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Abstract—Electron microscopic study of the structure evolution of the equiatomic Cu—50Pd alloy in the
course of transformation of the A1 disordered phase into the ordered B2 phase is carried out. The disordered
state in the initial samples was formed by two ways, namely, by severe plastic deformation by rolling (e = 3.8)
and quenching from 700°C. The ordering was realized by annealing of initial samples at 350°C for 2 weeks.
Literature data on the fact that the rate of atomic ordering with the formation of the B2 structure in the pre-
liminarily deformed Cu—Pd alloy is substantially higher than that of the alloy quenched from a high tempera-
ture are confirmed. The annealing of the preliminary deformed Cu—50Pd alloy leads to the formation of
recrystallized ordered structure with a grain size of less than 1 um. It was found that, at 350°C, B2-phase par-
ticles in the form of rods precipitate and grow in the disordered matrix of the quenched alloy.
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INTRODUCTION

The near-equiatomic Cu—Pd alloys are character-
ized by high corrosion resistance and catalytic capac-
ity, which allow the alloys to be used in energy-saving
technologies [1]. Moreover, membranes fabricated
from copper—palladium alloys with the ordered
B2 structure are characterized by high stability to the
formation of sulfides on the surface and exceed the
analogous characteristics of membranes prepared
from pure palladium (in this case, the substantially
lower cost of products fabricated from the alloy plays
the key role) [1, 2]. According to the phase diagram
[3], the single-phase ordered state with the B2 struc-
ture can form in the Cu—Pd alloys containing 36 to
47 at % Pd. It was reliably determined that the maxi-
mum rate of atomic ordering is observed for the Cu—
40 at % Pd alloy; as the alloy composition approaches
the equiatomic composition, the rate of formation of
the ordered phase abruptly decreases [4, 5].

Earlier, we have shown [6, 7] that the severe plastic
deformation (SPD) substantially accelerates the for-
mation of B2 ordered structure in Cu—Pd alloys. X-ray
diffraction (XRD) analysis allowed us to find that,
after deformation (e = 3.8) and subsequent long-term
annealing at temperatures of 250—450°C, the almost
single-phase state with the ordered B2 structure forms
is the equiatomic Cu—50Pd alloy (further, the atomic
percentage is omitted). This does not correspond to
the copper—palladium phase diagram [3], in which
this alloy is indicated in the two-phase (41 + B2)
region. Moreover, the electrical resistivity of the alloy
in the obtained structural state is p = 5.48 X 108 Q m

[6], which is substantially lower than that available in
the literature [8]. This study confirms conclusions
inferred in [9]. According to the theoretical calcula-
tions [9], it was found that the formation of the single-
phase state with the ordered B2 structure in the equi-
atomic CuPd alloy is energetically favorable. We did
not find detailed electron microscopic studies per-
formed for the Cu—50Pd alloy subjected to various
thermomechanical treatments.

It is likely that the cause for the fact that the micro-
structure and properties of the ordered Cu—50Pd alloy
have not been studied much is the very low rate of the
Al — B2 phase transformation. The kinetics of the
atomic ordering of the alloy was considered in detail by
us based on resistometry data [6]. However, to date
changes in the physical-mechanical properties of the
Cu—50Pd alloy have not been compared with the micro-
structure evolution upon atomic ordering of the alloy.

The aim of this study is to perform electron micro-
scopic study of the equiatomic Cu—50Pd alloy in dif-
ferent structural states.

EXPERIMENTAL

The alloy was prepared by twofold melting in a vac-
uum of no less than 10~2 Pa and subsequent casting in
graphite crucible using copper and palladium of
99.98% purity. According to electron microprobe
analysis data (Superprobe JCXA-733), the composition
of the prepared alloy is 49.8 at % Cu—50.2 at % Pd.

The ingot 8 mm in diameter was homogenized at
850°C for 3 h and subsequently subjected to water
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Table 1. XRD and resistometry data for the Cu—50Pd alloy in two initial states and after long-term heat treatments

Heat treatment Phase composition a4, hm ap,nm |p, um Q cm
Initial state: quenching from 700°C Al (fce) 0.3765 — 38.64
ing + i o - +
Quel'lchmg annealing at 350°C for 2 weeks and water Al(fce) B2(l?cc) 0.3766 0.2977 35.50
cooling Al phase dominates
Initial state: SPD (e = 3.8) Al 0.3770 — 38.36
. o . B2 + Al

SPD + annealing at 350°C for 2 weeks and water-cooling . 0.3767 0.2977 7.58

B2 phase dominates
SPD + annealing at 350°C for 1.5 months + annealing at

+ — . .

300°C for 1.5 months + cooling at a rate of 10 deg/day B2+ Al traces 0.2978 548
quenching. A foil 0.1 mm thick, which is intended for RESULTS

microstructural studies, is prepared by rolling at room
temperature (the true deformation is e = 3.8). After
that, part of the samples were annealed at 700°C for
1 h and subsequently water cooled. Thus, in this study,
we investigate two initial disordered states, which were
obtained by preliminarily deformation and quenching.
The ordered state was formed as a result of annealing
of the initial samples at 350°C for 2 weeks (334 h). All
heat treatments were performed in evacuated quartz
and glass ampoules.

Electron microscopic study of the alloy micro-
structure were carried out using a JEM—-200CX
microscope and an accelerating voltage of 160 kV.
Foils for the electron microscopic study were pre-
pared by electrolytic polishing in a concentrated
HNO; nitric acid. The current density was 4 A/cm?;
a platinum plate was used as a cathode. In the course
of electrolytic polishing, the electrolyte was cooled
with cold water in order to hold a temperature of less
than 20°C.

Fig. 1. Bright-field image of the microstructure of the
quenched Cu—50Pd alloy.
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In this work, we only report results of electron
microscopic study. XRD and resistometry data
obtained previously by us and published in [6, 7, 10]
are given in Table 1. The presented data give suffi-
ciently clear knowledge on the kinetics of atomic
ordering of the Cu—50Pd alloy. The long-term (for
several months) cooling from 350°C ensures the for-
mation of the B2 superstructure in the initially
deformed alloy, in which traces of the disordered
Al phase are found [6]. The properties of the alloy
subjected to such a treatment will be used as standard
properties of the adequately ordered state.

Microstructure of the Quenched Alloy

In accordance with the XRD data, the studied alloy
in the quenched state is disordered and has the single-
phase A1 structure with the fcc lattice parameter a =
0.3765 nm (Table 1). This corresponds to the literature
data; i.e., according to data [3], the lattice parameter
of the quenched Cu—49.9 at % Pd alloy is a =
0.3767 nm.

The majority of grains in the quenched alloy are
characterized by curved boundaries; the average grain
size is ~20 um (Fig. 1). All electron diffraction pat-
terns taken for the quenched alloy correspond to the
disordered Al phase. For example, for two grains
denoted as I and 11 in Fig. 1, reciprocal lattice sections
(RLSs) with the zone axes (ZA) {(011) and {012) of the
Al phase are determined. The electron microscopic
study allowed us to find elongated grains with straight
boundaries. Since twins earlier were observed more
than once in the quenched Cu—Pd alloys [11], we
assume the twin origin of such boundaries. A tweed
contrast is observed within many grains; this indicates
the nonequilibrium structural state. In general, the
tweed contrast was observed more than once in the
electron microscopic study of the quenched copper—
palladium alloys [11]; it is a typical feature for the for-
mation of the short-range order [12].
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It also can be noted that, for some RLSs, we fix
interplanar spacings {hkl} that do not correspond to
the tabulated data. This fact also confirms the forma-
tion of the pretransition state in the studied alloy after
quenching.

Microstructure of the Alloy Ordered
after Quenching

According to the XRD and resistometry data
(Table 1), the holding of the quenched alloy at 350°C
for 334 h (~2 weeks) transforms it into the two-phase
(A1 + B2) state. In this case, the main volume of the
material remains disordered. The lattice parameters of
the disordered and ordered phases are a = 0.3766 nm
and a = 0.2977 nm, respectively.

Using the resistometry data, we can approximately
estimate the volume ratio of the new and old phases in
the alloy after heat treatment. Indeed, taking into
account the fact that the electrical resistivity of the
completely disordered alloy (100% Al phase) is p =
38.64 x 10~® Q m and that of the well-ordered state
(~100% B2 phase) is p = 5.48 x 1078 Q m, and using
the formula available in [5], we obtain that the sample
having the electrical resistivity p = 35.50 X 108 Q m is
characterized by the presence of ~9.5% B2 phase
formed in the sample.

Results of the performed electron microscopic
study confirm the XRD and resistometry data; i.e., in
the course of the annealing, at 350°C, of the prelimi-
nary quenched CuPd alloy, the two-phase (41 + B2)
structure forms. The transformation occurs very
slowly, and, after 2-week heat treatment, the A1 phase
is dominating.

The microstructure of the preliminarily quenched
alloy subjected to the above treatment is characterized
by a great amount of particles observed in the form of
lenses and rods of different sizes (Figs. 2a, 2b). The
majority of such particles give only individual reflec-
tions, the calculated interplanar spacings of which cor-
respond to the B2 phase. Elongated particles (denoted
as 1 and 2) shown in Fig. 2b are sufficiently large; this
allowed us to obtain the RLSs that are typical of the
B2 phase. This is confirmed by electron diffraction
pattern (Fig. 2c¢) and the dark-field image of these par-
ticles (Fig. 2d), which was taken in the superlattice
reflection g = [001] g,.

The crystallography of the B2-phase precipitates
present in the disordered matrix of the alloy under
study calls for individual detailed studies, and, there-
fore, in this study, is considered largely insufficiently.

Microstructure of the Deformed Alloy

According to the XRD data, the equiatomic CuPd
alloy in the deformed state (e = 3.8) has a single-phase
fce structure (A1) (Table 1). The lattice parameter of
the deformed alloy is a = 0.3770 nm and slightly
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Fig. 2. Microstructure of the initially quenched Cu—50Pd
alloy ordered after 2-week annealing at 350°C: (a) typical
bright-field image; (b) typical bright-field image and
(c) associated electron diffraction pattern, RLSs with ZA
(5-1-2) of A1 phase and (1-30) of B2 phase; and (d) dark-
field image of particles taken in reflections of the B2 phase
g =[001]B2.

exceeds that of the quenched alloy. The slight increase
in the lattice parameter as a result of SPD earlier was
observed by us in studying the Cu—40Pd [13] and Cu—
55Pd [14] alloys. This is caused by a high volume of
nonequilibrium boundaries in the nanostructured
material. Indeed, as is followed from the estimation
performed by us in using the Williamson—Hall
method, the coherent domain size for the studied alloy

No.7 2021



Fig. 3. Microstructure of the CuPd alloy after deformation
with e = 3.8: (a) bright-field image taken in the foil plane
(inset shows the electron-diffraction pattern associated
with the central area of image); (b) dark-field image taken in
reflections of the A1 phase g = (111) A1; and (c) bright-field
image after tilting the surface (Fig. 3a) by 30° (an enlarged
image of moire contrast is shown at the left corner).

subjected to plastic deformation is ~37 nm. No litera-
ture data on the lattice parameter of the highly-
deformed Cu—50Pd alloy are available.

Figure 3 shows the most typical microstructure of
the studied alloy in the deformed state. The dark-field
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image (Fig. 3a) is characterized by the absence of clear
boundaries of any structural elements. The electron
diffraction pattern taken for an area of ~0.5 um in
diameter exhibits the ring arrangement of reflections
typical of the fcc lattice (A1 phase).

The dark-field image was taken in the group of
reflections g = (111); it shows an irregular band struc-
ture with the substructure differing in the morphology
and sizes within each band (Fig. 3b). Figure 3c shows
the bright-field image of the microstructure, which
was taken after 30° tilting the foil; the greater amount
of bands (as compared to that observed in Fig. 3a)
characterized by weak contrast from boundaries is
observed.

It should be noted that, in studying samples of
highly deformed Cu—50Pd alloy, neither individual
dislocations, nor complex dislocation configurations
were found. However, it is necessary to note that a
moire contrast often is observed in electron micro-
scopic images. As an example, the inset in Fig. 3c
demonstrates the formed moire contrast within one of
bands. Such a phenomenon can be caused by concen-
tration inhomogeneities in the material bulk and small
differences in the interplanar spacing across the foil
thickness [15], which result from crystal lattice distor-
tions caused by severe deformation [16].

Change of the Microstructure of Deformed Alloy
as a Result of Long-Term Annealing

The annealing at 350°C for 334 h leads to the for-
mation of the two-phase (41 + B2) state in the initially
deformed Cu—50Pd alloy (Table 1). In accordance
with the XRD data, after such a treatment, the ordered
B2 phase dominates in the alloy. The lattice parame-
ters of the disordered and ordered phases are a =
0.3767 nm and a = 0.2977 nm, respectively. According
to the resistometry data, the alloy in such a state is
characterized by the sufficiently low electrical resistiv-
ity, namely, p = 7.58 x 1078 Q m (Table 1). Using the
resistometry data and a formula available in [5], the
volume of the ordered B2 phase for the obtained struc-
tural state is estimated to be ~94%.

After preliminary deformation and 2-week holding
at 350°C, the microstructure of the studied alloy is
characterized by well-recrystallized grains 0.25 to
2 um in size (Fig. 4a). In the electron diffraction pat-
tern taken for the microstructure area in Fig. 4a, three

RLSs with ZA [230], [344] and [384] can be selected
for the B2 phase (Fig. 4b). It should be noted that, for

the RLS with ZA [230], the interplanar spacings do
not correspond to the tabulated data; however, in this
case, angular relationships for the ordered bcc lattice
(B2 phase) are satisfied. The two other RLSs corre-
spond to the tabulated interplanar spacings and angu-
lar relationships. The coexistence of pure recrystal-
lized grains and initial structure characterized by the
higher density of dislocations is observed for some
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areas of the microstructure (i.e., areas in which recrys-
tallization processes are not started yet). The analysis
of electron diffraction patterns for such areas reveals
the coexistence of the 41 and B2 phases.

Figure 4 (see inset) shows the grain-size distribu-
tion histogram for the alloy in the obtained structural
state. The histogram was plotted using images of the
microstructure and results of 300 measurements.

DISCUSSION

Peculiarities of the nucleation and growth of new
phase particles in the initial matrix always are of inter-
est for material scientists. For example, the beginning
stages of the formation of the ordered phase in the dis-
ordered Cu—40Pd alloy were discussed in [11, 17].
However, this alloy is characterized by the highest rate
of atomic ordering; because of this, it is extremely dif-
ficult to find beginning stages of the structure trans-
formation in the alloy. In particular, nuclei of the
ordered phase were observed in the preliminarily
quenched Cu—40Pd alloy already after 3-min anneal-
ing at 400°C [17].

In this work, we performed the electron micro-
scopic study of the microstructure of the equiatomic
Cu—50Pd alloy, which is characterized by the very low
rate of the A1 — B2 transformation. This allowed us
to, for the first time, observe the formation of rodlike
particles of the ordered B2 phase in the disordered
matrix of the copper—palladium alloy. It should be
noted that, this called for the 2-week annealing at
350°C. Howeyver, earlier, as a rule, the higher tempera-
tures were used to form the ordered Cu—Pd alloys. For
example, after long-term annealing of the Cu—55Pd
alloy at 500°C, rounded nuclei of new phase were found
[14]. The annealing of the disordered Cu—40Pd alloy at
400°C led to the formation of the ordered-phase grains
the shape of which also is close to spherical [17].

Thus, the following interesting feature is observed
for the Cu—Pd alloys ordered with the formation of the
B2 structure. Ordered-phase nuclei formed at 350°C
are present in the form of rods; as the annealing tem-
perature increases, the grains become spherical. In
this case, the feature is observed for a wide concentra-
tion range (therefore, is independent of the kinetics of
the A1 — B2 transformation).

The kinetics of atomic ordering in various Cu—Pd
alloys earlier was studied in [5—7, 18]. It was found
that, in the case of annealings of the Cu—50Pd alloy in
a temperature range of 250—350°C, the value of the
thermodynamic parameter # in the Johnson—Mehl—
Avarmi equation is n = 0.8 [6]. As the annealing tem-
perature increases, the parameter increases ton = 2.5
at 450°C. As is known [19], the change in the value of
the n parameter is caused by the change in the mecha-
nism of diffusion-controlled transformation. For
example, in the case of the formation of long cylinders
(rods), n = 1; in the case of growth of spheroids, n takes
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Fig. 4. Microstructure of preliminarily deformed alloy
after 2-week annealing at 350°C: (a) bright-field image
and (b) associated electron diffraction pattern. Inset shows
the grain-size distribution histogram for the obtained
structural state.

the value ~1.5 [19]. Thus, the experimental results
obtained in the present study adequately agree with the
thermodynamic calculations.

Certainly, the low rate of atomic ordering makes
difficult the use of the equiatomic Cu—Pd alloy in
practice as the membrane material in hydrogen engi-
neering. At the same time, the preliminary plastic
deformation substantially accelerates the atomic
ordering as compared to the ordering of the quenched
alloy. The use of preliminary cryodeformation is the
next step towards further increasing the rate of the
Al — B2 phase transformation in the Cu—50Pd alloy.
As was shown in our study [20], the disordered struc-
ture formed in the Cu—47Pd alloy as a result of cry-
orolling is extremely unstable and begins to order
slowly even at room temperature.

In the whole, the obtained results are of evident
interest for science and practice; therefore, these
investigations need to be continued.
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CONCLUSIONS

The electron microscopic study of the evolution of
disordered microstructure of the equiatomic Cu—
50Pd alloy in the course of atomic ordering with the
formation of the B2 structure was performed. The dis-
ordered state was formed in two ways, namely,
quenching from 700°C and severe deformation by roll-
ing (e = 3.8). It was found that the grain size of the
quenched alloy is ~20 um. The microstructure of the
deformed CuPd alloy is observed to be nonuniform
over the bulk and characterized by high density of var-
ious defects. It is shown that the 2-week annealing of
initially quenched and preliminarily deformed sam-
ples of the alloy at 350°C leads to the formation of the
two-phase (41 + B2) structure. The earlier obtained
XRD and resistometry data were confirmed, namely,
the preliminarily deformation substantially accelerates
the kinetics of the A1 — B2 phase transformation in
the alloy under study. It was found that, in the course
of annealing of the quenched equiatomic CuPd alloy,
rodlike particles of ordered phase form in the alloy
microstructure and grow. The comparison with the
literature data shows that the annealing at the higher
temperatures leads to the formation of spherical pre-
cipitates of the new phase in the Cu—Pd alloys. These
results agree well with thermodynamic calculations,
which earlier were performed by us and showed that
the increase in the annealing temperature causes the
change in the mechanism of diffusion-controlled
nucleation and growth processes. It was found that the
annealing of the preliminarily deformed equiatomic
Cu—50Pd alloy at 350°C leads to the formation of
recrystallized well-ordered phase with the B2 struc-
ture with an average grain size of ~0.5 um.
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