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Abstract

The thermodynamic assessments of the Al-U and Co—U systems have been carried out by using the CALPHAD (Calculation of Phase
Diagrams) method on the basis of the experimental data including thermodynamic properties and phase equilibria. Gibbs free energies of
the solution phases were described by the subregular solution models with the Redlich—Kister equation, and those of the intermetallic
compounds described by the sublattice models. A consistent set of thermodynamic parameters has been derived for describing the Gibbs
free energies of each solution phase and intermetallic compounds in the Al-U and Co-U binary systems. The calculated phase diagrams
and thermodynamic properties in the AI-U and Co-U systems are in good agreement with experimental data.

Published by Elsevier B.V.

1. Introduction

The magnetic and superconducting properties for ura-
nium based metallic glasses have been studied by various
researchers [1,2]; the cobalt acts as an important element
to improve the superconducting and magnetic properties
of U-based glasses material [3]. Research reactors are being
operated world wide with Al-U system plate type fueled
with aluminum alloy clad [4-6]. Aluminum is chosen
because of its low parasitic thermal neutron absorption
cross-section, low-cost, easy availability, easy fabricability,
adequate mechanical properties and corrosion resistance to
coolant water up to 100 °C [4]. In order to design new
U-based alloys, the thermodynamic assessment of the
Al-Co-U system is necessary.

The purpose of this work is to carry out the thermody-
namic assessments of the Al-U and Co-U systems by
means of the CALPHAD (Calculation of Phase Diagrams)
method, in which the Gibbs free energy of each phase is
described by a thermodynamic model. The thermodynamic
parameters of each phase in the AI-U and Co-U systems
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are optimized according to the available experimental data
of the thermodynamic properties and phase equilibria.

2. Thermodynamic models
2.1. Solution phases

The Gibbs free energies of the solution phases in M (M:
Al or Co)-U system are described by the following
expression:

Gﬁ = OGK)/IXM-FOG(SXU + RT(.X'M lan +xu lnxU) + EG(p

+ MG, Q)
where Gf’ is the molar Gibbs free energy of pure element i
with the structure ¢ in a nonmagnetic state, which is taken
from the compilation by Dinsdale [7], and the term £G? is

the excess energy, which is expressed in the Redlich-Kister
polynomials [8] as:

FG? = xyxu > "Ly (ew — xu)", (2)
m=0

where ”’L&,U is the interaction energy between M (M: Al or
Co) and U atoms, and expressed as:

mLf/l,U =a+ bT7 (3)
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the parameters of ¢ and b are evaluated based on the exper-
imental data in the present work.

In the Co-U system, the magnetic contribution to the
Gibbs free energies of the fcc phase is considered because
magnetic transformation occurs in the fcc phase. The term
mgGiee is expressed as follows [9]:

mngcc — RThl(chc + 1)f(1_fcc), (4)

where B is a quantity related to the total magnetic entro-

py, which in most cases is set to the Bohr magnetic moment
per mole of atoms; " is defined as 7/7™, and T™ is the
critical temperature for magnetic ordering, 7 and p™° are
described by the following expression:

T = 0T o + Ty 5)
and
B = OBy + B, ©)

where °T™¢, and °T™; are the curie temperatures for pure
Co and U, and "B and Br° are the Bohr magnetic mo-
ments for Co and U, respectively. The f{z'°) represents
the polynomials obtained by Hillert and Jarl [9] as follows:

f(‘[fcc)—l—l 791714,@ l_l 13+L9+L15
: B D | 140P 497 \P 6 135 600
for 7<1 (7)

and

1 /v5 15 25
fce - _ . R f 1

f(T) ( + +1500) or t>1, (8)

—1), and P is 0.28 for the fecc

structure.

2.2. Stoichiometric intermetallic compounds

Intermetallic compounds of the Al,U, Al;U, Co;,U,,
Co4U, Co3U, CoU and CoUg in the Al-U and Co-U sys-
tems are treated as stoichiometric phases. The Gibbs free
energy per mole of formula unit (M),,(U), (M: Al or Co)
can be expressed by the two-sublatice model, as follows:

AG?/LHU” — OG;YImUu _ mOGKf _ I’lOGgf —d+ b/T, (9)

where the AGY""Y" denotes the standard Gibbs free energy
of formation of the stoichiometric compound from the
pure elements. The term °G*" is the molar Gibbs free en-
ergy of pure element i with its defined reference structure
in a nonmagnetic state. The parameters ¢’ and b’ are eval-
uated in the present work.

2.3. Intermetallic compound with solubility

2.3.1. Intermetallic compound Co,U

The Co,U compound as a solubility phase which has fcc
structure (Cu,Mg type), which was summarized by Pearson
[10]. In the stoichiometric composition, Co and U atoms
occupy the sites face center and cube corner sites respec-

tively. With this information, the Co,U compound is mod-
eled with the two-sublattice model (Co,U)g ¢67(C0,U) 333,
and the Gibbs free energy for the Co,U compound can
be expressed by:

GO = Yot Geally + Veobes Gcoco + Yudds Guids
+ Y 0GRV 1 0.66TRT (yh, Inyl, + 3, Inyl)
+0.333RT (y&, Iny2, + vy Inyy)
+0.667(yeouyuLeouu +YeoYuY colcouico)

+ 0.333 (y{jygoylLI]LU:COAU + ylcoygoy{}LCO:Co,U> ) ( 1 0)

where y! and y'! are the site fractions of elements Co or U
on the first and second sublattices, respectively. The Ofole
represent the Gibbs free energies of the Co,U compound
when the first and second sublattices are occupied by ele-
ment Co or U, respectively. The L% ... and Lf;cO,U are
the interaction energy between Co and U atoms when the
first and second sublattices are occupied by element Co
or U respectively, and expressed as:

Lé oy =d +b'T (11)
and
Lz);(joﬁU — a/// + b///T (12)

The parameters a”, b”, " and b are evaluated in the pres-
ent work.

2.3.2. Intermetallic compound Al,U

The Al4U compound as a solubility phase which has an
orthorhombic structure [10]. In this assessment, the com-
pound is modeled with the two-sublattice model
(Al)g.g(Al,U)g». The molar Gibbs free energy of this com-
pound is presented by the following equation:

G = SIGHY + AIG + 02RT (Y Il
+yuInyd) + 0208 vt Lavaiy, (13)

where Y4, and y}} are respectively the site fractions of ele-
ments Al and U on the second sublattice. The °G4"" repre-
sents the Gibbs free energies of the Al;U compound when
the first sublattice occupied by element Al and the second
sublattice are occupied by element Al or U, respectively.
The Lapalu is the interaction energies between Al and U
atoms when the first sublattice is occupied by Al, and is ex-
pressed as:

nm mr

Lil:Al,U =a +0T (14)

" and 6™ are evaluated in this work.

The pazrameters a
3. Evaluation of the experimental data

3.1. The AI-U system

The phase diagram of the Al-U system was investigated
by various researchers [11-18] by thermal analysis, X-ray
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diffraction, resistance, and metallographic methods. The
phase equilibria in the U-rich portion was investigated by
Gordon and Kaufamann [11], Cabane et al. [12], Straat-
man and Neumann [13]. Straatman and Neumann [13] esti-
mated that the solubility of Al in the y (U) phase is 4.7 at.%
Al by extrapolating from the experimental data, and sug-
gested a maximum solubility is between 3 and 6 at.% Al
by extrapolating the boundary between the y (U) and the
v (U) + ALLU phase fields.

The maximum solubility of Al in B (U) phase was esti-
mated to be between 0.4 and 0.6 at.% Al at 758 °C, where
the invariant reaction (y (U) — B(U)+ AlL,U) occurs
[14,15]. Roy [16] reported that the maximum solid solubil-
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Fig. 1. The phase diagram of the Al-U system reviewed by Kassner et al.
[19].

1400 4 ™
" L
T ~1090°c M83°C
~1120°C Yre Lo\ o™ N
O
<1000 -
=
2
g fcc (Co) 805°C
(=% I~
5
&= =
600 2152 |2 o
SEE RS 3 S
~422°C ©
g7 a(U)
hep (Co)
200 T T T T T T T
Co 20 40 60 80 U
U/at. %

Fig. 2. The phase diagram of the Co-U system reviewed by Ishida and
Nishizawa [21].

ity of U in fcc (Al) is 0.007 at.% at 646 °C and less than
0.005 at.% at 350 °C.

Gordon and Kaufman [11] and Bellot et al. [17] deter-
mined the eutectoid reaction (f (U)— a (U)+ Al,U)
occurs between 645 °C and 675 °C by metallographic tech-
niqued, and the average temperature 665°C of was
adopted in the reviewed diagram by Kassner et al. [19].

Petzow et al. [18] reported that the melting point of stoi-
chiometric phase AlLU is 1620 °C, and Gordon and Kauf-
man [11] identified the stoichiometric Als3U phase, which
forms by a peritectic reaction at 1350 °C. The homogeneity
range for the compound Al4U is sbout from 80.0 to
82.8 at.% Al. Roy [16] determined that the maximum solid
soubility of U in fcc (Al) is 0.007 at.% at 646 °C and less
than 0.005 at 350 °C by metallographic technique.

The thermodynamic data was reviewed by Chiotti et al.
[14] and Kassner et al. [19]. Lebedev et al. [20] measured the
enthalpies and entropies of formation of the compounds at
627 °C by EMF measurements.

Based on the previous work, the phase diagram of the
Al-U system was assessed by Kassner et al. [19], and the
compiled diagram is shown in Fig. 1.

3.2. The Co-U system

The Co-U phase diagram was reviewed by Ishida and
Nishizawa [21] as shown in Fig. 2, which is based primarily
on the work of Waldron and Brown [22] and the reviewed
data of Dreizler et al. [23]. However, the phase diagram of
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Fig. 3(a). Calculated phase diagram of Al-U system with experimental
data [10,11,13-19].
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Fig. 3(b). Calculated phase diagram of Al-U system in the U-rich portion
with experimental data [10,11,13-19].

the Co-U system is not well established, particularly for
the liquidus line and phase equilibria in the Co-rich side.
The liquidus line in the reviewed phase diagram is shown
in dashed line due to a lack of experimental data. The con-
gruent melting temperatures of the intermediate phases
Co;1U, and CosU were undetermined, which were respec-
tively estimated to be 1130 °C and 1120 °C by Ishida and
Nishizawa [21]. The compound Co;U is stable up to the
peritectoid temperature of 830 °C, and the Co,U com-
pound, with a homogeneity range from 27 to 33 at.% U
is stable up to the congruent temperature of 1185 °C [23].
The solubility of U in the fcc (Co) and hep (Co) phases
can be neglected. The maximum solid solubility of Co in
the y (U) phase is 1.6 at.%, and the solid solubility of Co
in the B (U) and o (U) phases can be neglected [21].

The magnetic properties of the Co,U compound were
studied by Pletyushkin et al. [24] and Meskhishvili et al.
[25]. The Co,U compound is paramagnetic, and the suscep-
tibility is independent of temperature [25]. The Co;;U,
compound is ferromagnetic, and the Curie temperature
was reported to be 87 °C by Deryagin and Andreev [26]
and 116 °C by Yermolenko et al. [27], respectively. The
CoUyg compound shows superconductivity below the tran-
sition temperature of about —271.6 °C [28,29]. The values
of the T, and B of these compounds are very small, so
the magnetic contributions to their Gibbs free energies
are ignored in this work.

Lebedev et al. [30] measured the enthalpies, entropies
and Gibbs free energies of formation of the compounds
Co1U,, Co4U, CosU, Co,U and CoUg in the tempera-
ture range from 700 to 1000 °C by EMF measurements.
Chiotti et al. [14] estimated the value of enthalpies, entro-
pies and Gibbs free energies of formation of the CoU
compound.

4. Optimized results and discussion

The optimization was carried out by using the PAR-
ROT [31] module in the Themo-Calc software [32]. The
procedure involves a weighted least-square optimization
of the model parameters based on the experimental infor-
mation on thermodynamic properties and phase diagram.
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Fig. 4. Calculated enthalpy of formation of intermetallic compounds at

627 °C in the Al-U system compared with the experimental data [20]. (The
reference states: y (U) phase and fcc (Al) phase.)
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Fig. 5. Calculated entropy of formation of intermetallic compounds at
627 °C in the Al-U system compared with the experimental data [20]. (The
reference states: y (U) phase and fcc (Al) phase.)
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Each piece of selected information was given a certain
weight according to the importance of data, and changed
by trial and error during the assessment, until most of
the selected experimental information is reproduced within
the expected uncertainty limits. No experimental thermo-

Table 1

Thermodynamic parameters in the Al-U and Co-U systems in this work

System

Parameters in each phase (J/mol)

Al-U

Liquid phase, format (Al, U)

0N, = —42716 + 12.376 % T

L%, = —66098 +20.347 « T

2L, = —5000 — 8.656 T

v (U) phase, format (Al, U)

0Lt = —19247 4 6.023% T

B (U) phase, format (Al, U)

GhY = Gl +15000

0rhY) — 12438 —23.626 + T

o (U) phase, format (Al, U)

Gy = G + 15000

ALLU phase, format (Alo.667(U)o.333
AGAY = —32966.7 +3.4167 + T

A13U phase, format (A1)0_75(U)0.25
AGAY = —31475.0 +4.5663 + T

Al U ( B) phase, format (Al)y g(ALU)g»
AP = 0.8 % G 4 0.2 % GV —25200.0 +3.5022 % T
AP = 6% + 10000

Ll = —2500 + 4.4574 % T

ALU ( o) phase, format (Al)y g(AlL U)o
G = 0.8 % G 4+ 0.2 % GV — 25480.4 +3.8072 % T
G = G +10000

L) — 2500 4 4.4574 % T

Liquid phase, format (Co, U)
Li
OLggy = —163347 4 39.880 + T
Li
gy = 79798 +41.399+ T
2Led, = 48002 — 21715 % T
v (U) phase, format (Co, U)
078 = ~153882 + 88.309 + T
B (U) phase, format (Co, U)
GEY) = GEP 115000
a (U) phase, format (Co, U)
GeY = G 115000
CoUg phase, format (Co0)o.143(U)o 357
AGEY = —46040 +30.529 x T
CoU phase, format (Co)os(U)o.s
AGEY, = —67772+31.744 T
Co,U phase, format (Co, U)o g67(Co, U)o.333
Co, U he
Geoco = Géa 430000
Co, o
G5 = G + 30000
GE2Y = 0.667 + GiP +0.333 % Gy V) — 61256 + 20.404 + T
GS%2Y = 0.333 % GIP 4 0.667 « GV + 61256 — 20.404 T
Coy
LE2S, u = —66950 +24.561 « T
Cos3U phase, format (Co)g.75(U)o.25
AGEDY = 53122 +19.443 % T
Co4U phase, format (Co)o.s0(U)o.20
AGE:Y = 43950 + 15.503 T
Co1,U; phase, format (Co)o.sa6(U)o.154
AGE = —35408 + 12425« T

83

dynamic data for the liquid phase, and the optimized
parameters of liquid phase were based on the liquid line
and the experimental thermodynamic data of intermediate

phases.
Table 2
Invariant reactions in the Al-U system
Reaction Reaction Al/at.% T Reference
type (°C)
Eutectic L — fec 98.3 0.007 82.8 o641 [19]
(Al) + AlLU 982 0 82.4 641  [This work]
(o1)
Eutectic L—yU+ 57 47 66.7 1105 [13]
ALU 6 4.7 66.7 1105 [19]
7.13 488  66.7 1105 [This work]
Eutectoid y(U)—B 1.4 0.54 66.7 750 [13,15,16]
(U) + ALU 760
1-1.6 0.4 66.7 758 [19]
0.6
141 040 66.7 756 [This work]
Peritectic L+ ALU — - - - 732 [12]
ALU (B) 977 175 81.8 731 [19]
972 75 81.4 731  [This work]
Peritectic L+ALU— 832 667 75 1350 [12,13]
Al;U 87 66.7 75 1350 [19]
84.5 667 75 1351 [This work]
Polymorphic AU (o) — 80 646  [19]
ALU (B) 82.8
80.9 646  [This work]
82.4
Congruent L— 66.7 1590 [12]
ALU 66.7 1620 [19]
66.7 1620 [This work]
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Fig. 6. Calculated phase diagram of Co-U binary system with experi-

mental data [21].
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4.1. The AI-U system

The calculated phase diagram in the Al-U system with
all experimental data used in the present optimization is
shown in Fig. 3(a), and the calculated result in the U-rich
portion is shown in Fig. 3(b). In order to describe the poly-
morphic reaction of the UAl, (o) — UAly (B), the same
two-sublattice model, (Al)yg(Al,U)g,, was adopted to
describe the compounds UAl, (o) and UAl, (B), respec-
tively. The calculated transition temperature in this work
is 646 °C, which is the same with the experimental data
[19]. The calculated enthalpies and entropies of formation
of the compounds with the experimental data at 627 °C
are plotted in Figs. 4 and 5. All thermodynamic parameters
optimized in the present work are listed in Table 1. All
invariant equilibria in the Al-U system are summarized
in Table 2. It is seen that the calculated results are in good
agreement with the experimental data.

4.2. The Co-U system

The calculated phase diagram in the Co-U system is
shown in Fig. 6, comparing with all experimental data used
in the present optimization. It is seen from Fig. 6 that the
calculated results are in agreement with the experimental
data of phase diagram [21]. The calculated melting temper-
atures of the Co;;Usand Co4U are respectively at 1125 °C
and 1114 °C, which are closed to those estimated by Ishida
and Nishizawa [21]. The thermodynamic parameters opti-
mized in the present work are listed in Table 1, and all cal-
culated invariant equilibria in the Co-U system are
summarized in Table 2, in which the experimental data is
also listed for comparison [21].
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Fig. 7. Calculated enthalpies of formation of intermetallic compounds at
727 °C in the Co-U sysetm compared with the experimental data [14,30].
(The reference states: y (U) phase and fcc (Co) phase).

The calculated enthalpies, entropies and Gibbs free
energies of formation for the compounds are plotted in
Figs. 7-9. It is a reasonable agreement between the calcu-
lated and experimental results [30]. Chiotti et al. [14]
pointed out that the experimental data of the entropy
reported by Lebedev et al. [30] are too negative, and in this
work the calculated entropies of the Co,U and CoU com-
pounds are more positive than those reported by Lebedev
et al. [30] and Chiotti et al. [14]. Therefore, the calculated
results are more reasonable (see Table 3).
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Fig. 8. Calculated entropies of formation of intermetallic compounds at
727 °C in the Co-U sysetm compared with the experimental data [14,30].
(The reference states: y (U) phase and fcc (Co) phase).
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Fig. 9. Calculated Gibbs free energy of formation of intermetallic
compounds at 727 in the Co-U system compared with the experimental
data [14,30]. (The reference states: y (U) phase and fcc (Co) phase).
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Table 3
Invariant reactions in the Co-U system
Reaction type Reaction Co/at.% T (°C) Reference
Peritectoid Co4U + Co, U — CosU 80 75 75 ~830 [21]

80 75 75 830 [This work]
Peritectoid CoUg + v (U) — a (U) 84.6 98.5 0.06 756 [21]

84.6 96.8 0.06 758 [This work]
Eutectic L — fec (Co) + Coyy U, ~96 0.01 84.6 ~1120 [21]

96.9 0 84.6 1120 [This work]
Eutectic L — Coy; Uy + CosU ~82 84.6 80 ~1110 [21]

80.5 84.6 80 1114 [This work]
Eutectic L — Co4U + Co,U ~T7 80 66.7 ~1090 [21]

71.9 80 66.7 1112 [This work]
Eutectic L — CoU + CoUg 34 50 14.3 734 [21]

35.3 50 14.3 737 [This work]
Peritectic L+ y(U)— CoU 4 21.5 98.5 14.3 826 [21]

21.6 96.8 14.3 824 [This work]
Peritectic L + Co,U — CoU 42.7 66.7 50 805 [21]

437 66.7 50 804 [This work]
Congruent L — Co,U 66.7 1185 [21]

66.7 1183 [This work]
Congruent L — Coy; Uy 84.6 1130 [21]

84.6 1125 [This work]
Congruent L — Co4U 80 1120 [21]

80 1114 [This work]

5. Conclusions

The phase diagrams and thermodynamic properties in
the Al-U and Co-U systems were evaluated by combining
the thermodynamic models with the available experimental
information. A consistent set of thermodynamic parame-
ters has been derived from describing the Gibbs free ener-
gies of each solution phase and intermetallic compounds in
the Al-U and Co-U binary systems, leading to a good
agreement between the calculated results and most of the
experimental data found in the literature. More experimen-
tal details in Co-U binary system still need to be deter-
mined, such as the liquidus line and the uncertain
temperature of the eutectic reaction.
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