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Abstract: Isometric heat capacity ¢, and isobar heat capacity ¢, of Ru metal in HCP, FCC, BCC and liquid state were calculated by
using pure element systematic theory. The results are in good agreement with joint army-navy-air force (JANAF) experimental value
and the calculation result by first-principle (FP) method. But the results have great differences in contrast to Scientific Group
Thermodata Europe (SGTE) database. The cause is found that it cannot neglect the electron devotion to heat capacity to adjust c, in
one-atom (OA) method. The disparity between OA method and SGTE database was discussed. The main cause is that OA method
adopts the crosspoint with iso-E,-line and iso-a-line in hybritriangle to determine the properties, but SGTE database is obtained by
extrapolation from activity measurements and critical assessment of data from a large number of binary system. Thermodynamic
properties of Ru metal in HCP, FCC, BCC and liquid state, such as entropy S, enthalpy A and Gibbs energy G were calculated.
Therefore, the full description of thermodynamic properties from 0 K to random temperature is implemented.
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sciences of pure element, is implied to calculate heat
capacity of Ru metal in HCP, FCC, BCC and liquid state.
And the thermodynamic properties of Ru metal, such as

1 Introduction

Specific heat is an important physical quantity of
thermodynamics, which is of great significance to
multi-phase thermodynamic equilibrium calculations and
alloy design. There are many methods[1-3], such as
experimental evaluations and theoretic calculations, to
In these
the Scientific Group Thermodata
Europe (SGTE) pure eclement database[4] collects
thermodata above 298.15 K for 78 kinds of elements by

using calculation phase diagram (CALPHAD). In order

get thermodynamic data of pure metals.
multiple methods,

to keep the integrity of thermodynamic property of
SGTE pure element database, XIE et al[5] constructed a
framework of systematic sciences of alloy (SSA), which
is constituted by systematic sciences of pure element,
alloy physics and
thermodynamics. The pure element one-atom (OA)
method[6—12], which is the core content of systematic

chemistry, and alloy statistic

entropy S, enthalpy H and Gibbs energy G were also
calculated. The results are compared with results of
SGTE database, experimental value of joint army-
navy-air force (JANAF)[13], and the results calculated
by first principle (FP) method.

2 Principles and methods

Generally, there is the following relations between
isobar heat capacity ¢, and isometric heat capacity c¢,[14]:
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where 7 is the temperature; V' is the molar volume, /' is
the coefficient of volume thermal expansion, and is got
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from model of Debye-Griineisen: f'=3a; B is isothermal
bulk modulus, and got from Eq.(2); 6p is Debye
temperature, kg is the Boltzman constant; r, is the
average effective bond length of the crystal in
equilibrium; % is the Planck’s constant; m is the atomic
mass; j is a multiple of half-wavelength; ¢ is the

volumetric strain.
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The relation among constant K, O and microscopic
quantity has been conducted by potential-energy function
of many-atom interactions(MAI)[15]:
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With available heat capacity, other thermodynamic
property can be calculated easily as follows:
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where U is the internal energy, n is the potential energy
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function MAI index, E. is binding energy, 98 is
Debye temperature of natural state. In order to make the
theoretical calculations and experimental values of
isobar heat capacity ¢, in line better, some papers adopted
the least squares method using (aT+bT*+cT?) to revise
the theoretical value of isobar heat capacity c,[16], while
the temperature coefficient thus obtained has no physical
meaning. In order to obtain physically meaningful results,
in this work another method was adopted. Debye model
is also based on the heat capacity. The revised value of
isobar heat capacity ¢, used the theoretical calculations
to plus the contribution of electronic heat capacity, that
was ¢,=c), + cfe)=c), +yT, so isobar heat capacity c,
obtained by this method is to be consistent with the
experimental values well, then other thermodynamic
properties can be calculated accordingly.

3 Heat capacity of Ru metal

3.1 Heat capacity of Ru metal with HCP structure

Based on the above principles and methods,
calculation results of isometric heat capacity ¢, and
isobar heat capacity ¢, of HCP-Ru metal are shown in
Fig.1. The results of FP method are shown in Fig.2. From
Figs.1 and 2, isometric heat capacity c, calculated by OA
method is in good agreement with calculating results by
FP method, and the revised value of isobar heat capacity
¢, by OA method is in good agreement with the FP
method and experimental value, but the result is quite
different from the SGTE database. Compared with the
OA method, the FP method can show contributions to
heat capacity c,(e) made by electrons, which indicates
the reason of OA method needs to be revised, that is,
contributions to heat capacity c,(¢) made by electrons
cannot be neglected.

3.2 Heat capacity of Ru metal in FCC, BCC and
liquid state
Isometric heat capacity ¢, and isobar heat capacity
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Fig.1 Curves of ¢,~T and c,—T of HCP-Ru metal calculated by OA method
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¢, for FCC, BCC and liquid of Ru pure metal are
calculated by the same method and the results are shown
in Figs.3—5. Isobar heat capacity ¢, by OA method in
liquid state is in agreement with experimental value, but
is quite different from the SGTE database. According to
these figures, the results cannot be obtained by FP
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method at present, which differs greatly from SGTE
database, especially at low temperature.

In OA method, the electronic structure of stable
phase is determined by adopting the crosspoint with
iso-E-line and iso-ag-line in hybritriangle, then the
physical and thermodynamic properties of element are
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Fig.2 Curves of ¢,~T and c,~T of HCP-Ru metal calculated by FP method
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Fig.3 Curves of ¢,~T and c¢,~T of FCC-Ru metal calculated by OA method
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Fig.4 Curves of ¢,~T and c,—T of BCC-Ru metal calculated by OA method
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determined. At the same time, the metastable phase
electronic structure for the same element is also
determined by adopting the crosspoint with iso-E.-line
and iso-g-line in the same hybritriangle. But, in the
SGTE database, the relative Gibbs energy of different
structures of pure metals, namely, lattice stabilization
energy, is obtained by extrapolation from activity
measurements and critical assessment of data from a
large number of binary system, while for the other phase
it is unstable. SGTE database does not take into account
the Gibbs can be with the lattice constants and electronic
structure of correlation. Therefore, OA method can
implement the full description of the electronic structure
of pure metal elements, and physical and thermodynamic
properties from 0 K to random temperature, but SGTE
can the full description of
thermodynamic properties from 298.15 K to random
temperature. In addition, curves of ¢,~7T by OA method
emerges the broken line. Maybe it is the reason that the
properties are determined
consecutive functions by OA method.

only implement

of element to adopt
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4 Entropy, enthalpy and Gibbs energy as
function of temperature

Taking the thermodynamic property of HCP-Ru at 0
K as referred value, which is $"“"=0, H"*=650 kJ/mol
[17], the thermodynamic property of HCP-, FCC-, BCC-
and liquid-Ru can be changed as a function of
temperature, as shown in Figs.6—9. From these figures,
the results of thermodynamic properties, such as entropy
S, enthalpy H and Gibbs energy G, are in good
agreement with JANAF  experimental  values.
Thermodynamic properties of stable and metastable
phases by OA and FP method at 0 K are shown in Table
1. Comparing with SGTE database, it reinforces
thermodynamic property of 0-298.15 K at
temperatures, and implements the full description of
thermodynamic properties from 0 K to random
temperature, making the information of pure metal more
integral. At the same time, it can calculate the
thermodynamic property of stable and metastable phases
at its own melting point, as shown in Table 2.
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Fig.6 Curves of S—T7 (a) and H—T (b) of Ru metal in HCP structure and liquid state
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Fig.9 Curves of G—T of Ru metal in HCP (a), FCC (b), BCC (¢) structure and liquid state and total Gibbs energy (d)
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Table 1 Thermodynamic properties of Ru metal in HCP, FCC, BCC and liquid state at 0 K by OA and FP method in contrast to

experimental value

FCC

BCC

Parameter HCP Liquid Experimental
OA FP 0A FP 0A FP oa  [forHCP[17]
(ev;fc/) oy 67469 :g:ggg Z; -6.6153 :2:22 ZZ —6.467 0 :2:222 g; —6.4598  —6.7450
EJ(kJmol™)  650.19 g?;gé; 637.50 ggi:g;; 623.50 g}g:ggi 622.52 650
B/(10'"N'm™?)  3.2280 2.870 3.146 2.777 3.077 2.521 3.072 3.208 0
0p/K[17] 600.1 594.2 587.6 587.2 600
1) Linear Muffin-Tin Orbital(LMTO); 2) Projector Augmented-Wave and Generalized Gradient Approximation (PAW-GGA)
Table 2 Thermodynamic properties of Ru metal in HCP, FCC, BCC and liquid state at melting point
Ru metal T./K /K mol ) ¢, /(K mol 1) ([({k ;g ng g))/ SIIK " mol ™) (fk;i 31:1 1?:))/
HCP-Ru 2523 24.861 33.027 75.784 90.495 -152.45
L-Ru 2523 24.863 32.844 100.065 100.119 ~152.45
FCC-Ru 2082.5 24.850 31.759 68.746 87.572 -111.65
L-Ru 2082.5 24.852 31.636 80.517 91.897 -111.65
BCC-Ru 466 24818 29.537 29.475 38.442 7.374
L-Ru 466 24821 29.490 30.456 46.396 7.374

In Table 1, g, is the potential energy. Table 1 shows that
the calculation result of lattice constant and cohesive
energies are not consistent with each other by OA
method and FP method except the order of stability:
HCP>FCC>BCC. Other properties by OA method are
in good agreement with experimental value.

5 Conclusions

1) Using pure eclement systematic theory, the
specific heat of Ru metal with HCP structure was
calculated. The results are in good agreement with
JANAF experimental value and the calculation result by
FP method, but the results have great differences in
contrast to SGTE database. This indicates the reason of
adjusting ¢, by OA method. The reason is that
contributions to specific heat made by electrons cannot
be neglected.

2) The heat capacity of Ru metal in FCC, BCC and
liquid state was calculated, and the results also have
great differences in contrast to SGTE database. The main
cause is that OA method adopts the crosspoint with
iso-E-line and iso-a-line in hybritriangle to determine
the properties, but SGTE database is obtained by
extrapolation from activity measurements and critical
assessment of data from a large number of binary
system.

3) Thermodynamic properties of Ru metal with
stable and metastable phases such as entropy S, enthalpy
H and Gibbs energy G from 0 K to random temperature
were calculated, which are in good agreement with
JANAF experimental value, making the information of
pure metal more integral.
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