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Local atomic structure in (Zr1�xUx)N
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Abstract

(Zr1� xUx)N solid solutions were prepared for EXAFS measurements by a sol–gel route combined with infiltration and carbothermic
reduction. The lattice parameter and the more distant coordination shells (Me2 and Me3) around the Zr and U atoms follow the Vegard
law. In the first coordination shell, the U–N distance also follows the Vegard law. Though the Zr–N bond distance increases with the
lattice expansion caused by increasing U content, it remains constant at 232–235 pm in U-rich (Zr1� xUx)N (x > 0.6). The measurements
indicate that U accommodates the lattice contraction with increasing Zr content, whereas Zr is able to expand its Zr–N bond only at
lower U content. In the composition range of transmutation fuels, (Zr1 � xUx)N is homogeneous at the local atomic scale.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The transmutation of minor actinides (MA: Np, Am,
Cm) in fast flux reactors or in accelerator driven systems
(ADS) is a relatively recent approach to reduce their
long–term radiotoxicity. To obtain a high MA transmuta-
tion efficiency, UO2 cannot be used as a support matrix,
rather matrices inert to neutron capture should be used.
Due to its advantageous physical properties (high thermal
conductivity, high melting point), ZrN has been proposed
as such an inert matrix [1].

ZrN and actinide mononitrides such as UN and PuN
crystallize in the face-centred cubic structure (Fm�3m). Since
the lattice parameters are similar (ZrN: 457.45 pm [2], UN:
488.8 pm [3]; PuN: 490.5 pm [4]), ZrN and actinide mono-
nitrides form solid solutions. Complete solubility is
reported for ZrN–UN [5] and ZrN–PuN [6,7]. The miscibil-
ity seems to be limited in the case of ZrN–ThN [4] and
ZrN–AmN [7], and is most likely due to the larger
difference in the end member lattice parameters (ThN:
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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515.5 pm, [4], AmN 499.1 pm, [7]). Generally, the lattice
parameter of solid solution compounds obtained by X-
ray diffraction is averaged over several unit cells (coher-
ence) and does not reflect the local structure and bonding
behaviour of the different atomic constituents. This infor-
mation (bond length, local disorder, cooperative effects)
can be provided by extended X-ray absorption fine struc-
ture (EXAFS), which is a direct probe of the atomic envi-
ronment surrounding the absorbing atom.

EXAFS has been used already to determine the local
structure of the actinide solid solutions (U,Ce)O2 [8],
(Th,U)O2 [9], (Th,Pu)O2 [9] and (U,La)S [10]. It has been
shown that the local structure around the different metals
can differ from that of the bulk crystallographic structure
determined by X-ray diffraction. This concerns mainly
the bond length of the first coordination shell around the
metals. In the case of (Zr,U)N – which represents the
experimentally most simple (Zr, actinide)N system – no
such information is available and thus is addressed in this
work. Indeed these investigations form part of a more
extensive project to determine structural and thermody-
namic properties of such actinide bearing materials and will
eventually culminate in irradiation testing of selected
candidate materials.
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Fig. 1. Crystal structure of MeN (Me: Zr1�xUx)N showing the significant
scattering paths: SS N1 (Me0–N1–Me0), SS Me1 (Me0–Me1–Me0), MS3
Me2 (Me0–N1–Me2–Me0), SS Me3 (Me0–Me3–Me0), MS3 Me4 (Me0–Me1–
Me4–Me0) and MS4 Me4(Me0–Me1–Me4–Me1–Me0).

M. Walter et al. / Journal of Nuclear Materials 373 (2008) 90–93 91
2. Experimental

2.1. Sample preparation

(Zr,U)N samples were prepared by the sol–gel and the
infiltration route [11] combined with subsequent carbother-
mical reduction of ‘carboneous’ (Zr,U)O2 spheres. In a first
step, porous ZrO2 + C sol–gel spheres were prepared by
gel-supported precipitation. Zirconyl chloride (purity
99.9%, Alfa Aesar) was dissolved in deionised water and
a polymer (methocel, Dow Chemicals) was then added to
this solution to increase its viscosity. Carbon black (Kro-
pfmühl AG, Hauzenberg, Germany) was added in a slight
excess (C/metal � 2.3) to ensure the presence of sufficient
carbon for the carbothermic reduction. This suspension
was then atomized and the droplets collected in an ammo-
nia bath, where ammonia diffuses into the original droplet
and causes precipitation of the hydroxides. The resulting
beads were then calcined under an argon atmosphere at
800 �C to give the oxide. For lower values of x (0.04,
0.10, 0.20, 0.25 and 0.40) porous ZrO2 + C beads were pre-
pared and infiltrated with equivalent amounts of uranyl
nitrate (Merck) solution. To remove humidity and nitrate
ions from the materials, they were calcined at 800 �C in
argon to give (Zr1�xUx)O2 + C beads. The samples with
x = 0.6, 0.75, 0.9, 0.96, and 1.00 were directly prepared
via gel-supported precipitation by mixing zirconyl chloride
and uranyl nitrate solutions in the desired proportion.

In the second step, the (Zr,U)O2 + C particles were
transformed into the nitride by carbothermic reduction
[12]:

(Zr1� x,Ux)O2 + C + 1/2N2 ! (Zr1� xUx)N + 2CO

This reaction was performed in a Degussa metallic furnace
under a flowing nitrogen gas stream at 1600 �C. The reac-
tion time was about 12 h, and was terminated when the CO
was no longer present in the exhaust gas. Thus, the carbo-
thermic reaction was considered to be finished and the
atmosphere changed to N2/H2 (1.2 bar, 8% H2) for 46 h
to remove excess carbon [3]. The cooling down was
performed under Ar/H2 (8% H2) to prevent formation of
sesquinitrides. The N content in the samples was not
measured. Nevertheless, the preparation procedure was
sufficiently close to that of Holleck et al. [5], to be sure that
the Zr rich samples did not become substoichiometric in N.
Indeed, the lattice parameters of the samples prepared in
this work follow the Vegard law and are in good agreement
with the literature values of Holleck [4,5].

2.2. X-ray diffraction and EXAFS measurement

X-ray diffraction patterns of the (Zr1�xUx)N samples
were recorded in Bragg–Brentano mode using a Phillips
PW1050/70 goniometer equipped with a CuKa X-ray
source and a scintillation counter. Only the diffraction
peaks of a single Fm�3m phase were present and no other
phases, such as sesquinitrides or oxides, were observed.
For EXAFS measurements the samples were milled and
mixed with boron nitride. The EXAFS data at the Zr
K-edge and U L3-edge were recorded at room temperature
in transmission mode at the INE–Beamline for actinide
research at the Ångströmquelle Karlsruhe, ANKA [13].
Due to the low Zr content in the (Zr1�xUx)N samples with
x = 0.9 and 0.96, the Zr–K edge EXAFS data of these sam-
ples were measured in fluorescence mode using a five ele-
ment LEGe solid state detector (Canberra-Eurisys). The
double-crystal monochromator (DCM) was equipped with
a pair of Ge(4 22) crystals, energy calibrated against the
first derivative XANES spectrum of a Zr foil. The EXAFS
oscillations were extracted according to standard proce-
dures (background removal using a polynomial pre-edge
fit, normalization, a spline fit for removal of the atomic
background, etc.) using the EXAFSPAK [14] software
package. The ionization threshold energy, E0, used to
define the origin for calculation of the chi(k)-function was
set at 18010 eV for Zr spectra and 17185 eV for U L3-edge
spectra.
2.3. Evaluation of the calculated backscattering paths

Theoretical phase shifts, d(k), and backscattering ampli-
tudes, F(k), were calculated with the FEFF8 code [15] using
spherical clusters of (Zr1�xUx)N, with r = 750 pm. The
atomic positions within the (Zr1�xUx)N clusters for these
calculations were determined assuming a Vegard behaviour
and a random metal distribution. The relevant scattering
paths determined from these calculations are shown in
Fig. 1. From the backscattering atoms in the unit cell, only
the single scattering paths of the nearest (N1) and next-
nearest (Me1) coordination shells are important. The back-
scattering amplitude of the 8 N atoms at the unit cell



Fig. 3. Interatomic distances of N1, Me1, Me2 and Me3 coordination
shells around U and Zr atoms in (Zr1�xUx)N as determined by EXAFS
spectroscopy. The DR error bars at x = 0 and 1 are ±0.02 Å. The lattice
parameter obtained by X-ray diffraction is shown for comparison. The
Vegard lines for the interatomic distances are derived from XRD data of
Ref. [2,3].
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corner is low and not significant, but scattering from three
more distant metal coordination shells (Me2, Me3, Me4)
must be included. The net Me2 shell contribution is domi-
nated by the three-legged multiple scattering (MS) path
Me0–N1–Me2–Me0, whereas the single scatting (SS) path
and four-legged MS path Me0–N1–Me2–N1–Me0 are
shifted in phase and cancel each other out. Thus only the
three-legged MS path was included for the Me2 shell. The
contribution of the third Me shell (Me3) is dominated by
a SS path. The Me4 SS path is not of relevance, but the
three-legged and four-legged MS paths along Me0–Me1–
Me4 are equal in amplitude and both must be included in
the fit. For the Me4 shell, the Zr–U substitution results in
four different paths since in the Me0–Me1–Me4 path both
Me1 and Me4 can be occupied by Zr or U. To reduce the
number of variables in the fit, the interatomic distance
(R) and the Debye–Waller factor (r2) were linked for the
Zr and U backscatters. The coordination number (N) of
the Me1 shell was allowed to vary, but the sum of
N(Me0–Zr1) and N(Me0–U1) was held constant at the crys-
tallographic value of 12. For the more distant Me shells
Me2 and Me3 a homogenous Zr–U distribution was
assumed and the values of N(Zr) and N(U) were set accord-
ing the bulk sample composition. The amplitude reduction
factor was held constant at 1.0 and the shift in threshold
energy, DE0, was varied as a global parameter in the fits.
All fits were performed in k-space with EXAFSPAK using
a k-range of 0.034–0.12 pm�1 and 0.032–0.12 pm�1 for the
Zr K and U L3-EXAFS, respectively.

3. Results

The Zr K and U L3-edge EXAFS data for (Zr0.8U0.2)N
and their corresponding Fourier transforms (FT) are
shown in Fig. 2. The positions of all FT peaks shift to
larger distances with increasing x in the (Zr1�xUx)N com-
pounds. The derived interatomic distances of the first four
coordination shells (N1, Me1, Me2, and Me3) around Zr
and U atoms are plotted in Fig. 3 together with the lattice
parameter of the (Zr1�xUx)N samples. For comparison,
Fig. 2. Zr K-edge (top) and U L3-edge (bottom) EXAFS spectra of
(Zr0.8U0.2)N solid solution.
Vegard lines corresponding to the individual shell distances
derived from the XRD data of Ref. [2,3] are also shown.
The Me2 and Me3 atoms around Zr and U are generally
at the same distance as determined from the crystallo-
graphic values. This indicates the formation of a homoge-
nous solid solution without any cluster formation, since
both the Me2 and Me3 atomic positions are located in
the neighbouring unit cells, representing the bulk crystal
structure as probed by X-ray diffraction.

In contrast to the more distant Me2 and Me3 atoms, the
N1 and Me1 coordination shells represent the immediate
local structure around Zr and U atoms. The U–N and
U–Me1 interatomic distances follow the Vegard behaviour
for all (Zr1�xUx)N compositions. The local structure
around Zr shows a different behaviour. The Zr–N bond
distance at low x (high Zr) increases with x. At x > 0.6 in
(Zr1�xUx)N, however, the Zr–N distance ceases to
increase and remains relatively constant at 232–235 pm.
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The Zr–Me1 distance determined by EXAFS, and the dis-
tance expected from the crystal structure, also differ slightly
with rising x. The obtained Zr/U ratios of the Me1 shell are
close to the corresponding composition of (Zr1�xUx)N,
indicating that no clusters enriched in Zr or U are formed.
The disorder, r2, around the U and Zr atoms is similar
(r2(U–N) = 0.006(2), r2(U–Me1 = 0.004(1), r2 (Zr–N) =
0.005(2), r2(Zr–Me1 = 0.005(1) · 104 pm2). The disorder
remains nearly constant with composition x, again indicat-
ing that there is no significant change in the local Zr/N and
U/N ratio within the (Zr1�xUx)N samples.

4. Discussion

The U–N and Zr–N bond lengths obtained for
(Zr1�xUx)N clearly show that U accommodates the con-
traction of its local environment with increasing Zr con-
tent. Zr adapts to the unit cell expansion induced by
higher U contents up to an U content of x < 0.6, whereas
at x > 0.6 the immediate coordination environment around
Zr is contracted compared to the bulk structure.

Similar EXAFS observations are reported in the iso-
structural (NaCl-type) LaS–US solid solution [10]. The
U–S bond distance follows the Vegard law completely,
whereas the La–S bond distance is almost independent of
the U content for low U contents, but varies linearly at
higher U content. Also in the more ionic oxides, U is gen-
erally able to accommodate a change of its local coordina-
tion environment [8,9]. In contrast, the Zr–O bond length
in cubic stabilized zirconia, such as (Zr,Y)O2�x or
(Zr,Yb)O2�x, does not depend on the Y or Yb content
and remains constant at 210–217 pm, similar to the pure
oxide ZrO2 [16,17]. The different behaviour of Zr and U
ions in accommodating lattice expansion or contraction is
related to their electronic structure. The U4+ ion has two
more valence electrons than the Zr4+ ion with a closed
[Kr] shell, which can contribute to bonding and allow flex-
ibility in the U–O bond length. In the nitrides, their metal-
lic bonding character enables the Zr–N interatomic
distance to vary at low and intermediate U content, so that
the local structure is homogeneous in the composition
range of transmutation fuels. However, the limited ability
of Zr to expand its Zr–N bond length at higher U (actinide)
content seems to be one key parameter restricting the for-
mation of nitride solid solutions between Zr and actinides
larger than U, as has been observed for ZrN–ThN [4]
and ZrN–AmN [7].

5. Conclusion

Solid solutions of ZrN and UN were prepared for
EXAFS measurements by a sol–gel route combined with
infiltration and carbothermic reduction in the presence of
carbon in a nitrogen gas stream at 1600 �C. The lattice
parameter, and the distances determined by EXAFS for
the coordination shells Me2 (460–490 pm) and Me3 (560–
600 pm) around Zr and U atoms all follow the Vegard
law. The U–N distance also follows the Vegard law. In con-
trast, the Zr–N bond distance increases with lattice param-
eter until x = 0.6, but remains constant at 232–235 pm for
x > 0.6. This indicates that the material is homogeneous at
the local atomic scale in the composition range of transmu-
tation fuel, but it is heterogeneous in the uranium-rich part
of the ZrN–UN solid solution.
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