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a b s t r a c t

Thermodynamic assessments of Ag–Dy and Ag–Er binary systems have been performed by using
CALPHAD method. In order to provide necessary data for thermodynamic assessment, the formation
enthalpies of Ag2Dy, AgDy, Ag2Er and AgEr were calculated by using projector augmented-wave (PAW)
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method within generalized gradient approximation (GGA) in first-principles frame. During assessments
of the Ag–Dy and Ag–Er binary systems, the solution phases (liquid, fcc and hcp) were treated as substi-
tutional solutions, of which the excess Gibbs energies were modeled by Redlich–Kister polynomial, and
all intermetallic compounds were described as stoichiometric phases. Consequently, phase diagrams of
these two binary systems were thermodynamically optimized and the self-consistent thermodynamic
parameters of involved phases obtained.
ALPHAD

. Introduction

Ag-based alloys with high electronic-conductivity have found
ide application in electronic industry. However, many Ag-based

lloys are of poor strength and cannot withstand high temperature.
ortunately, addition of some rare-earth elements into Ag-based
lloys may help to achieve high strength and improve their perfor-
ances at elevated temperature [1]. Besides, silver and rare-earth

re important components of several amorphous materials [2].
nformation of phase diagrams of the Ag–RE systems is help-
ul to alloys design relevant processing method. Recently, many
ssessments about Ag–RE systems have been carried out, includ-
ng Ag–La [3], Ag–Pr [4], Ag–Ce [5], Ag–Gd [6,7], Ag–Nd [7,8], Ag–Yb
9], Ag–Eu [10], Ag–Y [11], Ag–Sc [12], Ag–Sm [13], Ag–Tb and
g–Ho [14]. However, the Ag–Dy and Ag–Er systems have not been
ptimized despite their importance. In order to construct a inte-
rated thermodynamic database of Ag–RE systems which are of
elp to related materials design, thermodynamic assessments of

g–Dy and Ag–Er phase diagrams are performed through CAL-
HAD approach with the help of first-principles calculations in this
ork.

∗ Corresponding author at: School of Materials Science and Engineering, Central
outh University, Changsha, Hunan Province, 410083, PR China. Tel.: +86 731 88876
35; fax: +86 731 88876 692.

E-mail address: hsliu@mail.csu.edu.cn (H.S. Liu).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.09.036
© 2009 Elsevier B.V. All rights reserved.

2. Evaluation of experiment data

2.1. Ag–Dy system

With the help of metallography, X-ray diffraction (XRD) and
differential thermal analysis (DTA), Delfino et al. [15] previously
constructed the phase diagram of Ag–Dy system. Three compounds,
i.e. Ag51Dy14, Ag2Dy and AgDy, were reported. Meanwhile four
eutectic reactions were detected. Gschneidner et al. [16] mea-
sured the maximum solid solubility of Dy in Ag to be 1.3 at.%, and
determined the eutectic temperature of L ↔ Fcc(Ag) + Ag51Dy14 as
1074 K.

As for thermodynamic properties, only the formation enthalpies
of the compounds were reported. By using high temperature direct
synthesis calorimetry, Meschel and Kleppa [17] measured the for-
mation enthalpies of Ag51Dy14, Ag2Dy and AgDy at 1373 ± 2 K.
However, the formation enthalpy of Ag2Dy in Ref. [17] was a lit-
tle higher. This means it might decompose at low temperature,
implying confliction with the experimental phase diagrams [15].
Due to lack of other argument, we think that the phase stability
[15] is more reliable than the measured formation enthalpy. Other
thermodynamic property of Ag–Dy system has not been reported
so far. In order to get a reliable description, first-principles calcu-
lations should be utilized. In this work, Ag Dy and AgDy will be
2
selected to determine the formation enthalpies. As for Ag51Dy14,
because too many atoms are involved in a unit cell, and the imper-
fect site occupancy, it is very difficult to calculate the formation
enthalpy of Ag51Dy14 using first-principles.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hsliu@mail.csu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.09.036
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.2. Ag–Er system

The melting point of Ag and Er in this work are accepted as 1235
nd 1802 K [18,19], respectively. Through DTA, metallography and
arious X-ray methods, Gebhardt et al. [20] studied the Ag–Er phase
iagram. Three congruently melting compounds and four eutectic
eactions were reported. Note the melting point reported by Geb-
ardt et al. [20] for Er was 29 K lower than the accepted value due
o the lower purity of Er (99% Er) used in the experiments [20].

cmasters et al. [21] studied the crystal structure of the Ag-rich
ompound in this system and determined it to be Ag51Er14 with
he hexagonal structure. Gschneidner et al. [16] investigated the
olid solubility of Er in Ag and the Ag-rich eutectic temperature.
he solubility of Er in Ag was 3.6 at.% [16], slightly higher than the
alue reported by Bijvoet et al. [22].

Meschel and Kleppa [17] measured the formation enthalpies of
g51Er14, Ag2Er and AgEr in Ag–Er binary system at 1373 ± 2 K. Like

n the Ag–Dy system, the enthalpy of Ag2Er in Ref. [17] looks a little
igher, indicating its metastability at low temperature. This con-
icts with the widely accepted phase relations at solid state [20].

n this work, more attentions have been paid to the experimental
hase diagram [20] than the measured enthalpy. With the same
eason mentioned for the Ag–Dy system (see Section 2.1), only
he formation enthalpies of Ag2Er and AgEr will be calculated by
rst-principles calculations.

. First-principles calculations

The first-principles calculations were executed using the
calar relativistic all-electron Blöchl’s projector augmented-wave
PAW) [23,24] method within the generalized gradient approx-
mation (GGA), as implemented in the highly efficient Vienna
b initio simulation package (VASP) [25,26]. The Perdew–Wang
arameterization (PW91) [27,28] was employed in the GGA
xchange-correlation function. For the four intermetallic com-
ounds, Ag2Dy, AgDy, Ag2Er and AgEr, the plane-wave energy
utoff was 400 eV. Brillouin zone integrations were performed
sing Monkhorst–Pack. k-Point meshes and reciprocal space (k-
oint) meshes are increased to achieve convergence to a precision
f 0.3 kJ/mol of atom. The k-point meshes for these four compounds
ere fixed to 11 × 11 × 11. The total energy was converged numer-

cally to less than 1 × 10−6 eV/unit with respect to electronic, ionic
nd unit cell degrees of freedom. The latter two relaxed using
ellman–Feymann forces with a preconditioned conjugated gradi-
nt algorithm. After structural optimization, the total forces on each
on were less than 0.01 eV/Å. In order to avoid wrap-around errors,
ll calculations are performed using the “high” setting within VASP.

The formation enthalpies for the intermetallic compounds were
alculated by the following equation

H(AgxMy) = Etotal(AgxMy) − xEtotal(Ag) − yEtotal(M) (1)

ere Etotal(AgxMy), Etotal(Ag) and Etotal(M) are the calculated total
nergies (per atom at T = 0 K) of the intermetallic compound,
ure Ag, pure Dy or Er, respectively. In this work, the formation
nthalpies of the compounds calculated by first-principles were
ssumed to be the values of the corresponding phases at 298 K.

. Thermodynamic model

An ordinary substitution solution model is employed to describe

iquid, fcc and hcp solution. The molar Gibbs energy of a solution
hase (˚ = liquid, fcc, hcp) can be represented as a sum of the
eighted Gibbs energy for the pure elements, the ideal entropy

erm describing a random mixing of the components, and the
xcess Gibbs energy describing the degree of deviation from ideal
ompounds 489 (2010) 146–151 147

mixing, i.e.

G˚
m =

∑
x0

i G˚
i + RT

∑
xi ln(xi) + EG˚

m (2)

where G˚
m is the molar Gibbs energy of a solution phase ˚, 0G˚

i the
Gibbs energy of pure element i (i = Ag, Dy or Ag, Er) in the struc-
tural state of ˚, R the gas constant, and T temperature. And the
excess Gibbs energy, EG˚

m, can be expressed by the Redlich–Kister
polynomial functions as follows:

EG˚
m = xAgxM

n∑

j=0

(j)L˚
Ag,M(xAg − xM)j (3)

Here M stands for either Dy or Er, (j)L˚
Ag,M an interaction parameter

and can be expressed as follows:

(j)L˚
Ag,M = Aj + BjT (4)

here Aj and Bj are model parameters to be optimized.
The intermetallic compounds were treated as stoichiometric

phases AgpMq. Due to lack of heat capacity data and according to the
Neumann–Kopp rule, the Gibbs energy of AgpMq can be formulated
as:

GAgpMq = p

p + q
0Gfcc

Ag + q

p + q
0Ghcp

M + A + BT (5)

where A and B are the parameters to be optimized in this work.

5. Results and discussion

5.1. First-principle calculations

Crystal structures, lattice constants and formation enthalpies of
intermetallic compounds are listed in Table 1. The lattice constants
of pure elements were previously calculated with first-principles
method by Wang et al. [29]. It is clear that the results obtained in
present calculation are in good agreement with those calculated
by Wang et al. [29]. Moreover, the obtained lattice constants of
pure elements agree reasonably well with those experiment data
[18,30,31]. The thermodynamic properties of these intermetallic
compounds were further calculated in this work. As seen in Table 1,
the calculated lattice constants of four intermetallic compounds are
in good agreement with experimental data from literatures [32,33].
In view of these, it is reasonable to accept the formation enthalpies
of these compounds obtained by first-principles calculations.

5.2. Phase diagram

Besides the lattice stabilities of Dy and Er of face centered cubic
(fcc) structure were cited from Wang et al. [35] and Du et al. [36],
respectively, those in other structures were taken from Dinsdale
[37]. Using PARROT module of Thermo-Calc program, thermody-
namic parameters of all phases in these two systems are obtained
and listed in Table 2. As can be seen in the next paragraphs, most
experimental data including phase diagrams and thermodynamic
properties can be reproduced.

5.2.1. Ag–Dy system
Fig. 1 illustrates the calculated phase diagram of Ag–Dy system

compared with experimental data, and Table 3 lists the invariant
reactions in Ag–Dy system. The calculated boundaries agree with
the experimental data considering the measurement errors. The

largest temperature deviation between the calculated and experi-
mental values for invariant reactions is within 9 K.

Fig. 2 shows the calculated formation enthalpies of intermetal-
lic compounds at 298 K versus data of experimental [17], prediction
[38] and those obtained by first-principles. We found those three
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Table 1
Crystal structures and formation enthalpies of the compounds in Ag–Dy and Ag–Er systems by first-principles calculations.

Phase Person symbol Space group Prototype Lattice (Å) �H (J/g atom) Reference

a c

Ag cF4 Fm3̄m Cu 4.154 – – This work
4.155 – – [29]
4.086 – – [30]

Dy hP2 P63/mmc Mg 3.606 5.619 – This work
3.604 5.626 – [29]
3.588 5.646 – [31]

Er hP2 P63/mmc Mg 3.575 5.541 – This work
3.576 5.543 – [29]
3.559 5.585 – [18]

Ag2Dy tI6 I4/mmm MoSi2 3.754 9.259 −32,579 This work
3.694 9.213 −22,300 ± 2,300 [32,17]
– – −39,000 [38]

AgDy cP2 Pm3̄m CsCl 3.639 – −32,812 This work
3.609 – −37,300 ± 1,800 [33,17]
– – −44,000 [38]

Ag2Er tI6 I4/mmm MoSi2 3.721 9.184 −34,119 This work
3.669 9.155 −24,000 ± 2,300 [32,17]

c
m
m
g
b
[
e
d
w
v

5

d
T

AgEr cP2 Pm3̄m CsCl

ompounds can be stable at room temperature according to the for-
ation enthalpies calculated by both first-principles and CALPHA
ethod and the results agree well with the experimental phase dia-

ram [15]. Furthermore, the formation enthalpy of AgDy obtained
y first-principles is also in agreement with the measured data
17] considering the experimental error. The assessed formation
nthalpies of Ag51Dy14 and AgDy reasonably agree well with the
ata obtained by experiment [17] and first-principles, respectively,
hile the assessed formation enthalpy of Ag2Dy agree well with the

alue from first-principles calculations.
.2.2. Ag–Er system
Phase diagram of Ag–Er binary system was reproduced thermo-

ynamically (Fig. 3) with all assessed invariant reactions listed in
able 4. Clearly, good agreement has been realized between experi-

Table 2
Thermodynamic parameters of Ag–Dy and Ag–Er systems.

System Phase

Ag–Dy

Liquid

Fcc

Hcp

Ag51Dy14

Ag2Dy

AgDy

Ag–Er

Liquid

Fcc

Hcp

Ag51Er14

Ag2Er

AgEr
– – −39,000 [38]
3.602 – −34,488 This work
3.584 – −44,900 ± 3,200 [34,17]
– – −44,000 [38]

mental diagram and assessed boundaries. The largest temperature
deviation between assessed and measured invariant reactions is
within 8 K.

As shown in Fig. 4, the formation enthalpies of intermetallic
compounds at 298 K were further assessed thermodynamically.
Three compounds can be stable at room temperature according
to the formation enthalpies calculated by first-principles and CAL-
PHAD, which is in agreement with the experimental phase diagram
[20]. The assessed formation enthalpies of Ag51Er14 and AgEr agree
well with experimental data [17], while that of Ag2Er is in agree-

ment with the value from first-principles calculations. However,
the calculated formation enthalpy of AgEr by first-principles dif-
fers from measured data [17]. Two possible reasons may contribute
to this deviation. One of them is associated with the complicated
electronic arrangement of rare-earth elements with less accurate

Thermodynamic parameters

0LLiq
Ag,Dy = −120, 882 + 21.174T

1LLiq
Ag,Dy = −69, 962 + 27.008T

2LLiq
Ag,Dy = 27, 773

3LLiq
Ag,Dy = 18, 181

0LFcc
Ag,Dy = −65, 136 − 5.743T

0LHcp
Ag,Dy = 100, 000

0GAg51Dy14 = 0.78460GFcc
Ag + 0.21540GHcp

Dy − 23, 940 + 1.445T

0GAg2Dy = 0.66670GFcc
Ag + 0.33330GHcp

Dy − 31, 050 + 2.207T

0GAgDy = 0.50GFcc
Ag + 0.50GHcp

Dy − 35, 003 + 2.704T

0LLiq
Ag,Er = −148, 651 + 29.155T

1LLiq
Ag,Er = −59, 235 + 10.186T

2LLiq
Ag,Er = 13, 751

3LLiq
Ag,Er = 46, 024

0LFcc
Ag,Er = −82, 000

0LHcp
Ag,Er = 10, 000

0GAg51Er14 = 0.78460GFcc
Ag + 0.21540GHcp

Er − 27, 877 + 2.347T

0GAg2Er = 0.66670GFcc
Ag + 0.33330GHcp

Er − 35, 335 + 2.077T

0GAgEr = 0.50GFcc
Ag + 0.50GHcp

Er − 41, 363 + 4.867T
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Table 3
Comparison of invariant reactions in the Ag–Dy system.

Reaction Composition of liquid, XDy T (K) Type Ref.

L ↔ Fcc(Ag) + Ag51Dy14 0.111 1075 Eutectic This work
0.120 ± 0.005 1073 ± 5 Eutectic [15]
– 1074 Eutectic [16]

L ↔ Ag51Dy14 + Ag2Dy 0.275 1182 Eutectic This work
0.286 ± 0.005 1178 ± 5 Eutectic [15]

L ↔ Ag2Dy + AgDy 0.369 1223 Eutectic This work
0.375 ± 0.005 1223 ± 10 Eutectic [15]

L ↔ AgDy + Hcp(Dy) 0.695 1171 Eutectic This work
0.745 ± 0.005 1173 ± 10 Eutectic [15]

L ↔ Ag51Dy14 0.215 1254 Congruent This work
0.215 1263 ± 10 Congruent [15]

L ↔ Ag2Dy 0.333 1245 Congruent This work
0.333 1253 ± 10 Congruent [15]

L ↔ AgDy 0.5 1464 Congruent This work
0.5 1458 ± 10 Congruent [15]

Table 4
Comparison of invariant reactions in the Ag–Er system.

Reaction Composition of liquid, XEr T (K) Type Ref.

L ↔ Fcc(Ag) + Ag51Er14 0.121 1060 Eutectic This work
0.115 1045 Eutectic [20]
– 1068 Eutectic [16]

L ↔ Ag51Er14 + Ag2Er 0.258 1168 Eutectic This work
0.265 1163 Eutectic [20]

L ↔ Ag2Er + AgEr 0.374 1260 Eutectic This work
0.37 1266 Eutectic [20]

L ↔ AgEr + Hcp(Er) 0.726 1199 Eutectic This work
0.76 1205 Eutectic [20]

L ↔ Ag51Er14 0.215 1204 Congruent This work
0.215 1203 Congruent [20]

L ↔ Ag2Er 0.333 1295 Congruent This work
0.333 1293 Congruent [20]

L ↔ AgEr 0.5 1476 Congruent This work
0.5 1468 Congruent [20]
Fig. 1. The calculated Ag–Dy phase diagram with experimental data [15,16].

Fig. 2. Calculated formation enthalpies of the compounds compared with experi-
mental data [17], predicted values [38] and values by first-principles calculations.
Reference states: Fcc A1 Ag and Hcp A3 Dy.
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ig. 3. The calculated Ag–Er phase diagram with experimental data [16,20,22].

otential functions. Another is owing to the activity of rare-earth
lements. As we known, rare earth is easy to be oxidized. This
ay bring in inevitably error in the process of formation enthalpy
easurement.
In addition, similar cases also appeared in Ag–Tb and Ag–Ho sys-

ems [14]. In these two systems, the measured formation enthalpies
f Ag2Tb and Ag2Ho [17] also tend to be a bit higher. But they
ppear to be stable at low temperature in experimental phase dia-
rams [39,40]. In order to assure all the compounds to be stable,
he assessed formation enthalpy of Ag2Ho [14] was much lower
han the measured data [17], while that of AgTb [14] to be higher
han experimental value [17]. Especially, the measured formation
nthalpy of AgTb [17] differed significantly from the experimental
ata in Ref. [41]. This indicates large error inevitably existing in the
easured formation enthalpy of rare-earth compounds. So, it can

e understood that difference exists between the calculated and

xperimental formation enthalpies.

To sum up, based on the following reasons, the formation
nthalpies obtained by first-principles were adopted during assess-
ent. First, the calculated formation enthalpies obtained by

ig. 4. Calculated formation enthalpies of the compounds compared with experi-
ental data [17], predicted values [38] and values by first-principles calculations.

eference states: Fcc A1 Ag and Hcp A3 Er.

[

[
[
[

[

[
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first-principles can fit with experimental phase diagrams [15,20],
while the measured formation enthalpies [17] do not agree with
them. Further experimental information of formation enthalpies
or phase relations may be needed. But in this paper, the phase dia-
grams are regarded more reliably. Second, as can be seen from
Fig. 2, if one lowers the experimental formation enthalpies of
Ag2Dy or increases the formation enthalpies of AgDy can avoid
the above contrary. Our first-principles calculated results can just
answer for such demand. This may suggest that the first-principles
results are reasonable. Similar case happens in the Ag–Er system
(Fig. 4). Besides, the calculated crystal structures and lattice con-
stants of the pure elements and compounds in this work agree
well with corresponding experimental data and the first-principles
calculated results by Wang et al. [29]. In view of these, the for-
mation enthalpies of these compounds obtained by first-principles
calculations are reliable although there may be error in density
function theory (DFT) when rare-earth elements being considered.
At the same time, because the potentials of the elements with
f-element are not accurate enough, the errors of the results by first-
principles are inevitable. So, during assessment, both the measured
and first-principles calculated formation enthalpies were adopted,
but slightly larger weights were given to the results obtained by
first-principles.

6. Conclusions

Phase diagrams of Ag–Dy and Ag–Er binary systems have been
thermodynamically optimized based on experimental data and
first-principles calculations of the phase equilibrium and ther-
modynamic properties. A set of self-consistent thermodynamic
parameters for each system has been obtained, which can repro-
duces the phase diagram boundaries and thermodynamic data
reasonably well.
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