
ISSN 0036-0236, Russian Journal of Inorganic Chemistry, 2021, Vol. 66, No. 6, pp. 891–893. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Zhurnal Neorganicheskoi Khimii, 2021, Vol. 66, No. 6, pp. 794–797.

PHYSICOCHEMICAL ANALYSIS 
OF INORGANIC SYSTEMS
Copper–Palladium Phase Diagram
P. P. Fedorova, *, Yu. V. Shubinb, and E. V. Chernovaa

a Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow, 119991 Russia
b Nikolaev Institute of Inorganic Chemistry, Siberian Branch, Russian Academy of Sciences, Novosibirsk, 630090 Russia

*e-mail: ppfedorov@yandex.ru
Received March 20, 2021; revised March 28, 2021; accepted March 29, 2021

Abstract—Phase equilibria in the copper–palladium system are extrapolated to absolute zero of temperature
subject to the third law of thermodynamics. The continuous solid solution with a FCC structure that crystal-
lizes from melt experiences ordering to yield two intermetallic phases (Kurnakov phases), whose composi-
tions shrink to CuPd and Cu3Pd stoichiometries as temperature lowers. As temperature raises, palladium par-
tially occupies copper sites in the intermetallic phases. Ordering obeying a second-order phase transition to
yield a phase whose idealized composition may be formulated as Cu21Pd7. When in a solid state, the system
forms an eutectoid at 390°C and 30 at % Pd and two dystectoids with coordinates of 510°C, 15 at % Pd and
600°C, 40 at % Pd.
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The copper–palladium system has been extensively
researched for decades [1–8]. In addition to its funda-
mental importance, its alloys are attractive as efficient
catalysts [9–14]. Intermetallic compound CuPd is one
of the most promising materials for the manufacture of
hydrogen-selective membranes [15, 16].

The components of the Cu–Pd system form con-
tinuous solid solutions when the melt solidifies. Both
copper and palladium crystallize in face-centered
cubic (FCC) structures with insignificantly differing
unit cell parameters. As temperature lowers, alloys
experience ordering to yield intermetallic phases. Such
the phases, first discovered by Kurnakov with cowork-
ers in the copper–gold system [17–19], are usually
called Kurnakov phases. Experimental data obtained
by different researchers for the Cu–Pd systems in the
range 300–600°C are significantly divergent. An
essential reason for this divergence is the difficulty of
equilibration at such the low temperatures. The equil-
ibration time, which is determined by diffusion,
increases exponentially as temperature lowers [20–
23]. From this, it f lows that, for each system, there is a
temperature below which phase equilibrium data can-
not be gained experimentally.

Relevant information can be gained from thermo-
dynamic simulations. A plain option is the direct use
of the third law of thermodynamics (which reads that
the entropy of a system in equilibrium tends to zero as
the temperature tends to absolute zero [24]).

In accordance with the third law of thermodynam-
ics, all phases of variable composition (solid solutions

and nonstoichiometric phases) must either decom-
pose into components or other phases of constant
composition or pass into a strictly ordered state [23,
25, 26]. The use of these postulates makes it possible
to confidently extrapolate phase diagrams to absolute
zero of temperature. The results will be reliable only
when reliable experimental data are used corresponding
to the equilibrium state of the system at the tempera-
tures studied. We demonstrated the fruitfulness of this
approach for the copper–gold example system [18].

Here, our goal was to apply this approach to the
copper–palladium system.

Our suggested phase diagram of the copper–palla-
dium system is shown in Fig. 1. Liquidus and solidus
curves are drawn in accordance with Subramanian
and Laughlin’s data [7]. Phase equilibria in the solid
solution ordering area at 300–450°C were thoroughly
studied by a set of methods with controlled equilibra-
tion at the Nikolaev Institute of Inorganic Chemistry,
Siberian Branch of the Russian Academy of Sciences
[8]. We used these data in constructing the phase dia-
gram. Popov et al.’s data [8] can be naturally extrapo-
lated to zero temperature. All segments of curves
drawn by continuous lines in [8] appear in Fig. 1.

In contrast, Subramanian and Laughlin’s data [7]
does not allow for this type of extrapolation. This is
especially true for the line of the limiting concentra-
tion of a disordered solid solution below 400°С. Thus,
an indirect conclusion can be drawn about the reliabil-
ity of Popov et al.’s data [8].
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Fig. 1. Suggested phase diagram of the copper–palladium system: (1) α phase (FCC copper–palladium solid solution),
(2) CuPd-based β phase, (3) Cu3Pd-based γ phase, (4) δ phase of idealized composition Cu21Pd7, (5) α + β two-phase area, and
(6) δ + β two-phase area.
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What is crystallized from melts in the Cu–Pd sys-
tem is continuous solid solutions of the FCC structure
(space group Fm m). The palladium distribution
coefficient upon copper crystallization is close to
unity, so with low palladium contents, the liquidus and
solidus curves practically merge and run almost hori-
zontally (Fig. 1).

The continuous solid solutions experience ordering
to yield intermetallic phases. According to their X-ray
diffraction patterns, these phases have CsCl and
Cu3Au type structures of space group Pm m [3–8].
The ideal compositions corresponding to the complete
differentiation of metal atoms over crystallographic
positions correspond to the formulas CuPd and
Cu3Pd. It is to these compositions that the homogene-
ity regions of two phases of variable composition
shrink as the temperature tends to absolute zero. Ris-
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ing temperature gives rise to the appearance of homo-
geneity regions of these phases; judging from their
chemical compositions (enriched in copper), copper
frequently occupies palladium sites in the intermetal-
lic phases. It is noteworthy that the Cu–Pd systems, as
opposed to the Cu–Au system, does not form a third
(depleted in copper) intermetallic phase of ideal com-
position CuPd3.

Further, the phase diagram shows ordering by the
second-order phase transition mechanism to yield a
phase of ideal composition Cu21Pd7 (space group
P4mm, a tetragonal lattice, one-dimensional ordering
with a sevenfold increase in parameter с). One more
ordered phase in the region of about 40 at % Pd at
400°C, observed by Subramanian and Laughlin [7],
was not detected by Popov et al. [8], so is not shown in
Fig. 1. This area of the phase diagram needs to be stud-
ied further.
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An intriguing feature of our phase diagram version
is the absence of intermetallics that are analogues of
the ordered phase existing in the copper–gold system,
namely, a CuPd tetragonal phase and a CuPd3 cubic

phase. In the copper–palladium system these phases
are dismissed by a CuPd phase, which has another
structure–building principle.

The thermodynamic model of the Cu–Pd phase
diagram proposed by Li et al. [1] is at variance with the
third law of thermodynamics. The reason for this lies
in that Li et al.’s calculations included low-tempera-
ture experimental phase equilibrium data. Geng et al.’s
ab initio simulations [2] give a correct qualitative
description to the thermal behavior of the CuPd
phase, but no quantitative agreement with experimen-
tal data is observed.

Altogether, when in a solid state, the system forms
an eutectoid at 390°C and 30 at % Pd and two dystec-
toids with the coordinates 510°C, 15 at % Pd and
600°C, 40 at % Pd [8].
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