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Abstract The thermodynamic modeling of the Ruthe-
nium-Yttrium binary system was carried out with the help
of CALPHAD (CALculation of PHAse Diagram) method.
RUQY, RUZY3, RU25Y44, RUZY5, and RUY3 have been
treated as stoichiometric compounds while a solution
model has been used for the description of the liquid,
BCC_A2, and HCP_A3 phases. The calculations based on
the thermodynamic modeling are in good agreement with
the phase diagram data and experimental thermodynamic
values available in the literature.
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Introduction

This study is a part of a thermodynamic investigation of the
Ru-R systems (R=Zr...) [1] which is intended to give a
better understanding of the constitutional properties and
potential technological applications of these alloys.

This study deals with an assessment of the thermody-
namic description of the Ru-Y system using the CALPHAD
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method [2]. The thermodynamic parameters involved in the
models are optimized from the experimental thermody-
namic and phase diagram data.

Experimental information

The first study of the phase diagram Ru-Y is due to Sa-
vitsky et al. [3], who reported only two compounds Ru,Y
and RuY;. After that, Sharifrazi et al. [4] found two others
compounds Ru,Y3 and Ru,Ys. Fornasini et al. [5] carried
out detailed crystal studies and reported that “RusYs”
should be Ru,5Y 44.

The currently accepted Ru-Y phase diagram Fig. 1 is
based on an investigation carried out by Massalski [6]. The
equilibrium phases include: (1) the liquid; (2) five inter-
mediates phases Ru,Y, Ru, Y3, RuysYas, RuyYs, and RuYs;
and (3) the two terminal solid phases: HCP_A3 and
BCC_A2. The crystal structures of various phases are
reported in Table 1.

For the Ru,Y and Ru,Ys compounds, a congruent
melting was estimated, respectively, at 2223 and 1593 K,
while for the Ru,Y3, RussYy4, and RuY; compounds, a
peritectic formation was reported, respectively, at 1623,
1568, and 1523 K.

Selhaoui and Kleppa [7, 8] measured the standard
enthalpies of formation of Ru,Y and Ru,Y5 by direct reac-
tion calorimetry at high temperature. The values obtained
are, respectively, —19.5+ 14 and -273 £3.1 kJ
mol " at™". Selhaoui et al. [9] attempted to assess the phase
diagram using the NancyUn software elaborated by Charles
et al. [10, 11]. This routine is less powerful than the Thermo
Calc software [12] because, it took into account only the
liquid and intermetallic phases but neither the terminal solid
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Fig. 1 Experimental Ru-Y phase diagram previously published by
Massalski [6]

Table 1 Symbols and crystal structures of the stable solid phases in
the Ru-Y system [6]

Diagram  Composition/ Pearson  Symbol used in  Prototype
symbol at.% Y symbol  thermo-calc

data file
Ru 0 hP2 HCP_A3 Mg
pY 100 cl2 BCC_A2 w
oY 100 hP2 HCP_A3 Mg
RuY; 75 oP16 RuY; CFe;
Ru,Ys 71.42 mS28 Ru,Ys C,Mn;
Ru,Y; 60 hP2 Ru,Y; Ru,Er;
Ru,Y 33.33 hP2 RuY Zn,Mg
RuysYy,  63.76 oP276 RuysYyy RuysYyy

phases BCC_A2 and HCP_A3 nor the (¢Y) and (fY) tran-
sitions are considered by NancyUn.

Thermodynamic models
Unary Phases

The Gibbs energy function GY(T)="G? — H>FR
(298.15 K) for the element i (i = Ru, Y) in the phase ¢
(¢ = Liquid, BCC_A2, or HCP_A3) is described by an
equation of the following form:

G/ (T) =a+bT+cTInT +dT? + eT? + fT" + gT™!
+hT~°,

where H?ER(298.15 K) is the molar enthalpy of the ele-
ment i at 298.15 K in its standard element reference (SER)
state, HCP_A3 for Ru and Y.

In this article, the Gibbs energy functions are taken from
the Scientific Group Thermodata Europe (SGTE) compi-
lation by Dinsdale [13].

@ Springer

Solution phases

The solution phase liquid was modeled as substitution
solution. The Gibbs energy of 1 mol of formula unit of
phase ¢ is expressed as the sum of the reference part “'G?,
the ideal part “G?, and the excess part *°G’: G¢ =
refG(p + id G? + X G9,

As used in the Thermo-calc software [12]:

®GT) = (°GE,(T) — HyeR(298.15) )xry
+ (°GY(T) — H{™®(298.15) ) xy,
idGq) = RT()CRu 1I1)CRu —+ Xy lan)

where R is the gas constant; 7 is temperature, in Kelvin;
Xru and xy are the mole fractions of elements Ru and Y,
respectively.

The excess terms of all the solution phases were mod-
eled by the Redlich—Kister [14] formula:

Table 2 Thermodynamic parameters of the Ru-Y system in SI units

Liq Oplia = 102247 + 7.5T
[ = 94183 — 45.5T
21 = 65656 — 28.6T
BCC_A2 No excess term
HCP_A3 OLMP = 28000
RuY GR®Y — 0.667GR? — 0.33GhP = —20888 — 3.8T
Ru,Ys3 GR2Ys — 0.4GR? — 0.6Gh? = —24789 + 0.001T
RupsYay GRusYa — 0.362GR? — 0.638GYY = —25431 + 0.83T
Ru,Ys GRsYs — 0.286GR? — 0.714GYP = —26844 +2.9T
RuY; GRYs — 0.25GR? — 0.75G%? = —23319 + 2T
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Fig. 2 The Ru-Y phase diagram calculated in the present work
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excG,(f,(T) =XRuXY OLEDRu,Y)(T> + ILE[;QU-,Y)(T) (xRu _ xY)
+2L2PRu,Y)(T) (XRu — xy)2_|_ .. } ,

where 'Ly v(T) = a; + b;T are the interaction parame-
ters between the elements Ru and Y, which are evaluated in
this study, T is the temperature in Kelvin and the coeffi-
cients a; and b; are optimized using the PARROT module
[12], while xg, and xy are the mole fractions of elements
Ru and Y, respectively.

Stoichiometric compounds

The Gibbs energy of the stoichiometric compound Ru, Y,
OGRquq, is expressed as follows:

0 P o

GRu,,Yq = ) + q

Gry + -Gy +a+ bT,
pP+q

where °Gg, and °Gy are the Gibbs energy of the pure

elements Ru and Y, respectively; a and b are parameters to

be determined; 7 is temperature in Kelvin.

Optimization and discussions

Most of the experimental information mentioned above is
selected in this study. The optimization is carried out by
means of the Thermo-Calc software [12] which can take
various kinds of experimental data.

The program works by minimizing an error sum where
each of the selected data values are given a certain weight.
The weight is chosen by personal judgment and changed by
trial and error during the work until most of the selected
experimental information is reproduced within the expec-
ted uncertainty limits. No enthalpy of mixing of the liquid

was available in the literature. In the present parameter
optimization procedure, we first imposed the conditions
d*G/dx* for modeling the liquid phase (OLRU,Y) using the
phase boundary data reported by Massalski [6] and ther-
modynamic data determined by Selhaoui and Kleppa [7, 8].
The thermodynamic parameters for the intermediate and
liquid phases were optimized at the first stage based on the
enthalpies of formation of the intermetallic compounds
measured by Selhaoui and Kleppa [7, 8] and the invariant
equilibrium from [6] by imposing additional constraints to
avoid the appearance of unwanted inverted miscibility gap
in the liquid phase during the phase diagram calculation as
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Fig. 3 Calculated Ru-Y phase diagram in the present work, triangles
indicate the points taken from optimization by Selhaoui et al. [9] and
rectangles indicate the experimental or estimated points taken from
Massalski [6]

Table 3 Comparison between experimental data, calculated values by Selhaoui et al. [9] and optimized values in the present work of com-

positions of the liquid and temperatures for the invariant points

Reaction

Experimental® and estimates® values taken from Massalski [6] Calculated by Selhaoui et al. [9] Present work

T/K X1 lat.% Y T/K X1 lat.% Y T/K X1 lat.% Y
q q’ q
Liq < Ru + Ru,Y 2113° ~20.00* 2081 20.70 2111 20.04
Liq < Ru,Y 2223° 33.33 2253 33.33 2253 33.33
Liq + Ru,Y < RuYs  1623° 61.90° 1585 62.00 1570 60.86
Lig + Ru,Y; < Ru,sYy, 1568° 64.10° 1570 64.70 1548 64.08
Liq < RupsYys + Ru,Ys 1473° 66.00° 1561 67.10 1539 66.39
Liq < Ru,Ys 1593° 71.42 1577 71.42 1570 71.42
Lig + Ru,Ys < RuY;  1523° 78.95° 1493 80.40 1494 79.20
Liq < RuY; + oY 1353° 85.00° 1364 85.50 1353 85.79
BY < Liq + aY 1751° 98.50° - - 1750 98.50

# Cited values in Massalski’s phase diagram [6]

® Estimated values from Massalski’s phase diagram [6]
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Fig. 4 Calculated Ru-Y phase diagram when the liquid phase is
suspended

recommended in [15-17]. All the parameters were evalu-
ated and listed in Table 2.

The Ru-Y phase diagram calculated from our optimized
thermodynamic parameters is plotted in Fig. 2. It is com-
pared with the numerous experimental data in Fig. 3. A
satisfactory agreement is noted. The calculated invariant
reactions of the Ru-Y system are listed in Table 3 and
compared with the experimental results from [6] and
optimized results in [9]. They are in reasonable agreement
except for the temperature (1539 K) of Liq <> RupsYyy +
Ru,Y5 invariant for which our result is different from the
one estimated (1473 K) by Massalski [6]. However, this
result is near from the one calculated by Selhaoui et al. [9].
We note that experimental part of the phase diagram is still
uncertain.
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Fig. 5 The calculated enthalpy of formation in the Ru-Y with data
values measured and calculated by Selhaoui et al. [7-9]

As mentioned above the Gibbs energy of stoichiometric
compound is expressed as follows: G = a +bT with
a = H the enthalpy and S = —b the entropy. In order to
check that the optimized thermodynamic parameters of the
intermetallic compounds are satisfactory, we verified two
criteria:

e First: b must be between —10 and 410 J mol ™" K.
e Second: the compounds should not be stable at high
temperature compared to terminal solid phases, when
the liquid phase is suspended as first stated by Chen
et al. [15]. Indeed, we verified that, when the liquid
phase is suspended during the calculation of the Ru-Y
phase diagram, the stoichiometric phases disappear at

Table 4 Calculated and measured enthalpies of formation of the intermetallic compounds (referred to solid Ru and oY)

Phase Enthalpy of formation/ Technique used Temperature/K Reference
kJ mol~" at™"

Ru,Y —19.500 £+ 1.4 High temperature drop calorimetry 298 [7, 8]
—19.530 Optimization 300 [9]
—20.888 Optimization 300 This work

Ru,Y; —29.177 Optimization 300 [9]
—24.789 Optimization 300 This work

RuysYyy —29.778 Optimization 300 [9]
—25.431 Optimization 300 This work

Ru,Ys —27.300 + 3.1 High temperature drop calorimetry 298 [7, 8]
—27.288 Optimization 300 [9]
—26.844 Optimization 300 This work

RuY; —25.052 Optimization 300 [9]
—23.319 Optimization 300 This work
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Fig. 6 Gibbs energy of mixing of the liquid phase at different
temperature. The reference states were Ru and Y liquids

high temperatures and the terminal solid phase
BCC_A2 (fY) is calculated (see Fig. 4).

The calculated and the available experimental values of
the enthalpies of formation are listed in Table 4 and pre-
sented in Fig. 5. A satisfactory agreement, except for
Ru,Y; and Ru,5Y44 phases for which a maximum of dis-
crepancies of 4.35 kJ mol ™! at_l, is noted. The evolutions
of Gibbs energy for the liquid phase as a function of
temperature (7) are shown in Fig. 6. With our optimization,
when T is increasing up to 4000 K, the Gibbs energy for
the liquid phase decreases.

Conclusions

A consistent set of thermodynamic parameters were opti-
mized for the different phases of the Ru-Y system. The
computed values are in satisfactory agreement with the
experimental data for this system, phase diagram data as
well as thermodynamic properties. Further experimental
determinations, in particular the enthalpy of mixing of the

liquid phase, will be necessary to refine the present
assessment.
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