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Abstract

Burnable neutron absorbing materials are expected to be an integral part of
the new fuel design for the Advanced CANDU Reactor. The neutron
absorbing material is composed of gadolinia, dysprosia and yttria dissolved
in an inert zirconia matrix. A thermodynamic model based on Gibbs energy
minimization has been created to determine phase equilibria as a function of
composition and temperature. The aqueous solubility and consequent
potential release of neutron absorbing elements into the reactor coolant is
calculated to be low in the case of a cladding breach. The calculations are
consistent with a limited number of ambient solubility product
measurements.

1 Introduction

Fundamental thermodynamics can be applied to determine the most stable phases at
specific conditions of composition and temperature [1]. This approach is especially
useful at high temperature where experimental work is difficult to conduct, or with multi-
component systems such as the Burnable Neutron Absorber (BNA) material used in the
design of the central element of the Advanced CANDU Reactor (ACR) fuel bundle [2].
As the specific material composition does not have a broad experience base, a
thermodynamic model is of use to streamline composition selection, determine phase
stability at reactor operation conditions, and determine solubility of the BNA in the
Primary Heat Transport System (PHTS) in the case of a cladding breach (although the
probability of cladding failure in CANDU reactors is very low).

This paper discusses the methodology of Gibbs energy minimization, outlines the
thermodynamic data used to compute the phase model, and discusses aqueous
experimentation to determine solubility products of Gd(OH); and Dy(OH)s.
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2 Rare Earth Oxides (REO)

The BNA material is composed of the burnable neutron absorbing materials gadolinia
(Gd;03), dysprosia (Dy,03), suspended in an inert zirconia (ZrO;) and yttria (Y,03)
matrix. Dysprosium and gadolinium are members of the rare earth or lanthanide series of
elements (57 < Z < 71) which is characterized by very stable 3" oxidation state and
associated ions of similar ionic radius. Yttrium (Z=39) is sometimes included as a
member of the lanthanide series of elements as well, since, although it has no “f”
electrons, it does have a similar ionic radius and charge [3]. For generality, Ln will be
used to represent Y, Gd and Dy).

The 3" oxidation state leads to the formation of the sesquioxide (Ln,Os3). Sesquioxides
generally crystallize into three structures: hexagonal, monoclinic, and cubic [3]. The
cubic structure bears many similarities to cubic zirconia (cF12 or Fm-3m) which is
isomorphous with the mineral CaF, (fluorite) [4,5] as shown in Figure la.

Cubic Ln,O3 (cF80 or Ia-3) has a similar structure to cubic zirconia (when 1/8" of the
structure is compared). The Ln’" ions have radii similar to Zr** ions and therefore may
occupy the same position. To maintain charge neutrality, one quarter of the oxide ion
sites are vacant in pure cubic Ln,Os;. These vacancies appear in a three-dimensional
periodic pattern which distorts the placement of oxide ions (that would otherwise be a
fluorite pattern) [3]. To capture the periodic pattern in pure cubic Ln,Os, the unit cell
must be extended to 80 atoms accounting for the large difference in the atoms per unit
cell (evident by the Pearson symbol).

(b) (©

Figure 1. (a) Fluorite structure of ZrQO, (Pearson symbol cF12), (b) Bixbyite structure of gadolinium
oxide (Pearson symbol cF80), (c) 1/8™ Bixbyite unit cell. Lighter atoms represent Zr** or Ln** ions
respectively; darker atoms represent O ions. Note that the distortion of the oxide plane in (c)
compared to (a) is caused by the periodic absence of 0% ions to accommodate change neutrality [6].

3 Multi-Component Oxide Systems

In cubic solid oxide solutions of ZrO, and Ln,O;, Zr** and Ln®" ions interchange on
cation lattice sites. The difference in charge affects the number and placement of
vacancies throughout the crystal structure. This has a direct (although small) effect on
the Gibbs energy of the system, which affects the thermodynamic stabilities of the cubic
solid solution relative to other potential phases at comparable conditions of temperature
and pressure.
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It is convenient to select the formula mass of the lanthanide sesquioxide as LnO; 5 instead
of Ln,O3. The mole fraction of LnO; 5 and Ln,Os is related by

_ Xuo, )
(1+ XL}1203)

LnO, 5

Because of the potential confusion in representing composition, the computed binary
phase diagrams shown subsequently include three scales: mole fraction (X) of LnO; s,
mole fraction (X) of Ln,O3, and weight percent (wt%).

4 Binary Systems

Phase diagrams are stability maps defining the domains of each phase, using in this case
composition and temperature co-ordinates. The topology of these diagrams requires that
single-phase domains be separated by two-phase regions. Only at critical temperatures
may these phases co-exist. The hydrostatic pressure is set at 1 atm although this variable
is of little consequence unless the pressure variation is extreme (several kbars). To
illustrate the thermodynamic fundamentals [7], ZrO,-GdO, s will be considered at 2500°C
where only cubic and liquid phases may exist.
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Figure 2. Binary phase diagram for ZrQ, and GdO,s. Dashed line highlights the isotherm
at 2500°C.

The most stable phase(s) may be determined by the process of Gibbs energy
minimization. The phase(s) present at a given temperature and overall composition must
provide the lowest Gibbs energy (G) for the system as a whole. For a binary system, the
change in the Gibbs energy resultant from mixing (dissolution) may be viewed as the
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summation of an ideal mixing term (A4Gj.,;) and an excess Gibbs energy term (GE) [1] for
the solution formation process from the oxide components:

X z0, Zro, + X Gdo, 5 GdO | 5 = (ZrO , = GdO | 5) s ()

The ideal mixing term assumes cations [Zr**, Gd**] in the binary system randomly
interchange on similar lattice sites. For one mole of solution, the ideal mixing may be
represented by [1]:

AGizleul = XZrOZ RT ln XZrOZ + XGlel_S RT ln XGle|_5 (3)

where XZ,02 and Xgu0 ;s are the mole fractions of ZrO, and GdO, s, respectively, R is the

ideal gas constant, and 7T is the absolute temperature (K). The ideal mixing term for the
distribution of O” ions and vacancies has been neglected since the distribution of oxide
vacancies is in a large measure related to the placement of Ln®*. 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 (G*) term is added. The excess Gibbs energy
may be represented as an empirical series [1]:

G* = XZrOZXGd015 (p, + 171X(;do,_5 + pQXéd0]5 +...) (4)

where the coefficients p, (n=0,1,2...) may be functions of temperature (often linear). For
simplification, the empirical series in Equation 4 can be truncated to:

G" = PoXZro2 XGd(),j (&)

where p, is a constant. These are sometimes called “regular” solutions [1]. The Gibbs
energy curves can be constructed for the cubic and liquid phases at 2500°C and 1 atm as
functions of Xcao, ; with an appropriate value of p, for each phase. Combined with a

knowledge of the Gibbs energy difference between the cubic and liquid phases of the
pure component oxides, the Gibbs energy curves for the cubic and liquid phases appear
as shown in Figure 3.

4 0of 12



29th Annual Conference of the Canadian Nuclear Society June 1-4, 2008
32nd CNS/CNA Student Conference Marriott Eaton Centre, Toronto, Ontario

0.00 0.11 0.25 0.42 0.67 1.00
N

2500°C, 1 atm

AG (J mol™)

5000 J mol”
-ty

~ -

0.46 0.62
T T T T

0.0 0.2 04 0.6 0.8 1.0
XGdoy 5 ——=

0.0 24.2 46.0 65.7 83.6 100.0
wt% Gadolinium Oxide ——=

Figure 3. Gibbs energy curves for cubic and liquid phases at 2500°C and 1 atm.

The methodology of Gibbs energy minimization implies that the phase with the lower
Gibbs energy at a given temperature and composition is most stable [1]. However, it is to
be noted, between the line of common tangency running from 0.46 to 0.62 Xcao, 5, two

phases are actually slightly more stable then either one separately. This observation is
consistent with the two phase region shown in Figure 2 at 2500°C.

4.1 Binary Phase Diagrams

The thermodynamic methodology previously described can be expanded to include all of
the phases present in the binary system (these include: monoclinic, hexagonal, tetragonal,
bixbyite, as well as stoichometric oxide compounds). Excess mixing parameters are
tuned to provide selected critical features in the latest accepted version of the phase
diagram. 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 currently available. The process applied to the modelling of the ZrO,-
GdO, 5 binary system can also be adapted to the ZrO,-DyO, s and ZrO,-YO, 5 binary
systems. The resultant diagrams are summarized in Figure 4.
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Figure 4. (a) ZrO,-GdO ;binary model developed to match Lakiza [8], (b) ZrO,-DyO, s binary
model developed to match Yokokawa [9], (¢c) ZrO,-YO s binary model developed to match
Yokokawa [9].

5 Estimated Phase Equilibrium of the Quaternary System

The parameters needed to generate the three phase diagrams in Figure 4 can be

incorporated into one overall treatment by the interpolation method attributed to Toop
[10]. The ideal term is expanded to

AG;ZTI = XZro2 RT ln(XZro2 )+ Xcdo,,5 RT ln(XGal()L5 )+
XD}’()LS RT ln(XDyol.s ) + XYOLS RT ln(XYOLs ) (6)

The Toop interpolation for the excess term is expanded for the four binary sub-
systems [1]

X X,
AGTE = Gdq;s GZEr n DyQs GE +
0-Gdas 20-DyQ) 5
Xoaqs T Xpyg, + Xyq, Xoaas T Xpya, T Xy,
Xy (7
Qs E 2 ~E
X ax 1x Crava, T Xeia, ¥ Xowa, FXsa,) Coua,-nra,ra,
GdQ s DyQ s YO s

The phases and their proportions were computed at a particular composition over a range
of temperatures and are represented on a bar graph (in which the oxides of Y, Gd, and Dy
are grouped together as Ln in the resultant phases) in Figure 5. The collective treatment
of Y, Gd and Dy in this way rests on the chemical similarity of these elements. The
situation showing three phases over a range of temperatures at 700°C and below is a
consequence of additional degrees of freedom for a system with more than two
components.

" Where the GE

L oo yo,. teTM s zero; ideal mixing is assumed for the mixing of Y*, Gd* and Dy**
A0, 5=Dy0; 5 =10, 5
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Figure 5. Phase compositional bar graph in mole percent for an 80 mol% ZrO,, 6.67 mol% YOy s,
6.67 mol% GdOqs, and 6.67 mol% DyOy s.

6 Aqueous Solubility of Lanthanides

In the case of a cladding breach of the central element, ACR-BNA would be in contact
with the coolant. Although it is believed that lanthanide solubility in CANDU coolant
conditions (~300°C, pH~10.2, corrected to 25°C) is small, an effort has been made to
create a preliminary thermodynamic model to project BNA solubility (particularly Gd**
and Dy™*) as a function of temperature and pH.

In principle, lanthanide oxides are soluble in acidic conditions yielding aqueous Ln’*
ions. In alkaline conditions, solid hydroxides Ln(OH); suppress the solubility of Ln**
ions as evident in the computed Pourbaix diagrams in Figure 6.
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Figure 6. Calculated Pourbaix diagrams based on [11-13].
(a) and (b) are the diagrams for Gd and Dy at 25°C, respectively. (c) and (d) are the diagrams for
Gd and Dy at 200°C, respectively. The condition of neutral pH is shifted to a lower value as
temperature increases.

The figures show that the concentration of Ln®* is only dependent on the pH of Ln(OH);

saturation solutions. Redox potentials falling between the extremes of oxygen (a) and

hydrogen (b) saturations have no influence.

To confirm the low solubility at alkaline conditions implied by Figure 6, anhydrous
lanthanide oxides were digested in 0.15 to 0.30 M solutions of nitric acid. A lithium
hydroxide (LiOH) solution (~2x10 mol mL™") was then added systematically and the pH

was measured. A typical experimental result is shown in Figure 7.
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Figure 7. Titration results of an initial 8770 ppm solution of Gd**,

The solubility product, K,
Ln(OH),,, — Ln, +3(0H);,,, (®)

(aq)
was determined from the initial lanthanide ion concentration adjusted for the dilution
effect of the LiOH solution addition.

KS,, =[Ln* @ )[OH @I’ (9)

where the molar OH™ concentration is related to the pH (at ambient temperature) via

[OH =107 (10)

The results are summarized in Table 1.
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Table 1. Summary of results for experimental aqueous solubility study

Lanthanide Ion Initial Ln** Critical K,
(Ln™ ) e (L OII_)II: (expressed in molar
(ppm) 3 ppte) concentration)
Gd™ 8770 6.9 2.4 x10%
Gd™ 341 7.4 3.4 x107%
Gd™ 341 7.3 1.7 x107
Dy* 8820 6.7 0.7 x10%
Dy 8580 6.6 0.4 x1073
Dy 3550 6.9 1.1x10%
Dy 355 7.3 1.5x107
Dy™ 355 73 12 x10%
Dy™ 355 7.1 0.4 x107
Dy™ 355 73 2.3 x107%

For Gd(OH)s, the average solubility product at ambient temperature was:

K, =3.0x10% (1)
For Dy(OH)s, the average solubility product at ambient temperature was:
K, =10 x10% (12)

The slightly greater solubility of Gd™ over Dy3+ under comparable conditions of pH is
evident in Figure 6 (a) and (b). Projections of the concentration of Gd** and Dy** at a pH
of 10 with these solubility products give exceedingly low values (in the order of 10°
ppm). Attempts to make a direct measurement of Ln®* concentration at this pH using
Neutron Activation Analysis (NAA) of solutions saturated with Ln(OH); gave
concentrations of approximately 10 and 1 ppm (for Gd>* and Dy’* respectively). This
discrepancy could be attributed to suspended Ln(OH); particles. It is also possible that
ions of the type Ln(OH)®™" may contribute to the solubility. In any event, the

concentration of Ln®* ions at CANDU reactor coolant conditions is expected to be very
low.

Thermogravimetric Analysis (TGA) of the precipitate was performed to support the
existence of Ln(OH); precipitates in alkaline solution. For this study, samples of washed
Ln(OH); precipitates were dried at 220°C in a controlled atmosphere of N, bubbled
through ice water to prevent the undesired decomposition of Ln(OH); as supported by a
near constant weight after 10 hours. The samples were afterwards slowly heated
to 750°C.
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The percentage mass loss for Dy(OH); and Gd(OH); decomposition appears in Table 2.

The percentage is compared with the stoichiometric loss based on

2Ln(OH); ) — Ln,O

3(s)

+3H,0,

(8)

June 1-4, 2008

Marriott Eaton Centre, Toronto, Ontario

(13)

Table 2. Comparison of theoretical percentage mass loss to measured results for the decomposition
of lanthanide hydroxide.

Theoretical Measured

Precipitate Mass Loss Mass Loss
(%) (%)
Dy(OH); 13 14
Gy(OH); 13 14

7 Calculated Solubility of BNA Material at CANDU Reactor Operation

Conditions

With some experimental corroboration of the very low solubility products for Gd(OH);
and Dy(OH)s, calculations using Gibbs energy minimization methods were performed to
project ionic concentrations to reactor conditions (~300°C, ~100 atm, pH ~10.2 at 25°C).
The calculations are based on the belief that a thin surface layer of the BNA material will
be converted to form hydroxide when contacted with water at high pressure.
Furthermore, the calculations are based on extrapolated partial molar entropies and heat
capacities which determine the way Gibbs energies vary with temperature. In view of the
chemical similarities of Ln>*, the precipitate is treated as an ideal solid solution of the

type (Y,Gd,Dy)(OH);.

extremely low; the zirconia is more soluble as HZrOs'.

)

log, ,(Concentration (M

Temperature (°C)

—e— HzrOo3°
o 70>
rY Y3+
—o— Gd*
o Dy3+
193 o
° °
50 100 150 200 250 300

As expected, the projected Ln’* ionic concentrations are

Figure 8. Calculated concentrations as a function of temperature for pH fixed at 10.2 (25°C).
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Summary

This work describes thermodynamic treatments for the binary temperature composition
phase diagrams of zirconia — gadolinia, zirconia — dysprosia, and zirconia — yttria. These
phase diagrams were incorporated into a quaternary model using a Toop interpolation.
The expected conditions of temperature and composition where the cubic solid solution
phase is thermodynamically stable are provided. Calculations indicate that the aqueous
solubility of Gd** and Dy* are very low in alkaline CANDU coolant as supported by a
few measurements at ambient temperature. Phase stability and solubility are discussed in
relation to reactor conditions.
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