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Abstract

Phase relationships between NpO, and CaTiO; or Ca(Ti,Al)O3 were investigated by X-ray diffraction (XRD) anal-
ysis at room temperature, using specimens prepared at 1773 K in Ar-8%H, atmosphere. Single phase solid solutions
were formed for 0-7.5 mol% Np doped CaTiO; and 1-10 mol% Np doped Ca(Ti,Al)Os. By substituting Al for Ti in
CaTiO;, Np solubility in Ca(Ti,Al)O5 increased. Thermal expansions of (Ca;_Np,)TiOz (x =0.03, 0.05 and 0.075)
were measured for temperatures between room temperature and 1273 K in Ar-8%H, atmosphere using high-tempera-
ture XRD technique. Volumetric thermal expansion coefficients of these three specimens were nearly the same value,
suggesting that the incorporation of tetravalent Np into CaTiO3 had practically no effect on stabilization of the crystal

lattice.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Ceramic waste forms of natural analogues are
promising candidates for the high-level waste (HLW)
disposal especially for long half-life transuranium
(TRU) elements, because of their high thermodynamic
stability for a long time [1]. The perovskite (CaTiOs)
type phase is one of the major phases of SYNROC
(SYNthetic ROCk), a titanate ceramic waste form
which is a potential matrix for immobilizing high-level
nuclear waste. It is thus of importance to study the
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phase equilibria of CaTiO; containing TRU elements
from the viewpoint of not only practical use as a
ceramic waste form but also basic research on the
crystal chemistry, because TRU elements may
change the oxidation state depending on heating
conditions.

Phase equilibria of CaTiO; doped with Ce, U and Pu
have been studied by X-ray diffraction (XRD) [2,3],
where Ce and U were surrogates for TRU elements. Sol-
ubility of Ce and U in CaTiOj; prepared at 1600 K in
purified argon (Po, ~ 107'° Pa) were 20-30 mol% and
below 3 mol%, respectively. X-ray absorption fine struc-
ture (XAFS) analysis [4] revealed that part of the tetra-
valent Ce in CaTiO; prepared in purified argon was
reduced to trivalent, while the oxidation state of U
in CaTiO; was remained tetravalent under the same
conditions. Plutonium was soluble in CaTiO; up to at
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least 20 mol% at 1673 K in Ar—8%H, (Po, ~ 107" Pa),
but Pu solubility in CaTiO; prepared in air and in vac-
uum was extremely limited (<5 mol%). Under oxidizing
conditions the oxidation state of Pu is considered to be
tetravalent. The limited solubility of tetravalent dopants
is ascribed to difference in oxidation state compared with
that of host Ca* ion.

Excess charges which are introduced by incorpora-
tion of trivalent/tetravalent cations can be compen-
sated by Al substitution for Ti and hence solubility
of these cations may increase by this approach. Ura-
nium solubility in Ca(Ti,Al)O; was 5-7.5mol% at
1600 K in purified argon [2]. By substituting Al for
Ti in CaTiO;, tetravalent uranium solubility seemed
to increase. Begg et al. [5] reported that tetravalent
Pu and Np solubility in perovskite increased to
14 and 16 mol%, respectively, by substituting Al for
Ti.

For this study the phase relationships between NpO,
and CaTiO; or Ca(Ti,Al); have been investigated by
XRD. Thermal expansions of some single phase
(Ca;_ Np,TiO; (x=0.03, 0.05 and 0.075) solid
solutions were also measured by high-temperature
XRD.

2. Experimental
2.1. Materials

Starting materials were CaCO;, TiO, and AlO;
powders of 99.99% purity supplied by Rare Metallic
Co., Tokyo, and the 99.8% pure >*’NpO, powder
(0.2% **®Pu + **'Am as impurities) supplied by AEA
Technology, UK. Sample compositions were
(Ca;_xNp,)TiO5 (x =0.03, 0.05, 0.075 and 0.10) and
(Ca;_Np.)(Tij;_»,Al,)0; (x=0.03, 0.05, 0.075, 0.10
and 0.15). In the former case the charge balance was
supposed to be maintained by reduction of Ti*' to
Ti** [6-8]. In the latter case AI’" was added twice as
much as the amount of Np** to compensate for the ex-
cess charge. The Al dopant was supposed to substitute
for Ti*".

Starting material powders were weighed and mixed,
and then calcined at 1273 K for 6 h in air. After pressing
into pellets, they were heated at 1773 K for 6 h in Ar—
8%H, and then pulverized in an agate mortar. Heating
and pulverizing processes were repeated several times
until the formation reaction was completed. Products
were analyzed by XRD every time after heating.
Some specimens with nominal composition of
(Ca,_,Np,)TiO5 (x = 0.05 and 0.075) and (Ca,_,Np,)-
(Ti;_2,Al>,)O5 (x = 0.05, 0.075 and 0.10) were annealed
at 1273 K in air to investigate phase relationships in oxi-
dizing conditions.

2.2. X-ray diffraction study

Powder XRD patterns were taken at room tempera-
ture or at elevated temperature using a Rigaku RAD-3C
diffractometer system equipped with a furnace unit. A
vacuum housing and a Pt heating element enabled to
carry out measurements in a controlled atmosphere of
He-8%H, gas at high temperature. Furnace temperature
was measured by an R-type thermocouple inserted into
a thin hole of a sample holder and was controlled within
+1 K during the measurements. CuKo radiation was
monochromatized with curved pyrolytic graphite.

Before X-ray measurements, each specimen was
heated at 1273 K for 1h in He-8%H,. The furnace
temperature was then decreased by 50 K or 100 K and
kept constant for 1 h, and the X-ray measurements were
carried out. A detailed description of the high-tempera-
ture XRD method has been given in a previous paper
[91.

XRD patterns were recorded in the range from
260 =20° to 80°. Due to the low symmetry of CaTiOs,
Pbnm, peaks at high diffraction angles were weak and
broad. Lattice parameters were calculated using reflec-
tions in the range of 20° <20 <80° employing the
least-squares method for the Nelson—Riley extrapolation
[10]. Estimated standard errors of the calculated lattice
parameters were less than +0.0002 nm.

3. Results
3.1. Incorporation of neptunium

Although all the observed peaks could be indexed by
the orthorhombic space group Pbnm, the overlapped
intensity from (110) and (002) planes shows an irregu-
lar variation with Np content as shown in Fig. 1. The
upper one is for (Ca,_,Np,)TiO; (x = 0-0.10) and the
lower for (Ca;_ Np)(Ti;_»,Al»,)O3 (x = 0-0.15). Atom
arrangements in the CaTiO; lattice can be obtained by
analyzing such intensity variations. Intensity calcula-
tions were performed by using the X-ray intensity
expression [11] and crystallographic data [12] for two
possible atom arrangements: (1) Np dopant substituted
for Ca and (2) Np dopant substitute for Ti. Fig. 2 shows
calculated intensities of the overlapped peak from (110
and 002) planes together with the observed ones,
where calculated intensities are normalized against the
observed one for pure CaTiO;. Observed and calcu-
lated intensities are indicated by open and closed
marks, respectively. For both (Ca,_,Np,)TiO; and
(Ca;_ Np.)(Ti;_»,Al, )O3 system, calculated intensities
assuming case 1 arrangement well represented the ob-
served intensity changes. On the other hand, in the case
2 arrangement, calculations yielded intensities which
were completely the opposite of the observed ones.
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Fig. 1. Intensity variation of the X-ray diffraction peaks of
hkl=(110 and 002) for (Ca;_,Np,)TiO; (upper part) and
(Ca;—xNp,)(Tii—2,Al,)O; (lower part).
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Fig. 2. Comparison of compositional dependence between the
calculated intensities of 4k/= (110 and 002) and the observed
ones. Open marks are the observed values. [1: (Ca,Np)TiOs,
hkl=(110 and 002); A: (Ca,Np)(Ti,Al)Os, hkl=(110 and
002). Closed marks are the calculated values. l: (Ca,Np)TiOs,
Np on Casite, 2k/= (110 and 002); A: (Ca,Np)(Ti,Al)O;, Np
on Ca site, 1kl= (110 and 002); ®: Ca(Ti,Np)TiO;, Np on Ti
site, k! = (110 and 002).

These simulation calculations clearly showed that the
dopant Np mainly substitutes for Ca in the CaTiO;
lattice.

3.2. Phase equilibria

Lattice parameters and cell volumes of (Ca,Np)TiO;
and (Ca,Np)(Ti,Al); samples prepared at 1773 K in
Ar-8%H, are shown as a function of Np content in
Fig. 3(a) and (b), respectively. In these figures lattice
parameters are plotted as a/v/2, b/+/2 and ¢/2. The lat-
tice parameter of the orthorhombic Pbnm perovskite
structure, a, b and ¢, can be expressed as a = V2ideal
b =2 V2aigea and ¢ = 2aige using the lattice parameter
of the ideal cubic perovskite structure, d;qea;. As can be
seen from the Fig. 3(a) lattice parameters a, b, and c,
and cell volume increase linearly with increasing Np
content up to 7.5 mol% (x =0.075), and then deviate
from the linearity. Unreacted NpO, residue, which was
frequently detected in the course of sample preparation,
was not identified in the XRD pattern of x = 0.075 sam-
ple but was identified in that of x =0.10 sample. It is
therefore concluded that up to 7.5-10 mol% Np can be
incorporated in CaTiOj3 at 1773 K under reducing atmo-
sphere of Ar-8%H, (Po, ~ 10717 Pa).

Lattice parameters of (Ca,Np)(Ti,Al); samples do
apparently not vary monotonously with Np content as
seen in Fig. 3(b). The cell volume, on the other hand, de-
creases linearly with Np content up to x = 0.10 and then
at x = 0.15 deviates from the regression line. Residual
NpO, was also recognized in the XRD pattern of
x=0.15 sample, suggesting that Np solubility in
Ca(Ti,Al)O; amounts 10-15mol% at 1773 K under
reducing conditions. Apparently Np solubility may be
enhanced by substituting Al for a part of Ti in CaTiOs,
as has been demonstrated for U-doped CaTiOj [2].

In order to investigate the phase relations of
(Capr]_X)TiO}, and (Caprl_x)(Til_zxAlzx)O:; in oxi-
dizing conditions, these samples prepared in Ar-8%H,
atmosphere at 1773 K were annealed in air at 1273 K
for 6 h. All samples of (Ca,Np;_,)TiO3 were converted
into two phase mixture of NpO, and perovskite-type
phase. Under oxidizing condition the Np solubility in
CaTiO; was extremely limited as in the cases of the
U-doped [2] and the Pu-doped samples [3]. On the other
hand, (Ca,Np;_,)(Ti;_»,Al,,)O3; samples were perov-
skite-type single phase except for (Cago9sNpo.os)(Tig.90-
Aly 10)O; where a trace amount of NpO, was identified
as a second phase. Lattice parameters, a, b and c, and
cell volume of (Ca,Np;_,)(Ti;_»,Al, )O3 decreased lin-
early with increasing Np content up to 10 mol%. These
results showed that the addition of trivalent Al was very
effective to increase the solubility of tetravalent Np in
CaTiO; especially under oxidizing condition where
Ti** could not be reduced easily to Ti**.

3.3. Thermal expansion

Fig. 4 shows the typical variation of lattice para-
meters and cell volume of (CaggsNpgs)TiO; with
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Fig. 3. Compositional dependence of lattice parameters and cell volume of (Ca;_,Np,)TiO3 (a) and (Ca;_ Np,)(Ti;_».Al>,)O3 (b) at
room temperature. Samples were prepared in Ar-8%H,. Lattice parameters at x = 0.00 were those from our previous study [4]. @:

a/v2; B b/\/2; A: c/2; V: cell volume; —: regression line.
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Fig. 4. Temperature dependence of lattice parameters of
(Cag9sNpgos)TiO3 prepared in He-8%H,. Cell volume
(V) =a/V2xb/V2xc/2=abc/4. ®: a/V2; B: b/\/2; A:

¢/2; V: cell volume; - - -: regression line.

temperature measured in He-8%H,. All lattice parame-
ters and cell volume are seen to increase smoothly with
increasing temperature up to about 1300 K. Measured
lattice parameters were fitted as a function of tempera-
ture: a(T)/V2=Ay+ AT, b(T)/V2 =By +B T and
(T2 = Cy+ CiT. The regression results are listed in
Table 1. Linear thermal expansion coefficients of a-, b-
and c-axes and a volumetric thermal expansion coeffi-
cient were calculated using values given in Table 1,
and are summarized in Table 2. The (Ca;_,Np,)TiO;
samples show a considerable anisotropic thermal expan-
sion like pure CaTiOj3 [13-15] and Pu-doped CaTiOs [3].
Calculated linear thermal expansion coefficients, o, o,
and o, for orthorhombic Pbnm structure are in the

Table 1

Regression data of lattice parameter expansions for (Ca;_,Np,)
TiO3

x Ay 10°%4, B, 10°8, G 10°C,
0.03 0.3790 5.8879 0.3838 2.9230 0.3809 4.8639

0.05 0.3789 6.2607 0.3841 3.0310 0.3814 4.7085
0.075 0.3793 6.1749 0.3844 2.7885 0.3816 4.7840

a(T)/V2 = Ao+ AT, b(T)/V2 =By + BT, (D= Co+ CT.

Table 2
Thermal expansion coefficients (10° K~') of (Ca;_Np,)TiOs
X Temp. o, o o oy

range (K)

0.03 298-1273 159+04 797+04 128%+0.3 36.7%0.8
0.05 298-1273 164£0.2 7.87+0.2 123£0.2 36.6+0.8
0.075 298-1273 16.2£0.2 7.24+0.2 125%£0.2 36.0£0.7

order o, > o. > o, which is the same result as those re-
ported previously.

4. Discussion

The solubility of Np in CaTiO3 in Ar—8%H, mixed
gas flow is smaller than that of Pu in CaTiOs: 7.5-
10 mol% for Np and at least 20 mol% for Pu [3]. Oxida-
tion states and ionic radii of dopant cations seem to have
significant influence on their solubility in CaTiO;. The
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oxidation state of Np in CaTiOj is not known yet. How-
ever, Np** reduction to Np** was never observed in our
previous studies on the U-Np-O system [16,17] nor Np-
doped (Zr,Y)O,_, solid solution [18] under reducing
conditions. Therefore the oxidation state of Np in
(Ca,Np)TiO; is considered to be almost tetravalent.
The ionic radius of Np*" with CN =12 is expected to
be 0.116 nm which is estimated from the U** ionic ra-
dius of 0.117 nm [19]. No data are available about the
exact oxidation state of Pu in (Ca,Pu)TiO; samples
and ionic radii of Pu** and Pu** with 12 coordination
number (CN). It seems reasonable to assume that these
properties of Pu are similar to those of Ce in (Ca,Ce)-
TiO3, because of the similarity in chemical behavior
and the fact that Pu solubility in CaTiO; was nearly
the same as that of Ce in CaTiO3. Hanajri et al. esti-
mated that the Ce oxidation state was 3.2 by analyzing
the X-ray absorption near edge structure (XANES)
spectrum of Ce-Ly; edge [20]. As the ionic radii of
Ce*" and Ce** with CN=12 are 0.114nm and
0.134 nm [19], respectively, the mean ionic radius of Ce
in the (Ca,Ce)TiO;5 sample prepared in reducing condi-
tion is calculated to be 0.130 nm, which is comparable
to that of Ca**, 0.134 nm [19]. Differences in both oxida-
tion state and ionic radii between host Ca and Np are
larger than those between host Ca and Pu. Therefore
the solubility of actinide dopants in CaTiO;5 is thought
to be governed mainly by the oxidation state and the
corresponding mean ionic radius of dopants in reference
to those of host Ca**.

The thermal expansion coefficient, o, can be con-
nected with the melting temperature of the compound
through o (M}, — 273.15) = constant, where M, is the
melting temperature in K. As pointed out by Uitert
et al. [21], these values are taken as a direct measure of
binding energy. Since the (Ca,_,M,)TiO; (M = Pu and
Np) showed anisotropic thermal expansions, the average
thermal expansion coefficient was assumed to be equal
to a third of the volumetric thermal expansion coeffi-
cient. Measured values of the volumetric thermal expan-
sion for (Ca;_,Np,)TiO3; are almost similar for all
compositions within the experimental errors as seen in
Table 2. The value of about (36 = 1)x 107 K~! is also
the same as that of pure CaTiO; [3]. These facts suggest
that the incorporation of Np into CaTiO3 has no effect
on the stability of the crystal lattice. This was in a
marked contrast to that of Pu doped CaTiO;, where
pronounced stabilization in the crystal was observed
by incorporation of Pu into CaTiOj; [3].

5. Conclusion
Analyses on variation of XRD peak intensities with

Np contents suggested that the doped Np substituted
for Ca in the lattice. Neptunium solubility was found

to be 7.5-10 mol% and 10-15 mol% in CaTiO; and in
Ca(Ti,Al)O3, respectively. Aluminum substitution for
Ti in CaTiO; was very effective to increase Np solubility.
Under oxidizing conditions an extremely limited amount
of Np was incorporated in CaTiOs. Solubility in CaTiO3
was thought to be influenced mainly by the oxidation
state and the corresponding ionic radius of dopant cat-
ion in reference to those of host Ca>*.

The (Ca;_,Np,)TiO3 samples showed a considerable
anisotropic thermal expansion in the order o, > o. > a.
Volumetric thermal expansion coefficients of these sam-
ples were about (36 + 1) x 107° K~! and did not change
with Np contents, indicating that the incorporation of
Np into CaTiO3 had no effect on stabilizing its crystal
lattice.
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