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Abstract: The aluminum-rich corner of the Al–Co–Pd ternary system was thermodynamically mod-
eled by the CALPHAD method in the present study. The ternary system is a complex system with
many ternary phases (W, V, F, U, Y2, C2). All ternary phases, except phase U, were modeled as
stoichiometric compounds. The order–disorder model was used to describe the BCC–B2 and BCC-
A2 phases. Solubility of the third element in binary intermetallic phases (Al5Co2, Al3Co, Al9Co2,
Al13Co4, Al3Pd and Al3Pd2) was modeled. The experimental results collected from the literature
were used in the optimization of the thermodynamic parameters. A good agreement between the
experimental results and the calculations was achieved.
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1. Introduction

Thermodynamic assessment for the Al–Co–Pd ternary system has not yet been pub-
lished. However, the system is of interest for the possible use of the Al–Pd based materials,
for example, for catalysts [1] or as coatings with good oxidation resistance, low adhesion
and high hardness [2–4] and also in electronics as semiconductors [5,6]. In addition, the
system is also interesting from a scientific point of view because it contains a large number
of complicated intermetallics, quasicrystals and quasi-crystalline approximants [7,8].

The ternary system was experimentally studied by several authors in papers [7–15].
The main interest was given especially to the aluminum-rich region. Very comprehen-
sive experimental information of the phase diagram was given by Yurechko et al. [10].
They published isothermal sections at 1323, 1273, 1213 and 1063 K for 50–100 at.% Al.
Černičková et al. studied the evolution of phases in several Al–Pd–Co alloys after long-
term annealing [12] and during continuous cooling [13]. Černičková et al. also focused on
the homogeneity range of ε, U and F phases at 1123 K in the study [14]. Recently, a part of
the isothermal section of the system at 1293 K was published by Ďuriška in the paper [15].
The mentioned authors [8–15] observed six equilibrium ternary phases (W, V, F, U, Y, C2)
and structurally complex ε-family phases in the ternary system.

The present work is focused on the modeling of the Al–Co–Pd ternary system in
an Al-rich corner by the Calphad method using experimental results collected from the
literature.

2. Binary Subsystems and Al-Rich Corner of the Ternary System
2.1. Al–Co

The Al–Co binary subsystem contains liquid, Co-hcp and FCC-solid solutions, ordered
AlCo-B2 (BCC-B2) phase with a wide homogeneity range and asymmetric shape, and
several intermetallic phases Al5Co2, Al3Co, Al9Co2 and Al13Co4. The last mentioned
intermetallic phase (Al13Co4) represents three compositionally closely related phases M-
Al13Co4, O-Al13Co4 and Y-Al13Co4. The calculated phase diagram of the binary system is
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shown in Figure 1. For the calculation, thermodynamic data from [16] were used. Based on
the study [16], all types of Al13Co4 intermetallic phases are modeled as one stoichiometric
Al13Co4 phase. The AlCo-B2 phase is described by the order–disorder model. BCC-A2
phase is an unstable disordered phase in the Al–Co system.

Figure 1. Phase diagram of the Al–Co binary system, data for calculation were taken from [16].

2.2. Co–Pd

The phase diagram of the Co–Pd binary system is presented in Figure 2. The diagram
was calculated based on the thermodynamic data from study [17]. Part of the diagram at
temperatures below 1400 K was not shown in the mentioned study [17] and consistent
experimental results concerning the miscibility gap in the FCC phase at low temperatures
have not been found in the literature. The diagram presented in Figure 2 was calculated
using the mentioned thermodynamic data [17]. Liquid, Co-rich hcp solid solution and FCC
solid solution with complete solubility are equilibrium phases present in the system.

Figure 2. Phase diagram of the Co–Pd binary system, data for calculation were taken from [17].
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2.3. Al–Pd

Thermodynamic data for the Al–Pd binary subsystem can be found in papers Li
et al. [18] and Duriska et al. [19]. The AlPd phase (having the BCC-B2 crystallographic
structure) with a wide homogeneity range was described by a sublattice asymmetrical
model (Al%, Pd)(Pd%, Va) in both studies [18,19]. Extrapolation of the Al–Pd binary system
to the ternary Al–Pd–Co system requires compatibility of models in corresponding binary
subsystems. In the Al–Co binary system [16], the BCC-B2 phase corresponding to the
AlPd phase in Al–Pd system is described by the order–disorder model. Therefore, the
order–disorder model was used for the BCC phases also in an Al–Pd system. The ordered
BCC-B2 phase (AlPd) is the stable phase and disordered BCC-A2 is an unstable phase in the
Al–Pd system. The low-temperature modification of the AlPd phase (α-AlPd) has not been
modeled in previously published assessments [18,19]. BCC-B2 is modeled as stable also at
low temperatures. As a result of incomplete experimental information on the existence of a
low-temperature modification of this phase and completely missing information on the
possible existence of a low-temperature phase in the Al–Co system, the BCC-B2 phase was
modeled as equilibrium also at low temperatures similarly as in study [18].

The phase diagram of the system is shown in Figure 3. There are seven other inter-
metallic phases (Al4Pd, Al3Pd (ε), Al21Pd8, Al3Pd2, Al3Pd5, Al2Pd5 and AlPd2), liquid and
FCC solid solutions in the diagram.

Figure 3. Phase diagram of the Al–Pd binary system.

2.4. Al-Rich Corner of Al–Co–Pd System

In the aluminum-rich corner of the Al–Co–Pd system, binary phases Al5Co2, Al3Co,
Al9Co2, phases of Al13Co4 family, phases of ε–family (Al3Pd), and Al3Pd2 were ob-
served [8–15]. In addition, phases Al4Pd and Al21Pd8 exist in the Al-rich corner of the
ternary system; however, the research area of the studies [8–15] was outside the area (either
temperature or concentration) of the existence of these phases. In addition to the binary
phases, the system also contains several stable ternary phases: orthorhombic W, monoclinic
V and U, cubic F and C2, and Y-phase [8–15]. Crystallographic data of the equilibrium
phases of the Al–Co–Pd ternary systems and its binary subsystems are shown in Table 1.
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Table 1. Crystallographic data of equilibrium phases relevant to the Al–Co–Pd system.

System Phase Pearson Symbol Space Group Reference

Al–Pd
Al-fcc cF4 Fm3m [18]

Al3Pd2 hP5 P3m1 [18]
Al4Pd hP P6322 [20]

Al21Pd8 tI116 I41/a [18]
AlPd-β cP2 Pm3m, [20]
AlPd-α cP8 P213 [20]
AL3Pd5 oP16 Pbam [18]
AlPd2 oP12 Pnma [18]
Al2Pd5 oP28 Pbmn [18]

ε6 ~ AL3Pd o Pna21 [21]
ε28 ~ AL3Pd o C2mm [21]

Pd-fcc cF4 Fm3m [18]
Al–Co

Al9Co2 mP22 P21/a [22]
M-Al13Co4 mC102 C2/m [22]
O-Al13Co4 oP102 Pmn21 or Pnmn [22]

Al3Co ? P2/m [22]
Al5Co2 hP28 P63/mmc [22]
AlCo-β cP2 Pm3m [22]
Co-hcp hP2 P63/mmc [22]
Co-fcc cF4 Fm3m [22]

Al–Co–Pd
W Pmn21 [10]

V P121, P1m1 or
P12/m1 [10]

F P21/a3 [10]

U C121, C1m1 or
C12/m1 [10]

Y2 Immm [10]
C2 Fm3 [10]
ε ε16 Amm2 [8]
ε22 orthorombic [10]
ε34 orthorombic [10]

3. Thermodynamic Models

Thermodynamic modeling by the Calphad method was performed by Thermo-Calc
software (Thermo-Calc Software AB, Solna, Sweden) [23]. Parameters for pure elements
were taken from Dinsdale [24].

3.1. Thermodynamic Models for FCC Solid Solution

The Gibbs energy of the FCC solid solution phase in the system is described using the
two-sublattice model (Al,Co,Pd)1(Va)1. This two-sublattice model with the vacancies in the
second sublattice was used to ensure the consistency with the model used for this phase
in large metal-based databases (e.g., for steels), where the interstitial elements in the FCC
phase play an important role. As there are no interstitial elements in this system, yVa is
always 1 and the model is generally equal to the model for liquid (see below).

The Gibbs energy for the FCC phase is expressed as:

GFCC = ∑i yI
i yI I

VaG0
i:Va + RT ∑i yI

i lnyI
i + RT

(
yI I

ValnyI I
Va
)
+ ∑i,j yI

i yI
j yI I

VaLi,j:Va+

+yI
Aly

I I
CoyI I

PdyI I
VaLAl,Co,Pd:Va + Gmag i, j = Al, Co, Pd, i 6= j

(1)

In Equation (1), y represents the site fraction of component i in the relevant sublattice.
G0

i:Va is the Gibbs energy of pure element i in the phase.
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All values of G are given relative to the Stable Element Reference state (SER) that is
defined as the stable state of the element under standard conditions (298.15 K and 105 Pa).
Interaction parameters L are expressed by a Redlich–Kister–Muggianu polynomial [25]:

Li,j:Va = ∑n
v=0 Lv

i,j:Va(y
I
i − yI

j )
v

i, j = Al, Co, Pd, i 6= j (2)

The temperature dependence of the Lv parameter is expressed as follows:

Lv
i,j:Va = a + bT i, j = Al, Co, Pd, i 6= j (3)

Gmag in Equation (1) is the magnetic contribution to the Gibbs energy. Its value is
calculated according to the model of Hillert and Jarl [26].

3.2. Thermodynamic Models for Liquid and Hcp Solid Solution

The liquid phase is described by a single sublattice. Its Gibbs energy is described as
follows:

GLiquid = ∑i xiG0
i + RT ∑i xilnxi + ∑i,j xixjLi,j + xAl xCoxPdLAl,Co,Pd i, j = Al, Co, Pd (4)

where xi is a mole fraction of the component i.
The hcp phase is also described using single sublattice model as in the case of the

liquid phase.

3.3. Thermodynamic Model for Stoichiometric Phases

The Al4Pd, Al21Pd8, Al3Pd5 phases are described as stoichiometric phases with two
sublattices (Al)a(Pd)c. The Gibbs energy per mole of the phase AlaPdc is expressed by the
Gibbs energy of formation relative to the chosen reference state as follows:

GAlaPdc = aGHSER
Al + cGHSER

Pd + G f (5)

G f can be given by the following expression

G f = m + nT (6)

where m and n are the parameters to be evaluated in the present work. These parameters
correspond to the enthalpy and entropy of formation of a given stoichiometric phase,
respectively, with respect to SER.

The Al3Pd (ε), Al3Co, Al5Co2, Al13Co4, Al9Co2 phases are also described using the
model with two sublattices, but the solubility of the third element is taken into account.
The Gibbs energy per mole of the formula Ala(Co,Pd)c is given as follows:

GAlaMc = ∑i yI
Aly

I I
i G0

Al:i + aRTyI
Al lnyI

Al + cRT ∑i yI I
i lnyI I

i + yI
Aly

I I
CoyI I

PdLAl:Co,Pd i = Co, Pd (7)

The W, V, F, Y2, C2 ternary phases are described as stoichiometric phases with a three
sublattices model with formula (Al)a(Pd)b(Co)c. In the case of W: a = 0.72 b = 0.04 c = 0.24,
for V: a = 0.7 b = 0.09 c = 0.21, for F: a = 0.73 b = 0.09 c = 0.18, for Y2: a = 0.765 b = 0.03
c = 0.205, for C2: a = 0.63 b = 0.27 c = 0.1. Their Gibbs energy is described as follows:

GAlaPdbCoc = aGHSER
Al + bGHSER

Pd + cGHSER
Co + G f (8)

The U ternary phase is described by a three sublattices model with
(Al)0.704(Pd)0.113(Co,Pd)0.183 formula. The model used for this phase is an extension of
the model described by Equation (7).
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3.4. Thermodynamic Model for Intermediate Phases with Homogeneity Ranges

There are several phases with a homogeneity range in the Al–Pd binary system. The
AlPd2 phase is described with a two-sublattice model with formula (Al%,Pd)1(Al,Pd%)2.
The symbol % denotes a major component in the corresponding sublattice. Gibbs energy is
given as follows:

GAlaPdc = ∑i,j yI
i yI I

j G0
i:j + RT ∑i yI

i lnyI
i + 2RT ∑i yI I

i lnyI I
i + ∑i yI

Aly
I
PdyI I

i LAl,Pd:i+

+∑i yI
i yI I

Aly
I I
PdLi:Al,Pd i, j = Al, Pd

(9)

The Al3Pd2 phase is described with two-sublattice models with formula
(Al%,Pd)3(Al,Co,Pd%)2. The Gibbs energy is expressed as:

GAl3Pd2 = ∑i,j yI
i yI I

j G0
i:j + 3RT ∑i yI

i lnyI
i + 2RT ∑i yI I

i lnyI I
i + ∑i yI

Aly
I
PdyI I

i LAl,Pd:i+

∑i yI
i yI I

j yI I
k Li:j,k + ∑i yI

i yI I
j yI I

k yI I
l Li:j,k,l i, j, k, l = Al, Pd, Co

(10)

The Al2Pd5 phase is also described with a two-sublattice model; however, the first sub-
lattice is occupied only by aluminum. The formula of the Al2Pd5 phase is (Al)2(Al,Pd%)5.
The Gibbs energy of the intermediate phase is expressed as:

GAl2Pd5 = ∑i yI
Aly

I I
i G0

Al:i + 5RT ∑i yI I
i lnyI I

i + yI
Aly

I I
Aly

I I
PdLAl:Al,Pd I = Al, Pd (11)

3.5. Thermodynamic Model for BCC Ordered and Disordered Phases

The BCC-B2 phase is an ordered phase described with a two-sublattice model (Al,Co,
Pd,Va)0.5(Al,Co,Pd,Va)0.5 based on the model used in [16]. The model of the phase is based
on a BCC-A2 solid solution model with formula (Al,Co,Pd,Va)1. The BCC-A2 is an unstable
phase in the investigated Al–Pd–Co system; however, it is modeled to achieve consistency
with other systems when the system is extrapolated to the higher systems. The single
function describing the Gibbs energy of the ordered and disordered phase together is given
by the following equation:

Gtotal
BCC = Gdis

BCC + ∆Gord
BCC (12)

Term Gdis
BCC is the Gibbs energy of the disordered BCC-A2 phase and can be calculated

by a solution model similarly to the hcp-phase or liquid. ∆Gord
BCC is the ordering contribution.

The sublattices of the BCC-B2 phase model are crystallographically equivalent to each
other, therefore G0

i:j = G0
j:i and Lv

i,j:k = Lv
k:,i,j and Lv

i,j:k,l = Lv
k,l:,i,j i,j,k,l = Al,Co,Pd,Va.

4. Results and Discussion
4.1. Al–Pd Binary System

The Al–Pd binary phase diagram is based on an assessment created by Li et al. [18].
However, in contrast to [18], the intermediate AlPd phase with a wide homogeneity range
is modeled as the ordered BCC-B2 phase to achieve compatibility of description with other
binary subsystems of the studied ternary system. For this purpose, also the BCC-A2 phase,
unstable in the Al–Pd binary system, was modeled. This change of the model resulted
in the necessary reassessment of the system and also parameters for Al3Pd2 and Al3Pd5
Al21Pd8 intermediate phases had to be slightly modified. Parameters for Al21Pd8 were
modified with the aim of achieving better agreement with experimental results [21], which
show that the Al3Pd phase forms by peritectic reaction liquid+Al3Pd2↔ Al3Pd at 1062 K.
On the contrary, according to assessment [18] (Figure 4a), the Al3Pd phase formed as a
result of different (liquid+Al21Pd8↔Al3Pd) reactions based on the study [27]. According to
Grushko [21], reaction liquid + Al21Pd8↔ Al3Pd at 1055 K that was suggested in study [27]
is considered as quite uncertain because only a weak kink associated with this reaction
was observed in a DTA plot of the study [27]. The result of this reassessment is shown in
Figure 3 and Figure 4b.
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Figure 4. Detail of the calculated Al–Pd diagram (a) according to study [18]; (b) according to this
work with respect to the experimental results from [21].

4.2. Al–Co–Pd Ternary System

In addition to a large number of binary phases, the Al–Co–Pd system also contains
several stable ternary phases (W, V, F, U, Y, C2).

The homogeneity range of the W, V, C2 and Y phases is generally narrow. There-
fore, they were modeled as stoichiometric phases. The F phase has a very narrow ho-
mogeneity range at 1323 and 1063 K, and slightly wider at 1273 and 1213 K according
to Yurechko et al. [10]. The composition range of this phase at 1273 K is from 71.6Al-
17.2Co-11.2Pd to 71.8Al-18.8Co-9.4Pd, and at 1213 K from 71.3Al-12.4Co-16.3Pd to 72.3Al-
8.8Co-18.9Pd. Because the range of composition is relatively narrow, the phase was also
modeled as a stoichiometric phase. For the U phase, the model described by formula
(Al)0.704(Pd)0.113(Co,Pd)0.183 was used. This model takes into account the homogeneity
region of the phase. The experimentally determined width of the homogeneity region of
the U-phase is about 5 at.% with a constant amount of aluminum [10].

The model for Al13Co4 covers all phases of the Al13Co4 family (M-Al13Co4, O-Al13Co4
and Y- Al13Co4) in the binary system and is suitable for the Al–Co binary system (Figure 1).
On the other hand, the Y-phase observed in the Al–Co–Pd system by Yurechko et al. [10] has
a similar structure to the high-temperature binary phase Y-Al13Co4 in the Al–Co system [28].
However, no continuous range between the ternary Y phase and the binary Y-Al13Co4
was observed in the Al–Co–Pd system [10]. Therefore, in the presented calculations, Y is
presented as a ternary phase, and a different model was used. This phase was modeled
as a stoichiometric phase from approximately 1063 to 1213 K based on the experimental
results from Yurechko et al. [10]. The phase was presented as a separate ternary phase also
in other experimental studies [11–14].

Figure 5a–d shows the isothermal sections of the Al–Co–Pd system at various tem-
peratures. The calculated three-phase equilibria are in agreement with the experimentally
determined results according to Yurechko et al. [10]. Only the experimentally determined
three-phase equilibrium Al9Co2+M-Al13Co4+O-Al13Co4 at 1213 K (Table 2) cannot exist in
the calculated isothermal section (Figure 5c) because the M-Al13Co4 and O-Al13Co4 phases
are modeled as single phase.
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Figure 5. Cont.
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Figure 5. Calculated Al-rich corner of the isothermal section of the Al–Co–Pd system with experimental data points from
the literature [10] (a) 1323 K; (b) 1273 K; (c) 1213 K; (d) 1063 K.

At 1063 K (Figure 5d), the Al3Pd+Al3Pd2+liquid equilibrium was calculated. The
equilibrium is not presented in a phase diagram according to Yurechko et al. [10]. Yurechko
presented homogeneity range of the Al3Pd phase from binary system (Al3Pd) to 73.7Al-
11.1Pd-15.2Co at this temperature. However, the Al3Pd phase forms by peritectic reaction
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liquid + Al3Pd2 ↔ Al3Pd at 1062 K in the binary system according to Grushko [21], which
is in accordance with the presented calculations.

Al3Pd phase represents phases of ε-family (ε6, ε28 known from the binary system
and ε16 ε22 ε34 observed in the ternary system [8]). The Al3Pd model was taken from the
work of Li et al. [18] and was extended to the ternary system by the addition of Co into
the model. The homogeneity range of the phase increases with decreasing temperature
(Figure 5), which is in accordance with the experimental results from [10,13]. Nevertheless,
such a wide range of homogeneity as in [10] was not achieved at lower temperatures.

Table 2. Experimentally determined three-phase regions of the Al–Co–Pd system in the Al-rich corner of the phase diagram
[10].

1323 K 1273 K 1213 K 1063 K

Al5Co2 + V + BCC-B2 Al5Co2 + V + BCC-B2 Al5Co2 + U + BCC-B2 Al5Co2 + U + BCC-B2
Al5Co2 + V + W Al5Co2 + V + F Al5Co2 + U + F Al5Co2 + U + F

V + W + F V + W + U M-A13Co4 + A9Co2 + liquid ε + A9Co2 + liquid
V + BCC-B2 + liquid V + U + BCC-B2 M-A13Co4 + Y + liquid M-A13Co4 + Y + Al9Co2

V + F + liquid U + F + ε U + F + ε U + F + ε
Al5Co2 + W + Al3Co Al5Co2 + M-Al13Co4 + Al3Co Al5Co2 + M-Al13Co4 + Al3Co Al5Co2 + M-Al13Co4 + Al3Co

W + F + liquid Al5Co2 + M-Al13Co4 + F Al5Co2 + M-Al13Co4 + F Al5Co2 + M-Al13Co4 + ε
Al3Co + W + liquid M-Al13Co4 + F + ε M-Al13Co4 + F + ε Al5Co2 + F + ε

M-A13Co4 + Al3Co + liquid M-A13Co4 + ε + liquid M-A13Co4 + ε + Y M-A13Co4 + ε + Y
U + ε + liquid Y + ε + liquid Y + ε + Al9Co2

U + Al3Pd2 + liquid U + Al3Pd2 + ε U + Al3Pd2 + ε
U + Al3Pd2 + BCC-B2 U + Al3Pd2 + BCC-B2 U + Al3Pd2 + C

Al3Pd2 + BCC-B2 + liquid Al3Pd2 + ε + liquid U + C + BCC-B2
Al9Co2 + M-Al13Co4 +

O-Al13Co4
C + Al3Pd2 + BCC-B2

The modeled isothermal sections of the Al-rich corner of the Al–Co–Pd phase diagram
(Figure 5) take into account information about the formation of the ternary phases in
the system. According to [10], the F, V and W ternary phases solidified from a liquid
above 1323 K. V and W decompose between 1273-1213 and 1323-1273 K, respectively. F is
observed at all studied temperatures. U melts between 1273 and 1323 K. The C2 is formed
from a solid phase. The C2 was observed at 1063 K. The calculations are consistent with
these experimental findings.

Better agreement between the experimentally determined maximum solubility of
the third element in binary phases (Pd in Al5Co2, Al3Co, Al13Co4, Al9Co2; Co in Al3Pd,
Al3Pd2), and the calculation was obtained for lower temperatures. The calculated solubility
of Co is 4 and 15 at.% in Al3Pd2 and Al3Pd, respectively, at 1063 K. Yurechko et al. [10]
observed the same values of solubility in these phases. The calculated solubility of Pd is
1.7, 2.7, 0.45, and 5 in Al9Co2, Al13Co4, Al3Co and Al5Co2, respectively. Experimentally
determined values are 2.6, 2.7, 1.6, and 3 at.% in the same phases, respectively [10]. Slightly
larger differences between experimental and calculated values of solubility are in Al–Co
binary phases at 1323 K, but due to the relatively small Pd solubility in these phases (about
3 at.% [10]), this does not have a significant effect on the character of the phase equilibria.

The liquidus surface prediction of the system was calculated and is shown in Figure 6.
The calculations are in good agreement with liquidus lines presented in the isothermal
sections in study [10] for higher temperatures. The agreement is slightly worse close to
the Al-rich corner. Here the reason can be partially explained by observed disagreement
between the calculated and experimental isotherms very close to the binary Al–Co and
Al–Pd subsystems, which influences the shape of the isotherms in the ternary region as
well. For example, in the Al–Pd system, the compositions of the binary system for the
melting temperatures 1323, 1273 and 1213 K extrapolated from the experimental isotherms
are very close to each other; nevertheless, they still reasonably correspond to the values
obtained from the theoretical assessment of the binary Al–Pd system. On the other hand,
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the extrapolated position of the experimental isotherm at 1063 K is much closer to the Al
corner than the calculated one. Similar disagreement can be found for the Al–Co binary
especially close to the Al-rich corner. The discrepancies existing in binary subsystems
indicate some doubts about the precision of experimentally established isotherms.

Figure 6. Calculated liquidus surface prediction of the Al–Co–Pd system. Dotted lines represent
liquidus lines from isothermal sections from study [10].

The thermodynamic parameters assessed in this work are given in Table 3. The
parameters for phases of the Al–Co–Pd system from the region below 50 at.% of aluminum
were not modified because experimental results are missing in the literature for this part of
the diagram. Al3Pd5 has been modified in connection with the modification of the Al–Pd
binary diagram as mentioned above.

Table 3. Thermodynamic parameters of the Al–Pd system.

Phase Thermodynamic Model Parameters Literature

Al4Pd (Al)4(Pd)1
G0(Al:Pd) = 4GALFCC + GPDFCC
−170,737.44 + 51.21T [18]

Al21Pd8 (Al)21(Pd)8 G0(Al:Pd) = 21GALFCC + 8GPDFCC-1281100 + 299*T this work

Al3Pd2 (Al%,Pd)3(Al,Co,Pd%)2

G0(Al:Pd) = 3GALFCC + 2GPDFCC
−269,541.8 + 37.214*T
G0(Al:Co) = 3GALFCC + 2GCOHCP + 10,000
G0(Al:Al) = 5*GALFCC + 100,000
G0(Pd:Pd) = 5*GPDFCC + 50,000
G0(Pd:Co) = 3GPDFCC + 2GCOHCP + 10,000
G0(Pd:Al) = 2*GALFCC + 3*GPDFCC
−55,033.89 + 20.82*T
L0(Al,Pd:Pd) = −450,180.01 + 38.01*T
L0(Al,Pd:Al) = −450,180.01 + 38.01*T
L0(Al:Al,Pd) = −197,701.77 + 139.11*T
L0(Pd:Al,Pd) = −197,701.77 + 139.11*T
L0(Al:Co,Pd) = −182,000
L1(Al:Co,Pd) = 404,064.2 − 305.4*T
L2(Al:Co,Pd) = −90,000

this work
this work
[18]
[18]
this work
[18]
[18]
[18]
[18]
[18]
this work
this work
this work
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Table 3. Cont.

Phase Thermodynamic Model Parameters Literature

Al3Pd5 (Al)3(Pd)5 G0(Al:Pd) = 3GALFCC + 5GPDFCC
− 412146.0 + 22.799T

this work

AlPd2 (Al%,Pd)1(Al,Pd%)2 G0(Al:Pd) = GALFCC + 2GPDFCC
−144,760.82 + 10.18T-0.596Tln(T)
G0(Al:Al) = 3GALFCC + 100,000
G0(Pd:Pd) = 3GPDFCC + 100,000
G0(Pd:Al) = 2GALFCC + GPDFCC +
+23,168.36 + 42.11T
L0(Al:Al,Pd) = −392,380.23 + 110.03T
L0(Pd:Al,Pd) = −392,380.23 + 110.03T
L0 (Al,Pd:Al) = −235,761.01 + 45.04T
L0(Al,Pd:Al) = −235,761.01 + 45.04T

[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]

Al2Pd5 (Al)2(Al,Pd%)5 G0(Al:Pd) = 2GALFCC +
+ 5GPDFCC-329,912.86 + 21.86T
G0(Al:Al) = 7GALFCC + 100,000
L0(Al:Al,Pd) = −660,821.07 + 94.89T

[18]
[18]
[18]

Al3Pd (ε) (Al)3(Co,Pd)1 G0(Al:Pd) = + 3GALFCC + GPDFCC
−151,076.48 + 26.51*T
G0(Al:Co) = 3GALFCC + GCOHCP + 3000
L0(Al:Co, Pd) = −643,900 + 300*T
L1(Al:Co, Pd) = −1,199,323.4 + 741.8*T

[18]
this work
this work
this work

AlPd-β
(BCC-B2)

(Al,Co,Pd,Va)0.5(Al,Co,Pd,Va)0.5 G0(Al:Pd) = G0(Pd:Al) = −78,155 + 4.229*T
G0(Al:Co) = G0(Co:Al) = −90,643.5 + 28.66*T
G0(Co:Pd) = G0(Pd:Co) = 0G0(Al:Al) = 0
G0(Pd:Pd) = 0
G0(Va:Va) = 0
G0(Co:Co) = 0
G0(Co:Va) = G0(Va:Co) = 0
G0(Al:Va) = G0(Va:Al) = 0
G0(Pd:Va) = G0(Va:Pd) = 0
L0(Co,Va:Al) = L0(Al:Co,Va) = −56,770 − 18*T
L0(Pd,Va:Al) = L0(Al:Pd,Va) = −130,957.6 + 17.796*T
L1(Pd,Va:Al) = L1(Al:Pd,Va) = 6610 − 24.2*T
L0(Pd:Al,Va) = L0(Al,Va:Pd) = −138,953.4 + 14.48*T
L0(Al,Pd:Al) = L0(Al:Al,Pd) = 5000
Tc0(Al:Co) = −1400
Tc0(Co:Al) = −1400

this work
[16]
this work
this work
this work
[16]
[16]
[16]
this work
this work
[16]
this work
this work
this work
this work
[16]
[16]

BCC-A2* (Al,Co,Pd,Va)1 G0(Va) = 30*T [16]
L0(Al,Va) = 46,912 [16]
L0(Al,Va) = 46,912
L0(Co,Va) = 126,184
L0(Al,Co) = −95,207 + 2.52*T
L0(Al,Pd) = −110,580.8 + 25.373*T
L1(Al,Pd) = −10,000 + 33.33*T
L2(Al,Pd) = 65,384 − 30*T
L0(Pd,Va) = 46,989 + 17.5*T
L1(Pd,Va) = 20,000
L2(Pd,Va) = 0
BM0(Co) = 1.35
Tc0(Co) = 1450

[16]
[16]
[16]
this work
this work
this work
this work
this work
this work
[16]
[16]
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Table 3. Cont.

Phase Thermodynamic Model Parameters Literature

FCC (Al,Co,Pd)1(Va) L0(Al,Pd:Va) = −164,947.99 + 23.32T
L1(Al,Pd:Va) = 112,770.39 − 29.38T
L0(Co,Pd:Va) = −3823.8058 − 11.2238*T
L1(Co,Pd:Va) = 14,981.6511 + 4.5668*T
L2(Co,Pd:Va) = 7750.8429 − 11.3802*T
L0(Al,Co:Va) = −124,200 + 17.24*T
L1(Al,Co:Va) = 0
L2(Al,Co:Va) = 28,740
BM0(Co:Va) = 1.35
Tc0(Co:Va) = 1396
BM0(Al,Co:Va) = 10
Tc0(Al,Co:Va) = −1500
Tc1(Al,Co:Va) = 650
BM0(Co,Pd:Va) = 1.3224
BM1(Co,Pd:Va) = −1.5504
Tc0(Co,Pd:Va) = 1110.1
Tc1(Co,Pd:Va) = −536.76

[18]
[18]
[17]
[17]
[17]
[16]
[16]
[16]
[16]
[16]
[16]
[16]
[16]
[17]
[17]
[17]
[17]

Al9Co2 (Al)9(Co,Pd)2 G0(Al:Co) = 2GCOHCP + 9GALFCC
−329,700 + 53.14*T +
G0(Al:Pd) = 9GALFCC + 2GPDFCC + 5500
L0(Al:Co, Pd) = −1,260,660 + 820T

[16]
this work
this work

Al13Co4 (Al)13(Co,Pd)4 G0(Al:Co) = 13GALFCC + 4GCOHCP-659,712 +
+125*T
G0(Al:Pd) = 13GALFCC + 4GPDFCC + 10,000
L0(Al:Co, Pd) = −2,526,800 + 1600*T

[16]
this work
this work

Al3Co (Al)3(Co,Pd) G0(Al:Co) = 3GALFCC + GCOHCP-164946 +
+ 32.725*T
G0(Al:Pd) = 3GALFCC + GPDFCC + 4000
L0(Al:Co, Pd) = −82,400

[16]
this work
this work

Al5Co2 (Al)5(Co,Pd)2 G0(Al:Co) = 5GALFCC + 2GCOHCP − 329,990
+73.45*T

[16]

G0(Al:Pd) = 5GALFCC + 2*GPDFCC + 3500
L0(Al:Co, Pd) = −1,493,000 + 1000*T

this work
this work

liquid (Al,Co,Pd)1 L0(Al,Pd) = −226,803.7 + 52.2T + 0.048Tln(T)
L1(Al,Pd) = 82,765.11 − 17.86T
L0(Co,Pd) = 7138.5759 − 25.3266*T
L1(Co,Pd) = 577.0929 + 11.6265*T
L2(Co,Pd) = −4644.7671 − 3.7536*T
L0(Al,Co) = −150,510 + 33.729*T
L1(Al,Co) = −54,090 + 26.8*T
L2(Al,Co) = 65,430 − 22.4*T

[18]
[18]
[17]
[17]
[17]
[16]
[16]
[16]

hcp (Al,Co)1 BM0(Co) = 1.35
Tc0(Co) = 1396

[16]
[16]

V (Al)0.7(Pd)0.09(Co)0.21 G0(Al:Pd:Co) = 0.7GALFCC + 0.09GPDFCC +
+ 0.21GCOHCP-56,869.78 + 15.86*T

this work

F (Al)0.73(Pd)0.09(Co)0.18 G0(Al:Pd:Co) = 0.73GALFCC + 0.09GPDFCC +
0.18GCOHCP-134,614.25644 +
+517.7995419654*T-61.361890945*T*LN(T)
−330,383.260065641*T**(-1)

this work

W (Al)0.72(Pd)0.04(Co)0.24 G0(Al:Pd:Co) = 0.72GALFCC + 0.04GPDFCC +
0.24GCOHCP-33540

this work
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Table 3. Cont.

Phase Thermodynamic Model Parameters Literature

U (Al)0.704(Pd)0.113(Co,Pd)0.183 G0(Al:Pd:Co) = 0.704GALFCC + 0.113GPDFCC +
0.183GCOHCP-61,957.8334 +
+19.8334*T
G0(Al:Pd:Pd) = 0.704GALFCC + 0.296GPDFCC + 1000
L0(Al:Pd:Co,Pd) = −92,107.538461 + 48.153846*T

this work
this work
this work

Y (Al)0.765(Pd)0.03(Co)0.205 G0(Al:Pd:Co) = 0.765GALFCC + 0.03GPDFCC +
+0.205GCOHCP-49,460.165936 + 15.353872*T

this work

C2 (Al)0.63(Pd)0.27(Co)0.1 G0(Al:Pd:Co) = 0.63GALFCC + 0.27GPDFCC +
+0.1GCOHCP-70,201.48479706 +
+22.86122746*T

this work

* unstable phase; GALFCC = GHSERAL [24], GPDFCC = GHSERPD [24], GCOHCP = GHSERCO [24]; parameters for pure element were
taken from Dinsdale [24].

5. Summary and Conclusions

The work deals with modeling of an Al-rich corner of the Al–Co–Pd phase diagram by
the CALPHAD method using available experimental literature data. The achieved results
can be summarized as follows:

• The assessment of the Al–Pd binary system was modified. Intermediate AlPd phase
with a wide homogeneity range in the binary system was modeled as an ordered
BCC-B2 phase using order–disorder model to achieve compatibility of the description
of the phases with other binary subsystems of the studied Al–Co–Pd ternary system.
For this purpose, also the BCC-A2 phase, unstable in the Al–Pd binary system, was
modeled. Parameters for Al3Pd2, Al3Pd5 and Al21Pd8 intermediate phases were
slightly modified.

• Thermodynamic assessment of Al–Co–Pd was performed. All ternary phases, except
the U phase, were modeled as stoichiometric phases. The U phase was described
by the (Al)0.704(Pd)0.113(Co,Pd)0.183 formula. The solubility of the third element in
binary phases (Al5Co2, Al3Co, Al13Co4, Al9Co2, Al3Pd and Al3Pd2) was modeled.
In addition, liquidus surface prediction was calculated. The binary phases from the
region under 50 at.% Al were not modified.

• The calculated phase diagram is in good agreement with experimental results from
the literature.
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13. Černičková, I.; Ďuriška, L.; Drienovský, M.; Janičkovič, D.; Janovec, J. Phase transitions in selected Al-Pd-Co alloys during

continuous cooling. Kovove Mater. 2017, 55, 403–411. [CrossRef]
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