organization of the
solid solutions consisting of Cu—-36.4 at .% Pd and Cu-50 at .% Pd were studied by X-ray diffraction
(XRD), electron diffraction (ED), high-resolution transmission electron microscopy (HRTEM) and
energy dispersive X-ray spectroscopy (EDXS). It was found that the former composition can be
ordered in the temperature range of 300-400 °C and in the heating (up to 800 °C)—-cooling cycle. In
the presence of excess Cu atoms (27.2%), this structure can be represented by CsCl type structural
units (B-phase) and distributed body center cubic (BCC) copper structural units in the corresponding
concentration dose. The formation of a single crystal ordered phase within the mosaic blocks of
the disordered phase was established. Experimental evidence was obtained for the separation of
the a-phase solid solution in the elemental composition; the very low rate of ordering inherent in
this system was attributed to this effect. The hydrogen permeability of a foil of the equiatomic
composition was described.
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1. Introduction

The main trends of modern energy engineering are energy conservation and transition
to environmentally safe technologies. Therefore, considerable attention is paid to renewable
energy sources such as solar and wind energy, and so on [1]. In order to ensure uninter-
ruptible power supply, it is necessary to use these sources with energy storage devices,
including those based on hydrogen cycle [2,3]. Hydrogen exists in nature only in the bound
state, and is mainly produced by coal gasification and steam reforming of methane [4,5].
However, only high-purity hydrogen is applicable for the most common types of fuel cells
based on proton exchange membranes, for microelectronics, and for some other applica-
tions [6]. The most promising hydrogen purification process is based on the use of highly
selective membranes based on palladium alloys [7]; the capacity of this process depends on
the phase composition of the membranes. This brings about the interest in solid solutions in
the Pd-Cu system corresponding to the state diagram region [8] in which B2 type ordering
takes place to give the CsCl type structure (3-phase). Several-fold lower activation energy
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for hydrogen diffusion in the B-phase than in palladium [9] is responsible for the high
productivity of the membrane. In addition, the use of these systems makes it possible to
avoid the formation of hydrides and, hence, to eliminate dilation characteristic of pure or
doped palladium [10]. The economic expediency of manufacturing membranes based on
this system in comparison with membranes based on doped palladium is also significant.

The ordering and disordering (transfer to the face centered cubic (FCC) x-phase) pro-
cesses are being vigorously studied for various compositions of solid solutions [10-12]. An
extremely low rate of ordering was found in the vicinity of the equiatomic composition [13].
The nature of the decrease in the x— 3 transformation rate has not yet been discussed. The
necessity of deviation of the composition from the equiatomic ratio towards increasing
copper content was demonstrated to be a necessary condition for 3-phase generation [14].
The deformation effect during ordering was established [15,16]. It was found that the phase
composition and texture of the Pd-Cu alloy formed in successive steps of foil rolling are
controlled by the transformation mechanism [17].

An X-ray diffraction study of the 3 <+« transformation in a hydrogen medium showed
that the 3-phase boundary shifts towards higher temperatures by 150-200 °C [18,19].

It was found that rapid photon treatment by xenon lamp irradiation (0.2-1.2 um spec-
trum) leads to pronounced acceleration of disordering and x-phase stabilization [20,21]; this
enables comparison of the mechanical properties of foils of the same elemental composition
with  and « phase structures.

The substructure of two-phase films is studied at the submicrometer level by transmis-
sion electron microscopy (TEM) [13,16]; however, there is still a lack of experimental data
on the structural organization of « and (3 phases at the nano-scale level. Meanwhile, these
data are needed for the understanding of the nature of observed effects and substantiation
of the practically important properties of B2-ordered systems. In particular, for the system
in question, it is necessary to interpret the concentration dependence of the ordering rate
and the increase in the electrical resistivity upon disorder.

The present study is aimed at gaining data on the structural organization of a single-
phase foil of an ordered Pd-Cu solid solution at high deviation from the equiatomic
composition towards increasing copper content (up to the 3-phase boundary at 500 °C [8])
using the potential of X-ray diffraction (XRD) and high-resolution transmission electron
microscopy (HRTEM) techniques. Another goal is to interpret the decrease in the «—f3
phase transition rate for a near-equiatomic composition by considering the necessary
condition of 3-phase nucleation [14].

2. Materials and Methods

Pd-Cu foils containing 36.4 at .%Pd (Cu-Pd36), approximately 30 um thick, and 50 at
.%Pd (Cu-Pd50), approximately 18 um thick.

The alloys were prepared by arc melting in an inert gas atmosphere (purified ar-
gon or helium) using nonconsumable tungsten electrode and water-cold copper bottom.
Studied foils 18, 30 um in thickness were prepared in accordance with the following
manufacturing scheme:

Ingot — Rolling with a vacuum mill — Rolling with four-roll mill — Rolling with
twenty-roll mill.

The rolling with four- and twenty-roll mills were performed using intermediate annealings.

Ordering and disordering processes were studied in situ by X-ray diffraction on
an ARL X'TRA diffractometer (Thermo Fisher Scientific, Waltham, MA, USA) and by
resistometry (Installation for measuring surface resistance, Russia) using heating—cooling
cycles. The relative orientation and substructure of adjacent «- and (3-phases were studied
by electron diffraction, HRTEM, and energy-dispersive X-ray (EDX) microanalysis on an
Osiris (Thermo Fisher Scientific, USA) transmission electron microscope at an accelerating
voltage of 200 kV. The instrument was equipped with a high-angle annular dark-field
(HAADF) detector (Fischione, Pittsburgh, PA, USA) and a Super X EDXS (ChemiSTEM,
Bruker, Billerica, MA, USA). The images were processed using the Digital Micrograph
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(Gatan, Pleasanton, CA, USA) and the TIA (Thermo Fisher Scientific, USA) software. The
samples for electron microscopy examination and microanalysis were prepared using
a focused Ga+ ion beam in a Helios Nano Lab 600 i dual-beam scanning electron ion
microscope (Thermo Fisher Scientific, USA) at an accelerating voltage of 30 kV in initial
stages and 2 kV in final stages. Hydrogen permeability was measured on the original
stand by filling a calibrated volume using a high-temperature working cell in which
the membrane was placed. The setup includes a cell with the mounted palladium-alloy
membrane, which is placed into an electric furnace and heated to a working temperature.
Working gasses (from standard vessels) are fed to the cell through a pipeline system. The
amount of pure hydrogen separated with the membrane is measured with a “SAPFIR”
unit intended for measuring low discharges (hydrogen is burned off with flame). The rate
of gas flow passed thorough the membrane is determined (with the “SAPFIRE”) using
the inleakage time for a calibrated volume that was preliminarily evacuated to a residual
pressure of 0.02 MPa. A portion of pure hydrogen is analyzed with a chromatograph
that also is used to analyze the hydrogen-depleted gas mixture (it is also burned off
with flame). The pressures of starting gas mixture and pure hydrogen is determined
with manovacuummeters. Temperatures of the body, internal volume and membrane
are measured with chromel-alumel thermocouple and continuously are recorded with a
multipoint KSP-4 potentiometer.

3. Results

The initial Cu-Pd36 foil sample comprises two phases and has nanocrystalline struc-
ture, with a low proportion of the 3-phase, which forms a <100> texture characteristic
of the Nishiyama—Wasserman orientation relationship [22,23]. Figure 1 shows the X-ray
diffraction patterns of the Cu-Pd36 sample during heating to 800 °C (1-8) and cooling to
room temperature (9-15).

Table 1 characterizes the change in the phase composition and the crystal lattice
parameter of the phases. The ordering is activated by high deformation during rolling.

Table 1. Variation of the phase composition and crystal lattice parameters (a,A) of the phases during
the heating—cooling cycle of the Cu-Pd36 sample.

Heating Cooling

T°C o-Phase -Phase «-Phase B-Phase
25 3.7440(9) 2.936(2) 3.7385(9) 2.9647(4)
200 3.746(1) 2.9641(5) 3.7334(1) 2.9579(1)
300 ] 2.9708(2) 3.746(1) 2.9682(5)
400 ] 2.9745(3) 3.7551(2) 2.9729(5)
500 3.7549(7) 2.9799(3) 3.7549(2) 2.979(2)
600 3.7651(6) - 3.761(2) ;
700 3.7729(6) - 3.7700(8) -
800 3.7817(6) -

During heating of the initial Cu-Pd36 sample to 800 °C, complete ordering is attained
in the temperature range of 300—400 °C (X-ray diffraction patterns 2 and 3 in Figure 1a).
This is consistent with the reported data [17], indicating that the subsequent heat treatment
of the Cu-Pd36 foil at 300 °C leads to complete ordering of the structure. After heating
up to 800 °C, the foil recrystallizes and complete ordering does not take place during the
subsequent cooling (X-ray diffraction pattern 15).
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(a)

(b)

Figure 1. Variation of the X-ray diffraction patterns of the Cu-Pd36 sample during: (a) heating up to
25 (1), 200 (2), 300 (3), 400 (4), 500 (5), 600 (6), 700 (7), and 800 °C (8); (b) cooling down to 700 (1),
600 (2'), 500 (3'), 400 (4), 300 (5'), 200 ("), and 25 °C (7').

The completely “ordered” atomic structure detected by X-ray diffraction with excess
Cu atoms (27.2%) can be interpreted as being formed by CsCl type-based structural units
and BCC-based Cu units elastically accommodated to them in a proportion corresponding
to excess Cu atoms. The absence of additional reflections provides experimental evidence
for this atomic structure: the structural factor for the BCC Cu basis and (3-phase basis pre-
determines the superimposition of all reflections of the BCC structure on the corresponding
reflections of the CsCl type structure.

This structure can be considered as a limiting case of bulk pseudomorphism, analogue
of surface pseudomorphism on epitaxy (for example, the formation of BCT Cu atomic
layers on the (001) Pd surface [24,25]).

The mutual accommodation of structural units upon the formation of this “ordered”
solid solution structure is manifested as a smaller crystal lattice parameter compared to
the lattice parameter of the completely ordered near-equiatomic structure; for example, for
the Cu-49 at .%Pd system, afp =2.978 A [26]; for the Cu-43 at. %Pd system, afp =2.972 A;
and for the system studied here, ap = 2.9579 A [27]. This indicates that the proportion of
BCC Cu structural units corresponding to the initial elemental composition is retained in
all stages of the 3 <+« transformations in two-phase structures.
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Incomplete ordering of the Cu-Pd36 foil as a result of the heating—cooling cycle
enables studying the features of structural nucleation of the ordered phase within the
initial x-phase. Figure 2 shows the selected area electron diffraction (SAED) pattern of a
thin section of the two-phase sample after the heating—cooling cycle. It follows from the
SAED pattern that the orientation relationship between the - and a-phases is close to the
Nishiyama-Wasserman relationship.
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Figure 2. (a) SAED pattern of a section of two-phase Cu-Pd36 sample and (b) its interpretation:
(1) B-phase reflections, (2) a-phase reflections; the other reflections are due to double diffraction. The
highlighted vectors correspond to the interference bands in Sections 1 and 2.

The 3-phase predominates, and diffuse reflections of the a-phase with sharp point
reflections of the 3-phase provides the conclusion that the single crystal 3-phase is formed
within a studied area of the initial phase with the mosaic substructure. This conclusion is
also confirmed by HRTEM image (Figure 3).
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Figure 3. (a) HRTEM image of a part of the Cu-Pd36 sample within the block of x-phase subgrains,
(b) enlarged fragment containing interference bands with a period equal to the 3-phase crystal lattice
parameter , and moiré patterns with the periods ’1 and ‘1 (2 and 3).

1
=7 = =
| 81008

A8, Ag;

While there are strictly periodic interference lines (interference of the 000 and

100 3 beams) with the period ’f—‘ (§ is the reflection vector from index planes) cor-
8100

responding to the 3-phase structure parameters, breaks of moiré patterns with the periods

PM1 = —1 and PM2 = 1 are observed as a result of double diffraction
8200;%—?2004 glllﬁ_gﬁm
within the overlapping 3-phase sections and adjacent «-phase subgrains.

The formation of the single crystal ordered structure is due to the multiple discrete
nucleation of the 3-phase and subsequent coalescence, which takes place on going across the
small-angle x-phase subgrain boundaries. The nature of limiting nanocluster organization
illustrates the EDXS element distribution maps (Figure 4). The size of Cu clusters is in the
range between 0.5 and 1.5 nm.

b

Figure 4. Distribution of components (EDXS elementl maps) in the Cu-Pd36 sample: (a) Cu, (b) Pd,
(c) Cu + Pd. One of Cu cluster is indicated by an arrow.

The molecular dynamic study of hydrogen atom diffusion in the thin Pd foil model [28]
showed the retention of hydrogen atoms in structure defects. Therefore, hydrogen atoms
are expected to be retained by the local deviations from the 3-phase structure distributed
in the “ordered” structure.

The Cu-Pd50 sample also has a <110>« texture; the heat treatment gives a recrystal-
lized microstructure with a crystal lattice parameter (3.7440(9) A) corresponding to the
specified elemental composition of the a-phase [8]. Figure 5 shows the X-ray diffraction
patterns of the Cu-Pd50 sample for the cycle including heating to 800 °C and cooling to
room temperature.
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Figure 5. Change in the X-ray diffraction patterns of the Cu-Pd50 sample during (a) heating up to
25 (1), 200 (2), 300 (3), 400 (4), 500 (5), 600 (6), 700 (7), and 800 °C (1'); (b) cooling down to 700 (2),
500 (3'), 400 (4'), 300 (5'), 200 (6'), and 25 °C (7').

Table 2 characterizes the phase composition on heating to 800 °C and cooling down to
room temperature. It follows from diffraction patterns 1, 3 and 4 that the initial structure is
composed of a single phase (x-phase), and at 300 and 400 °C, very weak reflections of the
-phase appear.

Table 2. Variation of the phase composition and crystal lattice parameters (a,A) of the phases in the
heating-cooling cycle of the Cu-Pd50 sample.

Heating Cooling
T,°C
«-Phase B-Phase «-Phase B-Phase
25 3.7631(4) - 3.76179(5) -
200 3.7721(4) - 3.7721(2) -
300 3.7765(4) Z’fg;ﬁf;k 3.7762 .
400 3.7803(5) Vze_;}égf;)k 3.7843 -
500 3.7864(1) - 3.7872(1) -
600 3.7929(2) - - -
700 3.7989(1) - 3.8000(2) -

800 3.8042(4) - - -
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Figure 6a,b demonstrate Cu and Pt distribution of x-phase components, respectively
obtained by EDXS mapping. It follows that this structure contains approximately an order
of magnitude larger clusters than the ordered structure of the Cu-Pd36 sample.

Figure 6. EDXS elemental mapping of the Cu-Pd50 specimen: (a) Cu and (b) Pd. The Cu cluster is
indicated by an arrow.

Figure 7 characterizes the variation of the electrical resistivity in the heating (1)-cooling
(2) cycle.

0.45

0 100 200 300 400 500 600 700 800

I P &

Figure 7. Temperature dependence of the electrical resistivity of the Cu-Pd50 foil in the heating
(1)-cooling cycle (2).
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These data are correlated with the X-ray diffraction data (Figure 5): the heating
of the initial sample in the vicinity of 300 °C and 400 °C gives rise to weak inflections
towards increasing electrical resistivity characterizing the “attempt” at system ordering
(the X-ray diffraction pattern shows weak (3-phase reflections in this region) activated by
the preliminary deformation during rolling. After cooling from 800 °C, the single-phase
recrystallized structure (x-phase) is retained. During the subsequent heat treatment (300 °C,
4 h), the phase composition does not change. These results characterize the exceptionally
low rate of ordering of the equiatomic Cu-Pd system, which is in line with conclusions of
previous studies [10-13].

The effect of elemental composition on the rate of ordering can be interpreted consid-
ering the obvious statement that a uniform equiatomic solid solution of a two-component
system with an infinite mutual solubility is always ordered. In the case of a disordered
system (in this case, x-phase), “phase separation” in the elemental composition inevitably
takes place to give a nanocluster crystal structure with a mutual cluster accommodation,
resulting in an averaged crystal lattice parameter. In this structure, the probability of
-phase nucleation, i.e., the formation of structural units composed of palladium atoms
surrounded by 8 copper atoms [14], is low.

The decrease in the electrical conductivity characteristic of two-component solid
solutions occurs for near-equiatomic compositions [29], which can be attributed to electron
scattering at cluster boundaries (the limiting case of the classical size effect of electrical
conductivity [30]). The phase separation of this type can also account for low hydrogen
permeability of the near-equiatomic disordered Pd-Cu structure: the hydrogen atoms are
retained at the phase boundary like at a grain boundary [28].

Figure 8 characterizes the time dependence of hydrogen permeability of the Cu-Pd50
foil at 320 °C.
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=
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Figure 8. Time dependence of the hydrogen permeability (Q, (m3-mm)/(m?-h-MPa®?)) of a Cu-Pd50
membrane foil sample at 320 °C.

The fourfold increase in the hydrogen permeability for approximately 6 h is caused by
foil recrystallization («-phase), resulting in crystallite growth and decrease in the fraction
of interfaces retarding hydrogen transfer. In this case, hydrogen permeability of the foil
reaches the level characteristic of best membranes of palladium alloys [31].

4. Conclusions

The discrete nucleation of the 3-phase and the subsequent coalescence of the nuclei re-
sult in the formation of a single crystal ordered structure within the block of
a-phase subgrains.

Complete “ordering” of the solid solution with limiting deviation from the equiatomic
composition towards increasing copper content gives rise to a nanocluster atomic structure
composed of CsCl and BCC Cu structural units present in the amounts predetermined by
the elemental composition. The phase separation of the equiatomic solid solution and the
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formation of a nanocluster single-phase structure (x-phase) was confirmed experimentally;
this forms the basis for interpretation of the low rate of x— 3 transformation.
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