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Extended X-ray absorption fine structure (EXAFS) has been utilized to investigate the local atomic structure around
Th, U, and Pu atoms in polycrystalline mixed dioxides Thy—,MO, (with M = U, Pu) for x ranging from 0 to 1. The
composition dependence of the two first-coordination-shell distances was measured throughout the entire composition
range for both solid solutions. The first-shell distances vary slightly across the solid-solution composition with values
close to those of the pure dioxide parents, indicating a bimodal cation—oxygen distribution. In contrast, the second-
shell distance varies strongly with composition, with values close to the weighted amount average distances.
Nevertheless, in both systems, the lattice cell parameters, deduced from the first- and second-shell bond determined
by EXAFS, are very close to those measured from X-ray diffraction (XRD). They vary linearly with composition,
accurately following Vegard's law.

Introduction ThO,—UO; binary system was extensively studied by various
r{nvestigatorsl,ov11 who showed that UPand ThQ form a
continuous series of fcc solid solutions. The lattice parameter
was observed to decrease linearly with increasing uranium
concentration, closely following Vegard's law over the entire
composition range. However, ChristenEdiound a signifi-
cant departure from ideal solid solubility. Cohen and Bertnan
reported that the lattice parameter for &Th mixed dioxide
deviated from Vegard’'s law at around 2 at % thorium

concentration, indicating the formation of some kind of short-

In the past decade, there has been a renewal of interest i
studying the feasibility of thorium-based fuel reactors as a
potential advanced fuel for Generation IV nuclear energy
systems producing fewer minor actinides than in uranium-
based fuel? However, in such thorium-based fuel, mixed
dioxides containing fissile and fertile materials are required
for starting the nuclear reaction, such as FtgOntaining
230, or 2%PuQ. Such future nuclear fuels (U- and Th-
based fuels) are made of solid solution ThRWO,, ThO,—

PuG, or UO,—PuQ.

ThO,, UO,, and PuQ@are isomorphic, with a face-centered
cubic lattice (fcc) of the fluorite type structure, with similar
lattice parameters:a 5.5975, 5.4704, and 5.396 A,
respectivel\’ 6 Consequently, the difference in ionic radii
between TH" (1.05 A) and U* (0.997 A) is smaller than
the difference between th and Pd* (0.962 A)7° The

range ordering or clustering. Bealfwybserved divergence
from the classical Vegard's léwas well for the stoichio-
metric mixed dioxide U@-PuQ, up to approximately 5 at
% plutonium. However, above 5 at %, it was shown to obey
Vegard’s law. This behavior was not confirmed by Tsuiji et
alt?

In the case of The@-PuG, mixed oxide, magnetic
measurements made by Daw&dmply that a solid solution
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following Vegard’s law exists. Only one paper reports on EXAFS have revealed a complex local variation in the first-

the investigation of an X-ray lattice parameteiA linear and second-neighbor distan&e$* with bimodal distribution

variation of the lattice parameter with composition was throughout the solid-solution composition and a deviation

observed that follows Vegard's law within the accuracy of from Vegard behavior.

the measurements. In the present study, the local structure around Th, U, and
Crystallographic structure and lattice parameters have beerPu in Th-,M,0, solid solutions with M= U, Pu was

investigated as a function of the composition for the mixed- determined by means of EXAFS spectroscopy over the entire

actinide dioxides Th@-UO,, UO,—PuG;,, and ThQ—PuGQ, rangex = 0 to 1. The lattice parameters and interatomic

using X-ray diffraction techniques. However, crystallographic distances of the cubic ThH&UO, and ThG—PuG solid

approaches provide essential information on the averagesolutions are determined from XRD and EXAFS. The

structure but no information on the local structure of atoms variation of the first- and second-shell bond length with

in crystals. Vegard’s law states that the lattice parameter of dopant concentration is discussed for both mixed dioxides

a solid solution is equal to the sum of the lattice parameters Th;_,U,O, and Th_,Pu, and compared with XRD experi-

of individual components weighted by their associated ments.

concentration. In this model, considering the composition

dependence of the two bond lengths in solid solutions, two Experimental Section

I'm't'ng pOSS_'b'I't'es are r_e_COQ”'Zed- Bond length can be Sample Preparation.The oxalate route was chosen for synthe-
considered either composition independent (BrélBguling) sizing well-crystallized powdered samples with high homogerigity.
or composition dependent with linear variation (Virtual 1, u,0, Samples.Th,_U,0, mixed dioxides were prepared
Crystal Approximation (VCA))®*7In the latter hypothesis, by mixing appropriate concentrated solutions of thorium chloride
the atoms are located on ideal lattice sites of the averageand uranium chloride in order to keep uranium in the tetravalent
unit cell, and the sublattice assumes an average value of bondtate. Tetravalent actinides were then coprecipitated with an excess
length, whereas in the former, bond length remains constantof oxalic acid solution following the procedure already descrited.
whatever the composition. Special attention was taken with regard to oxygen. The powder
The local structure of such solid solutions has not yet been Was calcinated in a PYROX furnace at 13UD under a reducing
investigated using EXAFS. Only pure actinide dioxides 2imosphere (Ard% ).
ThO,, UO,, and Pu® have been extensively studi&20 A series of thorlumuranlum dioxides were prepar_ed from _the
Nevertheless, one reports an EXAFS study on (U, Ge)O appropriate amounts of thorium and uranium chloride solutions,
. ! . ) T with mole ratios equal to 0.11, 0.24, 0.37, 0.49, 0.53, 0.67, 0.79,
showing that the variation of first- and second-neighbor

. . » : > 0.81, and 0.91. The concentration of uranium and thorium
distances with composition obeys Vegard's law without incorporated in the solid was measured using PIXE analysis

bimodal distribution between 0 and 50 at*%The Bragg (particle-induced X-ray emission) and electron probe microanalysis
scattering averages over many unit cells. In this case, the(EPMA). The results obtained from both techniques were in good
extent of atomic displacements from ideal lattice sites is agreement with theoretical values. Moreover, microanalysis by
contained in the diffuse background, which is generally electronic probe was used for testing the homogeneity of the
difficult to quantitatively obtain and analyze. The fact that stoichiometry of the samples. The values were determined with an
solid solutions follow Vegard's law does not exclude them uncertainty o=0.01. In addition, X-ray photoelectron spectroscopy
from having a bimodal distribution of the nearest-neighbor (XPS) was used for probing the chemical state of uranium at the
bond length, particularly when cations of the parents have SUrface The fit of the Uz and Uiz peaks correspond to the
different ionic radii. EXAFS is well-suited for the determi- photoemission of U(IV) centered at 391 and 380.2 eV, typical of

nation of near-neighbor spacin ially relative to a well- ¢ Pinding energies of UO
daf'o 5) ea:j— deg r? spz;]lc 9, esp(?ca y eadeloa 'ed- Th1-«xPuO, Samples.Thorium nitrate solutions and plutonium
efined standard such as the parents’ compounds. It provi €Shitrate in nitric solutions were mixed in stoichiometric conditions

a direct and reliable characterization of the local structure, i, grder to get molar ratios equal to 0.12, 0.20, 0.32, and 0.66.
including distortions, present in solid solutions. Tetravalent actinides were coprecipitated by adding an excess of
Local structural environment studies of other types of solid ammonium oxalate in nitric acid mediaf@Q.2~ (0.2 M)/HNO; (3.5
solutions (U monochalcogenides, zinc blend alloys) using M)). The precipitate was washed with deionized water, filtered,
and finally dried. The mixed oxalates were calcinated in a quartz

(14) Dawson, J. KJ. Chem. Sacl952 1882-1885. tube at 900°C for 12 h under air in a glovebox after they were

(15) :IL\/Jng;ord, R. N. R.; Ellinger, F. HJ. Phys. Chem1958 62, 1466~ preheated at 106C for 1 h.
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Local Structure of Th-,U,O, and Th—yPu,O»

Table 1. Isotopic Composition of Pu 244
isotope ty2(years) % . 243+
2Py 24110 97.09 < 242~ 1
240py 6563 2.87 8l )
241p 14.35 0.03 g~ N
29y 375 000 0.0084 € 2.40- T
238py 87.7 0.0018 s R
3 2.394 Sk
Table 2. Lattice Parameters and the First Two Shell Distances for é 2.38- \%\
Thy—xU,O2 and Th- P02 S S j
2.374 ;
lattice average average
composition parameter metat-oxygen metak-metal 2361
(at %) A distance (A) distance (A) 00 02 04 06 08 1.0
U Mole ratio, x
0 5.598 2.424 3.958 Figure 1. Variation of the unit cell parameters with mole ratofor
11 5.585 2.418 3.949 Thi—xUxOa.
24 5.574 2414 3.941
37 5.545 2.401 3.920
49 5.550 2.403 3.924 5.60¢.
52 5.531 2.395 3.911 \3\
67 5.519 2.390 3.902 < 5.554 'S
79 5.507 2.384 3.893 Tq.; ) Sk
81 5.490 2.377 3.882 kot S~
91 5.477 2.371 3.872 § 5501
100 5.471 2.369 3.869 § Y
Pu T R
0 5.5992 2.424 3.959 S 5451 *
13 5.5858 2.419 3.950 5 \\
20 5.5583 2.407 3.930 5.40
32 5.5401 2.399 3.917 *
66 5.4461 2.358 3.851 ' ' ' i '
100 5.3936 2.335 3.814 0.0 02 OICI‘oIe rati%sx 08 10
a Standard error deviation for ThUxO, solid solution is0.009; for Figure 2. Variation of the unit cell parameters with mole ratiofor
Thi—xPuO, solid solution,£0.0015 forx < 0.20 and+0.0035 forx > Thi—PuO>.

0.32.

. ] ) As expected, the lattice parameter decreases continuously as
compositions of the solid solutions correspondte 0.13, 0.20, substitution of thorium g, = 1.05 A) by smaller, tetravalent
0.32, and 0.66. The values were determined with an uncertainty of yranjum ¢, = 0.997 A) increases. The presence of uranium in a

+0.035. Pure oxides Thand PuQ were also synthesized from higher oxidation state, which could not be observed in the XRD
the oxalate routes. pattern, would tend to decrease the lattice parameter of the unit

The isotopic composition of the plutonium used in the synthesis ce|| 1t Figure 1 shows the variation of the mean lattice parameters
is described in Table 1. In this composition, the main isofSfreu, with composition. The values obtained in this work for all
which has a longer lifetimet{,, = 24 110 years) compared #Pu compositions are in good agreement with that reported by Cohen
(tuz = 87.7 years) and*'Pu (i, = 14.35 years) minimizes the gt al4 for Th,_U,0,0 A linear variation is observed throughout
creation of defects in the solid attributable to radiolysis effects.  the entire solid solution, within the accuracy of the measurement,
following Vegard’'s law. This confirms the formation of solid
solutions.

Th,;_«Pu,O, Characterization. X-ray powder diffraction data

XRD Characterization

All the samples were characterized using X-ray powder diffrac-
tion as described below. for all Th,—xPuO, samples were obtained with an INEL CPS 120

Th,-,U,O, Characterization. X-ray powder diffraction datafor ~diffractometer (curved position-sensitive detector) using Gu K
all samples were obtained using a Philips PW 1050/70 diffrac- "adiation isolated byagerma_mlum monochromgtor. Gold metal_was
tometer, using Cu K; (A = 1.5406 A) radiation. Silicon metal added to the powder as an internal standard, in an epoxy resin, to
was added to the powder as an internal standard to calibrate thecalibrate the angular positions of the diffraction lines observed. The
angular positions of the diffraction lines observed. The X-ray lattice parameters of pure dioxides Théhd PuQ were measured
diffraction pattern of the mixed-oxide powders of various composi- @S & = 5.5992 £ 0.0015 A anda = 5.3936 + 0.0035 A,
tions is typical of the fluoride fcc structure. The lattice parameters espectively. These values are in good agreement with the values
of pure oxides Th@and UQ were measured @s= 5.598- 0.009 reported in JCPDS 42-1462 and JCPDS 41-1170.
A and a = 5.471+ 0.012 A, respectively. They are in good The average lattice constants calculated with the U-fit progfam
agreement with the values reported by Lambertson ét ahd from the X-ray diffractogram are given in Table 2. The mean
Cohen et al* The average lattice parameters, calculated for all the distances of the two first coordination shells calculated from the
compositions with the U-fit prograrf,are listed in Table 2, along lattice constants are also listed. Figure 2 shows the variation of the
with the average distances of the fir®f_o = a\/§/4) and mean lattice parameters with composition. As can be seen, the mean
second coordination shell&f,_y = aﬁ/Z), lattice constant decreases linearly with increasing mole ratio
throughout the entire solid solution. This is consistent with a
decrease in the cell parameter, which occurs on substitution of the
large TH* by the small P#". The lattice parameters are in good

(27) Evain, M.;U—FIT: A Cell Parameter Refinement ProgramaMN:
Nantes, France, 1992.
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agreement with those calculated assuming Vegard's law, shownand amplitudes function$(;z,k) experimentally from the pure

as the dashed straight line in Figure 2. dioxides (semiempirical method). Additionally, the backscattering
) o phasesp(sr,k) and amplitude function§(;r,k) were calculated by
Local Atomic Structure Characterization by EXAFS theoretical FEFF8 cod&%to obtain absolute values of the Debye-

Sample Preparation. Among the Th_U.O, solid solutions Waller factors (DW).

prepared for the XRD characterization, six samples were used for Theoretical ¢(7k) and f(zK) values were calculated using

EXAFS characterization, witk=0.11, 0.24, 0.49, 0.67, 0.79, and driffel\r;ft_ clus_terﬁ selel_((:jted lto. mimiX thlef poss_ibledenviron_mlenF hOf
0.91. All Th_,Pu0, samples = 0.12, 0.20, 0.32, and 0.66), as the ions in the solid solutions. A self-consisted potential wit

well as the pure actinide dioxides ThQJO,, and Pu® (x = 1) a complex Hedir-Lundqvist exchangecorrelation part was used.
already characterized by XRD, were also i’nvestigated by EX’AFS Calculations were performed within an ab initio multiple scattering
’ : 9 iah-
The powders were finely ground and mechanically mixed with ('\ﬁ)mqurﬁ lfJor h'c?g syrqlzn ke try cluste;s"[MQ Mhl.zoé“’t MfGO%EL o
cellulose powder. The pellets were prepared by mixing3%mg/ Wi = 1, M, and Fu with known crystalographic data for

cn? powder, depending on the composition of the solid solutions, (L;SOZ‘tand Pu%_wiabcgr'r&ed zyt th? Eglcu_la;uons with ta clllus_terlof
with 100 mg/cm cellulose. The sample thickness was adjusted to atoms within radius, taxing Into account at single
attain absorption jumps ranging from 0.2 to 0.8, depending on the scattering (SS) paths (5) and MS paths (9) up to the third order

composition of the solid solutions. The samples were encapsulatedanld I:E 06 A irical h th sis of th iti
in Kapton tape, mounted on an aluminum frame containing 3 n the semiempirical approach, the analysis of the composition-

samples, and placed inside a steel stainless chamber equipped witﬁiz_endt?]m EXATS S|g?tals_ washperformed using a b?.St'm p_rt(r)]cetgure
polycarbonate X-ray windows. within the single-scattering harmonic approximation wi e

EXAFS Data Acquisition and Analysis. EXAFS measurements experimental amplitude and phase-shift functions, taken from the

were performed at the “hot” beam line D44 (XAS4) of the LURE pure dioxide EXAFS signals at room temperature. The relative
DCI synchrotron radiation facility, Orsay, France. The storage ring values of the distance®) and I.DW _factors were treated as ffee
DCI operated at the average energy 1.85 GeV and a maXinmmparameters, W'hereas the coordination numpers were congt.ralned at
stored current of 300 mA. A standard transmission scheme with ag;ys;?lléc;%r? Fi)th:/(\;a\/salsueﬁ;)lstﬁga:;rif\f;itZtlsalrll %tocr:rc:rzzci)tis:rlwin-
Ge (400) double crystal monochromator and two ion chambers P C . . P -
containing argon gas were used. A vertical slit width of 0.5 mm For the solid s.olu'qons, we constrain the parameters to getinteger
situated ahead of the monochromator was used. The spectra wer 3":estﬂf COOI‘dII’];ltI(;]n IFLIJET(Z?S: 8 fto_rbtht(_e f|rst-s_thhell_a|j|d\l E K
energy-calibrated by measurement of the transition spectrum of a t?r' efsec?_n N fth Th 'I(':r?—nL;I Llj_'c_)l_nhs Wld Us_anlar_ ack
Zr foil, where the energy of the first inflection point for the reference scattering functions ot the Fnin, . » and Lo pairs.
sample absorption edge was defined as 17 166.0 eV. Moreover A.S far as we are interested in the relative changes in the dlstapce
the Th (idem U and Pu) spectra were self-calibrated; at the with composition, we have ”_‘ade the assumption that_ the third
beginning of the analysis, the Th edges of all spectra were aligned cumylant is close to zero, Wh'Ch seems reasonable_ in I|ght_ qf the
to within 0.3 eV from the first inflection point in the XANES. relatively I(.)w.thermal expansion cogfﬁuent of the m_lxed actinide.
X-ray absorption spectra were measured in the energy interval The statistical uncertainty of the fitting procedure is represented
16 200-17 120 eV for the Th |, edge, 17 05618 050 eV for by error bars in the figures. Systematic errors of individual files
the U Ly edge, and 18 00619 000 e\? fé)r the Pu  edge, using can be estimated by the scattering of the values with respect to
steps of 2 eV in a transmission mode for all the investigated smooth gomp05|t|on dependence. )
samples. Several acquisitions—#0 spectra, depending on the Experimentalf(z k) and ¢>(n,k).for the first and second shells
composition) were carried out on the same sample to improve the Vere extracted from the experimental EXAFS data obtained on

signal-to-noise ratio. Each EXAFS spectrum was extracted and fitted ;:ryst?::|n$tTh_% tL;Ozt,hand I:_u(?. 'Lhese fu(;\cnon?tvxéere obtam_ed
individually. For the same composition, the obtained structural (;om e 'd.vv,: ib t_e e%r“elcg P ;Se_azn‘lzagn;i?&l lfl_he_’c?S?ng a
parameters were averaged. aussian distribution Withi = © ands = 2. ( ), R=

EXAFS spectra were treated using the EDA (EXAFS Data 2.3688 .A (U-0), a;n_d R=2.336 A (Pu-O) from the crystal
. . lographic data, and? = 0.005 2. Note that the use of experimental
Analysis) software package following the standard procetfirae . -
. - phases and amplitudes to a certain extent allows for the compensa-
E, position, defining the zero wave vectde € 0), was set at the . : . - -
- tion of systematic errors, including the contribution of the mean
energies 16 300 eV for Th, 17 169 eV for U, and 18 056 eV for . . . .
. . .~ free path, the multielectron amplitude reduction fact®y §litches,
Pu. Particular attention was devoted to the EXAFS zero-line . . )
. Lo and resolution, which reduces the number of adjustable parameters
removal (background and multielectron contributions) through a . - "
- ) ) . . and consequently increases the reliability of the fit results. To ensure
multistep polynomial/cubic spline procedure in order to have a o . Lo
. . transferability of phase and amplitude and to allow estimation of
correct behavior of the EXAFS signal from small wave vector . . L :

. ’ . systematic errors, we analyzed all the data in a similar way, using
values. The experimental EXAFS specy)ic obtained at the the same experimental phases and amplitudes, filtering procedures
Th and U(Pu) l edges were Fourier transformed (FT) in the-0.0 P P P ' gp '
15.0 A-*range using a KaiserBessel window function. In all the and parameters.. .

. . Th;-xUxO, Solid Solutions. We have analyzed the Th and U
FTs of the experimental spectra, two main peaks at 1.9 and 3.8 AL edae EXAFES of eight samples to determine the change in the
were observed. The EXAFS signals from the first two peaks were Tqu OgTh—U Th) and S—O U F')I'h U) bond lenathsR Rg
singled out using the back-Fourier filtering within the ranges-1.1 : (Th) a ’ (U) bond lengthsiry—o, Rrn-y

. . s andRy-o, Ry-tn, as a function of solid-solution composition. The
iigpgzg rilri;se —z}iz r:sg ezfti\fl;{lla?gss;t;?\,xh'n the reduced k?-weighted EXAFS spectra and their FTs obtained for three

To achieve composition dependence of the structural parametersd'ﬁerent compositions of Th,U,0, are shown in Figures 3 and
with high accuracy, we obtained the backscattering phaéeg)

(29) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R1.@m.
Chem. Soc1991 113 5135-5140.

(28) Kuzmin, A.Physica B1995 208/209 175-176. Kuzmin, A.J. Phys. (30) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, RPIg/s.
IV 1997, 7, C2-213-C2-214. Rev. B 1991, 44, 4146-4156.

3890 Inorganic Chemistry, Vol. 45, No. 10, 2006



Local Structure of Th-,U,O, and Th—yPu,O»
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Figure 3. Experimentaj(k)k? EXAFS spectra at the ThylLedge for ThG, Figure 5. Experimentaly(k)k? EXAFS spectra at the Pu;ledge for
Tho 61Uo.4602, and Thy 21U 7602 Tho.sPUo.1802, Tho.esPlb.3202, and Thy 34RUo.6¢0s.
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Figure 4. Fourier transforms (FT) to real space measured at the\Th L Figure 6. Fourier transforms (FT) to real space measured at the;Pu L
edge for ThQ@, Thos1Uo.4d02, and Th 21Uo 7d02. Modulus and imaginary edge for Pu@ Tho 3P 6602, and Thy edP b 3:02. Modulus and imaginary
parts of the FTs were not corrected for the photoelectron phase shift; parts of the FTs were not corrected for the photoelectron phase shift;
therefore, the positions of the peaks differ up to 0.5 A from the true therefore, the positions of the peaks differ up to 0.5 A from the true
crystallographic values. crystallographic values.

4, respectively, for the Thj|. edge. In all the FTs, the same features f . .
ollowing the same procedure used for, T{J,O, described above.
are observed: two main peaks located at 1.9 and 3.8 A, a smaller g P 1O,

We h lyzed the Th and Py ledge EXAFS of th lid
pre-peak at 3.2 A, and weaker peaks from 4.5 to 6 A. The EXAFS © nave analyzed e 'h and i edge of tree sot

signals from the first two peaks were singled out by Fourier filtering solutions to determine the change in the-=Ib, Th-Pu(Th) and
TP Pu-Th(P | hrh—0, Rrh-
The first peak in the range 2.6 A is related to the first U0, Pu-Th(Pu) bond lengthsr—o, Rrm-py andRe-o, Rew-rn,

functi f solid-soluti ition. Tkeweightedy(K
coordination sphere (FhO bond), which is composed of eight as a 'unciion of Souc-sollion composiion weightedy (K

oxygen atoms. The second peak and pre-peak, ranging betweensl.peCtra obtained for the three compositions of FRUO, at the
' ) ; ’ h and Pu Iy edge are presented in Figure 5. Their FTs are shown
2.8 and 4.6 A, are mainly due to 12 metal atoms of the second lu edg P d

o . . . . Figure 6. They exhibit the same features as those far,thO,:
COOt:dIna'[IOI’l sph_ere, which consists of either thorlum_ atoms or 46 main peaks located at 1.9 and 3.8 A, a smaller pre-peak at 3.2
thorium and uranium atoms, depending on the composition of the A, and weaker peaks from 4.5 to 6 A
solid solution. However, there is an additional contribution due to ' '

24 oxygen atoms located in the third coordination sphere and MS Ragylts and Discussion
contributions.

These contributions are generally weak but not negligible and ~ The interpretation of the EXAFS in pure ThQJO,, and
appear as a small shoulder at the right-hand side of the secondPuQ, has been done using the MS appro&tH: 33 It was
peak (Figure 4). The peaks beyond the second one are due to thdound that the features observed in the experiment are due
more distant shells composed of thorium, uranium, and oxygen to scattering within about a five-shell cluster of 6.0 A radius.
atoms. Their EXAFS signals do not overlapRrspace. They are  ap early interpretation of the EXAFS spectra of the JO
slightly influenced by the MS effects because of a small number crystal at room temperatdfaeports a U-O distance of 2.43

of linear atom chains in the structure. As a result, the analysis of A which is areater than the crvstalloaraphic distance of 2368
this region is not part of this paper. ’ 9 ry grap :

Generally, the first peak in the Th and UyLedge FT of the A by 0.062 A This was attributed to the anharmonicity in
solid solutions is sharp and shows a small shift (see imaginary part) the lattice vibrations (distortion of the local environment
from a larger distance (Th{Ptoward UQ. This behavior is due to ~ around uranium ions). The reported-U distance of 3.89
gradual variation in the first coordination shelH\D distance with A closely matches with the crystallographic distance of 3.87
composition. The second peak is also sharp and displays moreA.
visible gradual shift (see imaginary part) toward the end member
distance, as the second shell is composed of mixed atoms. The(31) Wu, Z.; Farges, FPhysica B1999 266, 282-289.
absence of any significant contribution néa= 0 A indicates a (32) Kalkowski, G.; Kaindl, G.; Brewer, W. D.; Krone, VPhys. Re. B

. 1986 35, 26672677.
good removal of background absorptigg

- h (33) Begg, B. D.; Hess, N. J.; Weber, W. J.; Conradson, S. D.; Schweiger,
Th,;-«PuyO, Solid Solutions.The EXAFS spectra were treated M. J.; Ewing, R. C.J. Nucl. Mat 200Q 278 212-224.
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Table 3. Th;—xUxO; Fit Results for the First Two Coordination Shells at the Th and,Uddges

first shell second shell
solid Rrh-o (A) Ru-o (A) Rve-ol Rrn-an (A) Ru-an (A) Rve-mel

ThO, 2.424 2.424 3.959 3.959

Tho.sdJo.1102 2.423 2.395 2.419 3.950 3.940 3.949
Tho.7dJo.2402 2.418 2.386 2.411 3.939 3.926 3.936
Tho 51U0.4902 2.417 2.378 2.398 3.923 3.906 3.915
Tho.3dJo.6702 2.412 2.376 2.388 3.917 3.895 3.903
Tho.21Uo.7d02 2.404 2.373 2.380 3.901 3.884 3.887
Tho odJo.9102 2.406 2.372 2.376 3.900 3.878 3.880
uo, 2.369 2.369 3.865 3.86%

2 [Ryie—ome) calculated composition weighted average distah@alculated from XRD datd* for ThO, and UQ, respectively.

Table 4. Thy_xPuO; Fit Results for the First Two Coordination Shells at the Th and Ruetdges

first shell second shell
solid Rrh-o (A) Rey-0 (A) [Ruve-o@ Rrh-an (A) Rpy-An (A) Rute-me@
ThO, 2.424 2.424 3.959 3.959
Tho.g P10z 2.422 2.373 2.415 3.952 3.901 3.945
Tho.edP W 302 2.416 2.367 2.400 3.935 3.890 3.921
Tho.3PW.6602 2.407 2.352 2.370 3.889 3.843 3.858
PuG 2.33@ 2.33¢ 3.814 3.814

2 [Rvie-ome) calculated composition weighted average distah@alculated from XRD dat&2°for ThO, and Pu@, respectively.

The interpretation of EXAFS in the studied solid solutions
is analogous to pure oxides because of the very small
differences in the scattering amplitude and phase-shift
functions of thorium and uranium (plutonium) atoms. The
visible differences in the EXAFS with solid-solution com-
position can be caused only by the change in the lattice
constant as the scattering amplitude and phase-shift functions
between thorium and uranium (plutonium) atoms are very

small.

First-Shell Environment. The first-shell distances ob-
tained from fits to the experimental data at the Th, U, and
Pu L edges, for all compositions of both solid solutions
Th;—UxO, and Th—xPuO,, are given in Tables 3 and 4. We
estimate an uncertainty of 0.003 A in the near-neighbor
distances, as the point at which the reliability of fit parameters Figure 7. Interatomic distances FrO (@ upper line) and U-O (4 bottom
increases by a factor of 2 from a minimum value, except in line) vs composition in Th,UxO, solid solutions. The solid lines represent

the dilute compound (10 mol %), where the errori8.005

a least-squares fit to the experimental values. Dashed line is the VCA
metal-oxygen distance calculated from XROE)Y and EXAFS t)

A. This error bar is low as far as we compare different measurements.
measurements using experimental amplitude and phase-shift

functions.

cation—anion NN distance calculated is equal to the virtual-

The Th-0 and U-0 interatomic distances are plotted as crystal distance within the experimental error bar. Rig o
a function of dopant concentration in Figure 7, in comparison distance can be expressed Rf-o = 2.424 — 0.01%,
with the calculated average distances from XRD and EXAFS whereas th&,_o distance can be derived from the following
measurements. ThBy_o and Rr,—o distances, which are  equation: R;-o = 2.394 — 0.026&. The composition
shown by the lower and upper curves, vary slightly upon dependence dRy-o bond length is slightly larger than that
dilution in the solid solution. The same behavior is observed of the Rin—o bond length. This situation corresponds to a

in Figure 8 for the first neighbor distances inTPuO..
The total decrease &n—o in Th;—UxO, from pure ThQ
to pure UQ (linear interpolation to 0 mol % Th in UQis

bimodal near-neighbor distribution. For low uranium con-
centration (below = 0.2), a small departure from the linear
dependence ofRy_o can be observed; however, more

0.019+ 0.003 A, whereas the variation calculated from the experimental data are needed in this concentration range to
lattice constants for Thand UQ is 0.055 A. At the same  confirm this tendency. Nevertheless, the composition weighted
time, the increase iR,-o from pure UQ to the impurity average of the two distances is very close to the average

limit of U in ThO, (linear interpolation to 0 mo% U in

one obtained from XRD, as shown in the middle curve of

ThO,) is 0.026+ 0.003 A. It is readily apparent that the Figure 7.

Rrn—o0 andRy—o values differ substantially from the weighted Another observation is that the DW facter) of the first-
average cationanion distance (VCA model), shown in the shell distribution of Th-O and U-0O is essentially the same
middle curve of Figure 7. However, the weighted mean as thatin Th@or UO, within 0.001 &, i.e., we measure no
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Local Structure of Th-,U,O, and Th—yPu,O»

mean distances obtained from EXAFS are close from the
ones measured from XRD.
Second-Shell Environment. There are various ways
in which the three-dimensional lattice can distort to
accommodate two different catiefanion distances. More-
distant information can suggest the nature of this distortion.
Mikkelsen and Boyce, analyzing the EXAFS of Gdn,As
alloys??34have previously suggested that the uncertainty in
the more-distant EXAFS analysis increases for several
reasons. First, the contribution to the EXAFS decreases
rapidly with distance from the central atom, decreasing the
signal-to-noise-ratio. Second, the more-distant FT peaks are
less separated, which means a possible interference between
peaks. Third, in solid-solutions, there will be greater inter-
Figure 8. Interatomic distances FHO (@ upper line) and P4O (¢ ference between backscattering waves from atoms of dif-
bottom line) vs composition in ThUxO. solid solutions. The solid lines ferent kinds (or at different distances) in the same shell,
represent a least- res fit to the experimental values. Dashed line is th ; ; ; ;
e e e, pashec e = educing the sensitiviy of the models. Finally, th fis wil
Dotted line represents parallel line to the composition dependence-of Th  include at least two Gaussians, with six or more adjustable
0. parameters. Fortunately, the EXAFS spectra of actinide
dioxide solid solutions are very favorable for the analysis
additional broadening, either from dynamiC or static contri- (h|gh backscattering amp”tudes and small DW factors as
butions. The DW factor for the whole range of solid solutions \ye|l as similar phases for FiTh, Th—U, U—Th, and U-U
within the error of the experiments did not change and was pairs) and good fits were obtained with physically realistic
equal too? = 0.005+ 0.001 & in the Th-O and U-O parameters using the analysis procedure described above.
near-neighbor distributions. We conclude that it is mainly  gjrst, the contribution at 3.8 A of second neighbors to the
determined by thermal vibrations, but the local deformations ExAFS is evident from the data in Figures-3. Second,
connected with the difference of the ionic radii of thorium  the second-neighbor FT peak is well separated, which means

and uranium give a comparatively small contribution to the there is small interference between the peaks. Third, in solid-
total DW factor. Additional EXAFS measurements at low  so|ytions Th_,U,O, and Th_PuO,, the interference be-

temperature will be useful for studying this effect. tween backscattered waves from atoms of different kinds

Figure 8 shows experimental valuesRyh-o and Rey—o (Th, U, Pu) in the second shell is constructive because of
(upper and lower curves) as a function of composition. As practically identical backscattering amplitudes and phases.
for Thy—UxO,, two distinct values are obtained for bd®,-o Therefore, fits include only one Gaussian or asymmetric

andRe,-o distances, which confirm the bimodal distribution ~ Gaussian, with three or four adjustable parameters.

of the first-coordination-shell distance. A linear decrease in  The second-shell distances obtained from the fits to the
the An—O distances is observed with the increase in Pu EXAFS at the Th, U, and PujLedges, for all compositions
content. The total decreaseRan—o from pure ThQ to pure of Th;—,U,0, and Th_,PuQ, solid solutions, are given in
PuG (linear interpolation to 0 mol % Th in Pufis 0.025 Tables 3 and 4. The resulting distand®s_un), Ru-Thu)

+ 0.003 A, whereas the variation calculated from the lattice and Rrn—puhy Reu-Thepu) are plotted versus composition in
constants for Th@and PuQis 0.089 A. The composition Figures 9 and 10 for Th,U,O, and Th_,PuO,, respectively,
dependence d&m-o is similar to that obtained in Th\U,O, in comparison with the mean distances calculated from XRD
although the radii difference between parents is larger in and EXAFS measurements. Contrary to the first shell, the
Th;xPuO,. However, the composition dependencégf o U—U(Th) and Th-Th(U) distances vary strongly with
from pure Pu@to ThG; (linear interpolation to 0 mol %  composition (Figure 9). The total decreaseRin-rnw) from

Th in PuQ) is about twice as large, i.e, 0.0850.005 A.  pure ThQ to pure UQ (linear interpolation to 0 mol % Th
The Rm-o distance can be expressedRs o = 2.424 — in UO,) is 0.065 + 0.003 A, whereas the difference
0.02%, whereas thé&Rp,-o distance can be derived from the calculated from the lattice constant for Th@nd UQ is
following equation: Rey-0 = 2.391— 0.055. Although the 0.094 A. At the same time, the increase Ry-thy) from
number of samples is smaller than for,T#J,O,, the greater  pure UQ to pure ThQ (linear interpolation to 0 mol % U
slope of the linear variatioRu-oy = f(x), observed for the  in ThO,) is 0.083+ 0.003 A. Moreover, the weighted mean
smallest cation in Th.PUO,, is confirmed. This means that  of these various distances is very close to the VCA average
the smaller cation (U, Pu) exhibits a larger deviation from distance, as shown in Figure 9. These experimental cation
ideal Vegard predicted behavior. Whereas-Thdistances  cation distance measurements point out that on the atomic
are similar in both Th-4UxO, and Th-xPuO; solid solutions,  scale, appreciable clustering is absent in-T4,0..

the dopantoxygen bond compensates by expanding their  |n the case of Th.PuQ,, the same behavior is observed
bond as much as their concentration decreases and the radirom the analysis of cationcation distance&rn-pycrny and
difference between the end compounds increases. Similar
to that in the former solid solution, the weighted composition (34) Mikkelson, J. C., Jr.; Boyce, J. Bhys. Re B 1983 28, 7130-7140.

Inorganic Chemistry, Vol. 45, No. 10, 2006 3893



Figure 9. Variation of interatomic distances FJ(Th) (a upper line)
and U-Th(U) (v bottom line) with composition. Middle curve is the VCA
cation—cation distance calculated from XRM) and EXAFS tk) data.

Figure 10. Variation of interatomic distances HTh(Pu) (a upper line)
and Pu-Pu(Th) (@ bottom line) with composition. Middle curve is the VCA
cation—cation distance calculated from XR®) and EXAFS ¢) data.

Reu-Tnpuy The total decrease iRr—tnpy) from pure ThQ

to pure Pu@ (linear interpolation to 0 mol % Th in Pu

is 0.1044+ 0.010 A, whereas the difference calculated from
the lattice constant for ThQand PuQ is 0.145 A. At the
same time, the increase Rpy—pycm) from pure Pu@to pure
ThO; is similar, at 0.103+ 0.010 A. The weighted mean of
these various distances is very close to the VCA average

distance, as shown in Figure 10. Therefore, as in the case of

Th;—UxO,, the experimental catiencation distance mea-
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surements point out that on the atomic scale, appreciable
clustering is absent in ThPuO,.

Conclusion

From EXAFS measurements at the Th, U, and Ru L
edges of each composition of both; T#J,O, and Th_PuO;
systems, the first- and second-shell distances were extracted
with high accuracy. Compared to the values obtained from
XRD measurements, the weighted mean catianion and
cation—cation bond lengths determined from EXAFS data
are very close. They vary linearly with composition, fol-
lowing Vegard's law.

However, in the first-shell spacing, interatomic distances
Rrh-0 andRyeyy-o are readily distinct and vary slightly with
composition. The TRO and U-O distances change by only
0.019 and 0.026 A, respectively, whereas the average first-
neighbor distance, calculated from the lattice constants for
ThO, and UQ, changes by 0.055 A for ranging from 0 to
1. In Th—PuO; solid solutions, the same behavior is
emphasized, with a larger composition dependend:fo
compared to that dRrh—o0. The Th-O and Pu-O distances
change by 0.025 and 0.0425 A, respectively, whereas the
average distance calculated from the lattice constants for
ThO, and Pu@ changes by 0.079 A fot ranging from 0 to
1. The smallest cationoxygen bond in solid solution tends
to compensate by expanding the bond as much as the bond
length difference between parents increases. By comparison,
the mean first-shell distances change by 0.054 and 0.089 A
in Th;—UxO, and Th_PuO,, respectively.

The second-shell results obtained for both solid solutions
Th;—UxO, and Th_PuO; indicate that the cationcation
distances are closer to the VCA model and vary more
strongly with composition. The ThTh(U) and U-U(Th)
distances change by 0.069 and 0.082 A, compared to the
calculated average distance of 0.094 A. In TRuO. solid
solutions, a greater variation with composition occurs: 0.104
and 0.103 A for Th-Th(Pu) and PaPu(Th), respectively,
compared to 0.126 A for the calculated average distance
change. The experimental catiooation distance measure-
ments point out that on the atomic scale, appreciable
clustering is absent in both solid solutions;TiJO, and
Thl_XPLl(02.
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