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Burnable neutron absorbing materials are expected to be an integral part of the new fuel design for the
Advanced CANDU�[CANDU is as a registered trademark of Atomic Energy of Canada Limited.] Reactor.
The neutron absorbing material is composed of gadolinia and dysprosia dissolved in an inert cubic-fluo-
rite yttria-stabilized zirconia matrix. A thermodynamic model based on Gibbs energy minimization has
been created to provide estimated phase equilibria as a function of composition and temperature. This
work includes some supporting experimental studies involving X-ray diffraction.
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1. Introduction

Yttria-stabilized zirconia (YSZ) fuel materials have been studied
extensively in Europe, Russia, Japan, and the United States as a
means of decreasing stockpiles of plutonium and other actinide
elements [1–5]. YSZ may also be studied as means of introducing
neutron absorbing lanthanides for potential reactor control or an
increase of safety margins. For these systems, fundamental ther-
modynamics can be applied to provide guidance of the most stable
phases at specific conditions of composition and temperature [6,7].
This approach is especially useful at high temperature or high radi-
ation fields where experimental work is difficult to conduct. Fur-
thermore, it is applicable to multi-component systems such as
the burnable neutron absorber (BNA) material proposed for the
central element of the Advanced CANDU� Reactor (ACR) fuel bun-
dle [8].

The BNA material for the ACR is proposed to be a mixture of
gadolinia (Gd2O3 or GdO1.5) and dysprosia (Dy2O3 or DyO1.5), dis-
solved in an inert yttria (Y2O3 or YO1.5) stabilized zirconia (ZrO2)
matrix. For simplicity, RE (for rare earth) will be used to represent
Gd, Dy and Y. Although Y is not a true member of the rare earth ser-
ies, it has a similar charge and ionic radius and therefore for the
purpose of this paper will be grouped with chemically similar Gd
and Dy.

As the BNA material does not have a broad experience base in
pressurized heavy water reactors, a thermodynamic model is of
use to facilitate composition selection, determine phase stability
at reactor operation conditions, and predict aqueous solubility in
the case of a sheathing breach. This paper highlights the method-
008 Published by Elsevier B.V. All
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ology of Gibbs energy minimization, provides the thermodynamic
data used to compute the phase model, and discusses X-ray diffrac-
tion experimentation to support phase stability computations at
reactor operation conditions.

2. Modelling methodology

For this treatment, the binary systems, zirconia–gadolinia, zir-
conia–dysprosia, and zirconia–yttria were modelled from first
principles to follow previously proposed diagrams found in the lit-
erature. A comparison between BNA binary subsets is presented
and discussed. The binary systems were then incorporated into a
cohesive quaternary model used to predict phase stability as a
function of temperature and composition.

The binary ZrO2–RE2O3 subsystems were modelled [9] as a pre-
liminary construct to the quaternary system. To illustrate the ther-
modynamic fundamentals of Gibbs energy minimization [10],
consider the ZrO2–Gd2O3 binary system at 2773 K, where only cu-
bic-fluorite and liquid phases may exist (Figs. 1 and 2). The
phase(s) occurring at this temperature and composition must pro-
vide the largest reduction in Gibbs energy (DG) for the system, in
relation to the Gibbs energy of a component mixture at the same
temperature. For a binary system, the change in the Gibbs energy
resultant from mixing and dissolution of the solid solution may
be viewed as the summation of an ideal mixing term (DGideal)
and an excess Gibbs energy term (GE). The ideal mixing term as-
sumes cations [Zr4+, Gd3+] in the binary system randomly inter-
change on similar lattice sites. For 1 mol of solution of ZrO2–
GdO1.5 (where the Zr4+ and Gd3+ ions are in a 1:1 ratio), the ideal
mixing may be represented by [6,10]:

DGideal ¼ xZrO2 RT ln xZrO2 þ xGdO1:5 RT ln xGdO1:5 ; ð1Þ
rights reserved.
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Fig. 1. Gibbs energy isothermals for cubic-fluorite and liquid phases at 2773 K and
0.1 MPa.
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where xZrO2 and xGdO1:5 are the mol fractions of ZrO2 and GdO1.5,
respectively, R is the ideal gas constant, and T is the absolute tem-
perature (K). Equally, for a 1 mol solution of ZrO2–Gd2O3, the ideal
mixing term is

DGideal ¼ xZrO2 RT ln
xZrO2

1þ xGd2O3

þ 2xGd2O3 RT ln
2xGd2O3

1þ xGd2O3

; ð2Þ

where xZrO2 and xGd2O3 are the mol fractions of ZrO2 and Gd2O3,
respectively. The ideal mixing term for the distribution of O2� ions
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Fig. 2. Zirconia–gadolinia binary model developed for the BNA treatment. A comparison
B, F, H, L, M, T represents bixbyite, fluorite, hexagonal, liquid, monoclinic, and tetragona
and vacancies has been neglected since the distribution of oxide
vacancies is related to the RE3+ position in the lattice structure.
The ideal mixing term overlooks the thermal effects associated with
mixing. To adjust the Gibbs energy for any departure from the ideal
term, an excess (GE) term is added. The excess Gibbs energy may be
represented (for a 1 mol solution of ZrO2–GdO1.5) by [6,10]:

GE ¼ poxZrO2 xGdO1:5 ; ð3Þ

where po may be a function of temperature. For a 1 mol solution of
ZrO2–Gd2O3, the excess mixing term is equally represented by:

GE ¼ 2poxZrO2 xGd2O3
ð4Þ

The Gibbs energy curves can then be constructed for the cubic-fluo-
rite and liquid phases at 2773 K and 0.1 MPa as functions of xGdO1:5

with an appropriate value of po for each phase. Combined with
knowledge of the Gibbs energy difference between the cubic-fluo-
rite and liquid phases of the pure component oxides, the Gibbs en-
ergy curves for the cubic-fluorite and liquid phases appear as shown
in Fig. 1.

The methodology of Gibbs energy minimization implies that the
phase with the lowest Gibbs energy at a given temperature and
composition is most stable at equilibrium conditions. It is to be
noted that, between the lines of common tangency running from
0.57 to 0.71 xGdO1:5 , two phases are slightly more stable than either
one separately. This is to be compared with Fig. 2 at 2773 K.

This thermodynamic methodology can be expanded to include
all of the other possible phases present in the binary system (e.g.,
monoclinic, hexagonal, tetragonal, bixbyite, as well as the stoichi-
ometric compounds). Excess mixing parameters are tuned to pro-
vide selected critical features in previously published phase
diagrams. This approach does not preclude using measurements
of the Gibbs energy of mixing or related properties but sufficient
information of this type with the high accuracy required is not cur-
rently available.
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3. BNA binary systems

The three binary subsystems with ZrO2 (Figs. 2–4) were mod-
elled to follow previous diagrams found in the literature. A com-
x
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in keeping with the uncertainty of these diagrams. The thermody-
namic constants are summarized in Tables 1 and 2.
Table 1
Thermodynamic constants for components of current treatment.

Compound Phase Tmin (K) Tmax (K) Go (J mol�1) Calculated

ZrO2 Monoclinic 298 1478 �1106167.259 + 652.5
�2337.903220T+0.5 + 2

1478 2950 �1121304.040 + 454.9
2950 3500 �1160801.000 + 575.3

Tetragonal 298 2950 �1115350.775 + 450.9
2950 3500 �1154847.735 + 571.3

Fluorite 298 2950 �1104765.778 + 446.9
2950 3500 �1144262.738 + 567.3

Liquid 298 3500 �1057215.647 + 537.8
Bixbyite* 298 3500 Go(ZrO2 monoclinic) +
Hexagonal* 298 3500 Go(ZrO2 fluorite) + 700
RE-rich monoclinic* 298 3500 Go(ZrO2 monoclinic) +

Gd2O3 Bixbyite 298 2683 �1858030.935 + 620.3
02T+2.0 + 541200.4000T

RE-rich monoclinic 298 3000 �1856607.982 + 619.3
541200.4000T�1.0�114

Hexagonal 298 3000 �1842248.494 + 613.3
02T+2.0 + 541200.4000T

Liquid 298 2683 �1803697.118 + 598.7
02T+2.0 + 541200.4000T

Tetragonal* 298 2683 Go(Gd2O3 bixbyite) + 1
Fluorite* 298 2683 Go(Gd2O3 bixbyite) + 2

Dy2O3 Bixbyite 298 3000 �1903060.583 + 671.4
02T+2.0 + 422900.0000T

RE-rich monoclinic 298 3000 �1900980.383 + 670.4
02T+2.0 + 422900.0000T

Hexagonal 298 3000 �1885979.483 + 664.4
02T+2.0 + 422900.0000T

Liquid 298 3000 �1847566.083 + 649.9
02T+2.0 + 422900.0000T

Tetragonal* 298 3500 Go(Dy2O3 Bixbyite) + 5
Fluorite* 298 3500 Go(Dy2O3 bixbyite) + 2

Y2O3 Bixbyite 298 3000 �1944687.977 + 783.5
Hexagonal 298 3000 �1902285.577 + 767.1
Liquid 298 3000 �1833377.577 + 741.7
Tetragonal* 298 3000 Go(Y2O3 bixbyite) + 70
Fluorite* 298 3000 Go(Y2O3 bixbyite) + 22

Gd2Zr2O7 Stoichiometric
compound

298 2500 �4136898.503 + 1514.
02T+2.0 + 541200.4000T

Dy2Zr2O7 Stoichiometric
compound

298 2500 �4181294.145 + 1565
02T+2.0 + 422900.0000T

Y2Zr2O7 Stoichiometric
compound

298 2500 �4184269.128 + 1773
T�2.0�290.8194000Tln

Gd4Zr3O12 Stoichiometric
compound

298 2500 �7020357.617 + 2581.
01T+2.0 + 1082401.000T

Dy4Zr3O12 Stoichiometric
compound

298 2500 �7242805.509 + 2683.
01T+2.0 + 845800.0000T

Y4Zr3O12 Stoichiometric
compound

298 2500 �7306838.119 + 2895.

* Indicates metastable phase used for the purpose of binary phase construction.

Table 2
Excess parameters for binary subsystems.

Phase Component 1 Co

Fluorite ZrO2 (fluorite) D
ZrO2 (fluorite) G
ZrO2 (fluorite) Y2

Tetragonal ZrO2 (tetragonal) Y2

Liquid ZrO2 (liquid) D
ZrO2 (liquid) G
ZrO2 (liquid) Y2

RE-rich monoclinic ZrO2 (RE-rich monoclinic) D
Bixbyite ZrO2 (bixbyite) D

ZrO2 (bixbyite) G
ZrO2 (bixbyite) Y2

Hexagonal ZrO2 (hexagonal) D
ZrO2 (hexagonal) G
ZrO2 (hexagonal) Y2

Note: The RE2Zr2O7 and RE4Zr3O12 solutions are treated as ideal by assuming ideal mixi
The zirconia–gadolinia phase diagram (Fig. 2) is an amalgama-
tion of both the Yokokawa [11] and Lakiza [12] treatments. The
for T(K) at 0.1 MPa Ref.
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treatment locates the eutectoid for the ZrO2(monoclinic)–fluorite–
Gd2Zr2O7 (stoichiometric compound) at 1267 K, the ZrO2(mono-
clinic)–ZrO2(tetragonal)–fluorite eutectoid at 1381 K, the
Gd2Zr2O7–fluorite–bixbyite eutectoid at 1600 K, and the decompo-
sition temperature of Gd2Zr2O7 at 1923 K. The shape of the liquid–
fluorite two phase region and RE-rich phase invariants at 2506,
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2311, and 2082 K are close to the Lakiza model (based upon
experimental data) [12]. The lower eutectoids proposed by
Lakiza between the ZrO2(monoclinic)–cubic–Gd2Zr2O7 and the
Gd2Zr2O7–fluorite–bixbyite are not followed as there is no actual
data to support the location of these eutectoids as a result of poor
kinetics at these temperatures. Lakiza also proposes a non-stoichi-
ometric region for Gd2Zr2O7. Again there are very little experimen-
tal data in this region to support the existence of this non-
stoichiometric region; as such, it was not added to this treatment.

The zirconia–dysprosia phase diagram (Fig. 3) follows the
treatment proposed by Yokokawa [11]. The ZrO2(monoclinic)–fluo-
rite–Dy2Zr2O7 eutectoid is located at 942 K; the ZrO2(monoclinic)–
ZrO2(tetragonal)–fluorite eutectoid is located at 1432 K. The RE-
rich phase invariants are at 2556, 2444, 2399, and 1491 K. The
phases Dy2Zr2O7 and Dy4Zr3O12 decompose at 1223 and 1624 K,
respectively. It is of note that the liquid–fluorite two phase region
does not follow that of Yokokawa. The current model matches the
location of the eutectic at 2556 K; the resultant shape of the li-
quid–fluorite two phase region is a ripple effect of fitting the eutec-
tic. The transition temperatures in pure Dy2O3 follow the transition
temperatures proposed by White [13]: liquid to hexagonal at
2643 K, hexagonal to monoclinic at 2500 K and monoclinic to
bixbyite at 2080 K.

The zirconia–yttria binary phase diagram (Fig. 4) follows Yokok-
awa [11] and the model of Jin and Du [15]. Both diagrams agree in
the areas of the eutectic, eutectoids and the decomposition tem-
perature of Y4Zr3O12. For the current treatment, the ZrO2(mono-
clinic)–fluorite–Y4Zr3O12 eutectoid is located at 805 K, the
ZrO2(monoclinic) tetragonal–fluorite eutectoid is at 1428 K, and
the RE-rich eutectic and eutectoids are located at 2645, 2629,
and, 1482 K. The decomposition temperature for Y4Zr3O12 is
1676 K.

4. Estimated phase equilibrium of the quaternary system

The parameters needed to generate the three phase diagrams in
Figs. 2–4 were incorporated into one overall treatment by the
interpolation method attributed to Toop [19], where the mixing
of the ions (RE3+) in the binary systems is assumed to be ideal.
The phases and their proportions for illustration were computed
at a composition of 63 mol% ZrO2, 15 mol% YO1.5, 11 mol% GdO1.5,
and 11 mol% DyO1.5 over a range of temperatures. The results are
represented in a bar graph in Fig. 5. The situation showing three
phases over a range of temperatures at 900 K and below is a con-
sequence of additional degrees of freedom for a system with more
than two components.

To prepare the BNA material for insertion into the fuel bundle,
the BNA material is sintered in the cubic-fluorite region (above
1200 K for a 63 mol% ZrO2, 15 mol% YO1.5, 11 mol% GdO1.5, and
11 mol% DyO1.5 sample). As illustrated in Fig. 5, below 900 K (pos-
sible range of operational conditions for this material in an ACR
fuel bundle), BNA material of this composition will likely be most
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stable not as a fluorite phase but as monoclinic–ZrO2 and both stoi-
chiometric compounds (RE2Zr2O7 and RE4Zr3O12).
5. Estimated phase equilibrium of the quaternary system

To judge the rate at which the BNA material converts from a
completely fluorite phase to monoclinic–fluorite two phase sys-
tem, long term heat treatments over the course of a year were
completed. The sample was prepared by mechanically blending
oxide powders, pressing and sintering at 1873 K. The sintered sam-
ples were then crushed and sieved through a 500 lm screen. The
powdered samples were heated at 673, 773, 848, and 923 K under
atmospheric conditions for approximately one year. Periodic eval-
uation of the samples was undertaken by X-ray diffraction (XRD)
using a Scintag X1 X-ray diffractometer (with a Cu target). The
scans were from 2h = 25–36s at 0.1 min�1 (where h is the Bragg an-
gle). The results for the 673 and 923 K heat treatments are summa-
rized in Figs. 6 and 7, respectively, and are indicative of the results
at 773 and 848 K.

As illustrated in Figs. 4 and 5, as the heat treatment continues,
the monoclinic peak slightly matures. This degradation from a sin-
gle fluorite phase to a monoclinic–fluorite two phase mixture is
consistent with the BNA thermochemical model at 673 and
923 K, respectively, (Fig. 4). Given the relative size of the mono-
clinic peaks compared to the fluorite peak, it is inferred that the
rate of this degradation is slow and increases slightly with temper-
ature as illustrated in Figs. 6a and 7a. Four samples of similar com-
positions have been tested in a similar manner. These samples
show little to no maturation of a monoclinic–fluorite two phase
mixture after heating at 673 and 923 K for approximately six
months.

6. Summary

This work describes thermodynamic modelling treatments for
the binary temperature – composition phase diagrams of zirco-
nia–gadolinia, zirconia–dysprosia, and zirconia–yttria. These were
incorporated into a quaternary model capable of predicting the
phase stability of the burnable neutron absorbing materials as a
function of temperature. Supporting XRD experimentation was
undertaken. It was found that thermochemical model predictions
were consistent with experimental results. The rate of phase devel-
opment from a single cubic-fluorite phase to a monoclinic phase
mixture was slow (even after months of heating at temperatures
higher then expected in actual service).
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