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The structural properties of Tc—Zr binary alloys were investigated using combined experimental and computational
approaches. The TcoZr and TcgZr samples were characterized by X-ray diffraction analysis, scanning electron
microscopy, electron probe microanalysis, and transmission electron microscopy. Our XRD results show that TcgZr
crystallizes in the cubic a-Mn-type structure (/43m space group) with a variable stoichiometry of Tcg 25 ,Zr (0 < x <
1.45), and Tc,Zr has a hexagonal crystal lattice with a MgZn,-type structure (P6s/mmc space group). Rietveld analysis
of the powder XRD patterns and density functional calculations of the “TceZr” phase show a linear increase of the lattice
parameter when moving from Tcg o5Zr to Tcy_goZr compositions, similar to previous observations in the Re—Zr system.
This variation of the composition of “TcgZr” is explained by the substitution of Zr for Tc atoms in the 2a site of the a-Mn-
type structure. These results suggest that the width of the “TcgZr” phase needs to be included when constructing
the Tc—Zr phase diagram. The bonding character and stability of the various Tc—Zr phases were also investigated
from first principles. Calculations indicate that valence and conduction bands near the Fermi level are dominated
by electrons occupying the 4d orbital. In particular, the highest-lying molecular orbitals of the valence band of TcoZr
are composed of d—d o bonds, oriented along the normal axis of the (110) plane and linking the Zr network to the
Tc framework. Strong d—d bonds stabilizing the Tc framework in the hexagonal unit cell are also in the valence
band. In the cubic structures of Tc—Zr phases, only Tc 4d orbitals are found to significantly contribute near the Fermi

level.

Introduction

Technetium, element 43, occurs in only trace quantities in
the earth’s crust, mainly from the spontaneous fission of
28U, Thirty-four radioactive isotopes of the element are
known, with mass numbers ranging from 85 to 118. The
most common isotope, **Tc (hp=213x 10° y), is present in
large quantities in spent nuclear fuel, where it constitutes
approximately 6% of the fission yield." In the context of
nuclear waste management, Tc presents a threat to the
biosphere because it is quite stable and mobile in an oxidizing
environment as the pertechnetate anion. Two approaches to
reduce the potential hazard are being considered for Tc:
transmutation of a metallic Tc target by neutron capture in a

*To whom correspondence should be addressed. E-mail: freder29@unlv.
nevada.edu.

(1) Schwochau, K. Technetium: Chemistry and Radiopharmaceutical
Applications; Wiley-VCH: Weinheim, Germany, 2000.

(2) Bonnerot, J. M.; Broudic, V.; Phelip, M.; Jegou, C.; Varaine, F.;
Deschanels, X.; Arnoux, M. F.; Faugere, J. L. | N | R I 2005,
6, 287-290.

© 2010 American Chemical Society

reactor to produce stable ruthenium and incorporation of Tc
in a very stable disposal form (e.g., Tc alloys or oxide
materials) placed in a geological repository.>* Technetium—
stainless-steel—Zr alloys have been recently studied as po-
tential candidates for the immobilization of Tc-containing
residues from the processing of used fuel from the EBR-II
reactor.*> More detailed knowledge of the synthesis and
properties of Tc-containing alloys is needed to evaluate their
use as disposal forms.

We report here on structural studies and theoretical
calculations on some Tc—Zr alloys as part of a systematic
investigation of the alloys of Tc with other high-yield fission
product metals such as Zr, Mo, Ru, and Pd. Structural
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studies on Tc—Zr alloys are sparse, and 0nl7y two phases,
TceZr and Te,Zr, have been identified so far.®” Isomorphous
with its rhenium homologue, TcsZr was found to crystallize
in the a-Mn cubic structure type (Struktur-Bericht designa-
tion A12), with superconductive properties at low tempera-
tures (Tc = 9.7 K).® Superconductivities of Tc—Zr alloys
were further investigated by theoretical methods.” Previous
studies of Tc,Zr suggest that this phase crystallizes in the
MgZn,-type hexagonal structure (Struktur-Bericht designa-
tion C14). The M,Zr—Cl14 ghase has also been reported for
M = Mn, Re, Ru, and Os." Theoretical calculations on the
%Tc quadruple moment in Tc,Zr have been performed, but
no experimental values were reported.'’ Unlike the Re and
Mn homologs, no Tc—Zr phase diagram has been reported,
and Tc,Zr and TcgZr are still not fully characterized. Recent
calculations on Tc—Zr alloys show the potential stability of
Tc—Zr alloys with the theoretical compositions Tc,Zr, TcZr,
TcZr,, and TcZr,, while no data were reported for TeeZr.'?

To gain a better understanding of the Tc—Zr system, it is
important to obtain accurate structural information on its
existing phases (TcgZr, TcoZr). In the present work, two
Tc—Zr alloys with approximate compositions “TcgZr” and
“Tc,Zr” were synthesized and characterized by X-ray dif-
fraction (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), electron probe
microanalysis (EPMA), and first-principles calculations.
The SEM and EPMA analyses both confirm the presence
of TcgZr and Tc,Zr in the sample; an additional phase, with
composition Tcy sg27Zr, was found in the Tc,Zr sample. The
atomic coordinates and structural parameters of Tcg »5—Zr
(0 < x < 1.45) and Tc,Zr were determined from a Rietveld
analysis of powder XRD patterns and further confirmed by
first-principles calculations. The electronic structures, bond-
ing characters, and stabilities of the various Tc—Zr phases
were also investigated computationally.

Experimental and Computational Methods

Preparation. Caution! The isotope *°Tc is a weak beta emitter
(Epax = 292 keV). All manipulations were performed in a
designed-for-radiochemistry laboratory using efficient HEPA-
filtered fume hoods; a polycarbonate shield was used when
manipulating the powder. The NH,TcOy, starting material was
obtained from stocks at the Los Alamos National Laboratory
originally purchased from the Oak Ridge Isotope Office and
purified according to a method previously described.'* Techne-
tium metal was synthesized by hydrogen reduction of NH4TcO,
at 750 °C and characterized by XRD. Zirconium metal was
purchased from Alfa-Aesar. Two Tc—Zr alloys were synthe-
sized by mixing Tc and Zr powders in an agate mortar (sample
A:Tc = 85.1mg, Zr = 13.0 mg; sample B: Tc = 70.4 mg, Zr =
30.6 mg). The powder was transferred into a 3 mm die and
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pressed for 15 min at 600 MPa. Before arc melting, the stoichio-
metry of alloys was Tcg osZr (sample A) and Tc, 1, Zr (sample B).
The resulting pellets were arc-melted several times under an
argon atmosphere; a mass loss (~5 mg) occurred during the arc
melting. The fused samples were placed into an alumina boat
surrounded by a Zr foil, sintered at 1400 °C for 6 h under an Ar
atmosphere, and cooled to room temperature.

Scanning Electron Microscopy, Electron Probe Microanalysis,
and Transmission Electron Microscopy. For EPMA and SEM
analysis, the alloys were embedded in a resin and polished to a
mirrored finish (1 um). The EPMA measurements were per-
formed using a JEOL JXA 8900 R instrument. Technetium
metal and Zr metal were used as quantification standards for the
samples. The uncertainty of the EPMA measurements is 3%.
SEM imaging was performed on a JEOL scanning electron
microscope, model JSM-5610, equipped with secondary elec-
tron and backscattered electron detectors. The TEM samples
were prepared by grinding the alloys in an ethanol solution in an
agate mortar and dispersing one drop of the solution onto a
3-mm-diameter carbon film supported on a copper grid. Experi-
mental details for TEM imaging are described elsewhere.!

X-Ray Powder Diffraction. The samples (~10—20 mg) were
mixed with a standard (Silicon SRM 640c) dispersed on a silicon
disk, covered with Kapton foil, and placed in the instrument for
measurement. The XRD patterns were obtained using a PANa-
lytical X’Pert Pro instrument with Cu Ko emission and an
X’elerator multiple Si-strip solid-state detector. The XRD pat-
terns were quantified by Rietveld analysis using the Topas 3.0
software.'”

First-Principles Calculations. First-principles all-electron sca-
lar relativistic calculations of the total energies and optimized
geometries were performed using the spin-polarized density
functional theory (DFT).'® The exchange correlation energy
was calculated using the generalized gradient approximation
(GGA) with the parametrization of Perdew and Wang
(PW91)."” Double numerical basis sets including polarization
functions on all atoms (DNP) were used in the calculations. The
DNP basis set corresponds to a double-g-quality basis set with
d-type polarization functions added to atoms heavier than
hydrogen. The DNP basis set is comparable to 6-31G** Gauss-
ian basis sets'® with a better accuracy for a similar basis set size.
In the generation of the numerical basis sets, a global orbital
cutoff of 5.3 A was used. The energy tolerance in the self-
consistent field calculations was set to 10~® Hartree. Optimized
geometries were obtained using the direct inversion in a sub-
space method with an energy convergence tolerance of 107°
Hartree and a gradient convergence of 2 x 10~° Hartree/A. The
unit cells used in our calculations contained 58 atoms for Tcy gZr
and Tcg5Zr, and 12 atoms for Tc,Zr. The Monkhorst—Pack
special k-point scheme'® was used for structural optimizations
and electronic properties calculations with a 4 x 4 x 4 mesh for
TcersZrand Tey gZr,and a5 x 5 x 4 mesh for Te,Zr. In order to
calculate the band structures, k-point paths along the
X—R—M—-G—R and G—A—-H—K—-G—M—-L—H symmetry
points®® have been used to sample the Brillouin zone of the
TceZr and TcyZr structures and the Tc,Zr structure, respec-
tively. Total and projected densities of states were further
calculated with a Gaussian broadening of 0.002 Hartree applied.
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Figure 1. SEM images of sample A (left) and sample B (right) using backscattered electrons. The compositions (in atom %) determined by EPMA are
Tc = 82.3% and Zr = 13.2% for sample A and Tc = 82.1% and Zr = 17.9% (light phase) and Tc = 64.4% and Zr = 31.5% (dark phase) for sample B.

Results and Discussion

Scanning Electron Microscopy. The SEM imaging in-
dicates that sample A is monophase while sample B
contains two phases (Figure 1). Further EPMA analysis
confirms the composition Tce 4(37Zr for sample A, while
for sample B, a Tcs g4(12)Zr stoichiometry is found for the
dark phase and Tcy sg27)Zr for the light phase. Several
EPMA measurements performed on the phases in differ-
ent regions of the samples indicate similar compositions.
Nevertheless, the shift in the stoichiometry from Tcg osZr
to Tceoae37)Zr for sample A and the presence of a phase
with the composition Tcysg7)Zr in equilibrium with
Tcr04012)Zr in sample B indicate a decrease of the Zr
content during the synthesis. The loss of mass is attrib-
uted to the partial oxidation of Zr and the subsequent
depletion of ZrO, from the alloy system during arc
melting.

X-Ray Diffraction. Sample A contains Tce »sZr as the
only phase, which crystallizes in the space group 143m.
The crystal structure of Tcg »5Zr was refined on the basis
of the structure description of o-Mn.?! In the “TcgZr”
unit cell, the Zr atoms occupy the 8c positions, while Tc
is expected to occupy two different 24g positions and one
2a position to account for the stoichiometry. The result-
ing stoichiometry is TcgsZr if all positions (Wyckoff
notation 2a, 8c, 24g, 24g) are fully occupied. This is
obviously realized for the phase boundary with the
highest Tc content, as found by EPMA analysis (i.e.,
Tce437Zr). The TceZr phase has a rather broad che-
mical stability field and reaches from Tcg »5Zr (highest
Tc content) to TcygZr (lowest Tc content) and can be
explained by the site occupancy of the 2a position. If the
2a position is fully occupied by Tc, a stoichiometry of
Tce.o5Zr occurs. If the 2a position remains unoccupied,
the phase stoichiometry is TceZr. Finally, if the 2a
position is fully occupied by Zr, a TcygZr phase is
observed. For the TcgZr-type phase, the stoichiometries
of the lowest Tc content (i.e., Tcy gZr) and the highest Tc
content (i.e., Tcgrs5Zr) deduced from XRD and site

(21) Kunitomi, N; Yamada, T.; Nakai, Y.; Fujii, Y. gttt 1969,
40, 1265-1269.

occupancy consideration are consistent with the results
from EPMA (i.e., TC4.58(27)ZI' and T06_24(37)Zr). For
further clarity, these phases will be called Tcy gZr and
TcgosZr. Using Rietveld structural refinement, the iso-
typy of Tcg 25Zr with a-Mn is confirmed, and the profile
fit of the diffracted intensities provides low refinement
residuals (Rwp) near 7.3%. The lattice parameter was
refined to a = 9.6104(2) A.

Sample B contains the Laves phase Tc,Zr, which
crystallizes in the MgZn, structure type, and the “TcgZr”
type phase with the lowest Tc solubility (Tcy gZr). Besides
the “Tc,Zr” and “Tcy 3Zr” phases, the presence of a -Zr
phase (Im3m, 0.1% in weight) as a nonequilibrium phase
(lattice parameter a = 3.223(4) A) was found. Starting
with the structure of MgZn,, the Rietveld refinement of
Tc,Zr (Figure 2) was performed, and the atomic coordi-
nates are presented in the Supporting Information. The
lattice parameter of Tc,Zr could be refined to high
precision (a = 5.2160(2) A ¢ =8 6345(3) A, unit cell
volume V' = 203.4491 A3) consistent with the pubhshed
data of V' = 204.16 A>

For the TcgZr-type phase in sample B (i.e., Tcy gZr), the
lattice parameter found by Rietveld refinement (i.e.,
a = 9.751(2) A) is significantly larger than the one
determined for_the Tcg,sZr phase in sample A (ie.,
a = 9.6104(2) A). Isomorphic substitution of Tc by Zr
in the 2a Wyckoff position of the a-Mn structure type has
a strong impact on the unit cell dimensions. The lattice
parameter of the “TcgZr” phase enlarges by approxi-
mately 1 pm for every 10% substitution of Tc by Zr on
the 2a position.

From the previous results, it is concluded that the
stoichiometry of the TceZr-type phases can be explained
by substitution of Tc atoms by Zr atoms at the 2a
structural position to allow a rather broad phase stability
field of Tcgos—Zr (0 < x < 1.45). The substitution
accompanies an increase in the lattice parameter from
9. 6104(2) A for x = 0 to 9.751(2) A for x = 1.45. In
comparison, the value found by Darby et al. for Tce ¢Zr
(x =0.25)is9. 637(1)A " A similar behavior was observed
in the Re—Zr system, where the phase Re4 3Zr (0.-Mn) has
a variable composition (80.6% Re and 82% Re) and a
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Figure 2. X-ray diffraction patterns of sample A (top) and sample B (bottom). In blue represents the experimental pattern, red the calculated pattern, and

the gray at the bottom is the difference.

decrease of the lattice parameter is noted w (i.e., 9.626 and
9.693 A, respectively).??

Transmission Electron Microscopy. The TEM analysis
was performed on sample A in order to further investigate
its crystallographic structure. HRTEM images (Figure 3a,b)
and selected area electron diffraction (SAD) patterns
(Figure 3c,d) were obtained at two different regions of
the particle. The SAD patterns resemble the diffraction
patterns of the a-Mn-type crystal structure in [101] and
[100] zone axes, which confirm the crystallographic struc-
ture of the sample (see the X-Ray Diffraction section).
The lattice fringes of the HRTEM and the corresponding
FFT micrographs are also characteristic of the o-Mn
structure type.

First-Principles Calculations. Both model Tcg 5Zr and
Tcy sZr phases structurally relaxed with DFT have cubic
crystal lattices with the a-Mn type and belong to the /43m
space group (Figure 4). The calculated lattice parameters

(22) Savitskii, E. M.; Tylkina, M. A.; Tsyganova, I. A.
1959, 7, 231-234.

for the relaxed cubic unit cells are a = 9.99 A for TcygZr
and a = 9.93 A for Tcg»sZr, in fair agreement with the
experimental values of a = 9.7494 A and a = 9.60989 A,
respectively. This is consistent with the well-known fact
that GGA functionals tend to overestimate bond lengths.

The model Tc,Zr structure relaxed with DFT has a
hexagonal crystal lattice with a MgZn,-type structure
(Figure 4) and belongs to the P63/mmc space group. In
Tc,Zr, Zr occupies the 4f position of Mg, while Tc
occupies all 2a and 6h positions of Zn. Lattice parameters
for the relaxed hexagonal unitcell of Tc,Zrarea = 5.33 A
and ¢ = 8.80 A (¢/a = 1.65), compared to the experi-
mental values of ¢ = 5.21611 A and ¢ = 8.63468 A (¢c/a =
1.65539). For all of the phases, the calculated interatomic
distances (Table 1) show good agreement with X-ray
diffraction data.

Figure 5 displays the band structure and the corre-
sponding total and projected densities of states (DOS) of
TcoZr calculated using DFT. The band structures and
DOS of TcygZr and Tcg,5Zr are presented as Support-
ing Information. All three compounds exhibit similar
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characteristics, that is, a clear metallic behavior, with
both valence and conduction bands dominated by 4d-
orbital contributions from Tc and Zr atoms (Zr, [Kr]-
4d*5s%; Tc, [K1]4d’5s?), while s and p characters play only
minor roles. Some degree of s—p and p—d hybridization

[100]

51/nm

Figure 3. HRTEM images of sample A in different beam directions (bd)
and SAD patterns in the same zone axes: (a) HRTEM image in [101] bd;
(b) HRTEM in [100] bd; (c) SAD in [101] zone; (d) SAD in [100] zone.
Insetsina and b are the FFT micrographs. The insetin d is the TEM BF of
the particle used to obtain SAD patterns in ¢ and d.
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appears in the valence and conduction bands. The calcu-
lated total electron densities of state at the Fermi surface
are 72.3 and 85.6 states/eV for TcygZr and Tcg»sZr (58
atoms/cell), respectively, and 12.5 states/eV for Tc,Zr (12
atoms/cell). The high density of state near the Fermi level
found for Tcg »5Zr is most likely due to the availability of
a larger number of 4d electrons in Tc-rich alloys com-
pared with Zr-rich systems, in a class of Tc—Zr alloys
dominated by d-orbital character.

Figures 6 and 7 show the highest occupied molecular
orbital (HOMO) of the TcyZr, TcygZr, and TcersZr
structures. Consistent with the DOS shown above, the
HOMO of all three structures is dominated by 4d orbitals.

Table 1. Interatomic Distances from XRD Crystallographic Data and DFT
Calculations for the Different Tc—Zr Phases

distances (A)
phase bonds XRD DFT

Tce2sZr Tc2—Tc3 2.532 2.60
Tce3—Tc3 2.496, 2.603 2.58,2.69
Zr1—Tc2 2.756 2.86
Tce—Zrl 3.019 3.13

TeygZr Tc2—Tc3 2.550 2.60
Tc3—Tc3 2.529,2.655 2.59,2.72
Zr1—=Tc2 2.780 2.86
Zr—Z7Zrl 3.131 3.22

TeyZr Tcl—Tc2 2.653 2.70
Tc2—Tc2 2.546 2.60
Zrl1—Zrl 3.214 3.27

Figure 4. Stercographic view of the unit cells of Tc,Zr (left), Tcy gZr (middle), and Tcg 55 Zr (right).
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Figure 5. Band structure (left) and total and projected density of states of Tc,Zr. The Fermi energy is set to zero.
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Figure 6. Electronic charge density projected onto the (110) plane (left;
in units of e/A%) and highest occupied molecular orbital (right; fixed
isovalue of 0.03 ¢/A%) of Tc,Zr.

Figure 7. Highest occupied molecular orbital (fixed isovalue of 0.03¢/A%)
of TcygZr (left) and TcgsZr (right).

Table 2. Atomic Charges Calculated Using DFT with Hirshfeld Partitioning of
the Electron Density for the Various Phases of the Tc—Zr System

phase atoms (charges in e)
TeyZr Zr1(+0.18), Tc1(—0.09), Tc2(—0.09)
Tceyg”Zr Zr(0.17), Zr1(0.17), Tc2(—0.01), Tc3(—0.06)

TC6,ZSZr

As shown in Figure 6, the HOMO of Tc¢,Zr is composed
of d—d o bonds, oriented along the normal axis of the
(110) plane and linking the Zr network to the Tc frame-
work, as well as of d—d bonds stabilizing the Tc frame-
work. This contrasts with the HOMO of the Tcy gZr and
Tceos5Zr phases where only Tc 4d orbitals contribute
significantly (Figure 7). The projected electronic charge
density for the Tc,Zr cell displayed in Figure 6 shows a
continuous electronic distribution along Tcl1—Tc2 bonds,
while the interactions between Tcl/Tc2 atoms and Zr
atoms appear relatively limited in the (100) plane. Atomic
charges calculated using the Hirshfeld partitioning of the
electron density are presented in Table 2 for all of the
phases. No significant variations of the atomic charges
are observed for the different stoichiometries considered.
The calculated charges are 0.17—0.18¢ on Zr atoms, while
those determined for the Tc atoms vary slightly from
—0.09¢ to +0.03¢, depending on the local environment.

Zr1 (+0.18), Te2(—0.01), Te3(=0.05), Te(+0.03)

Poineau et al.

Conclusion

Technetium—zirconium alloys with approximate stoichio-
metry TcegZr (sample A) and Tc,Zr (sample B) were synthe-
sized and structurally characterized. For sample A, a
stoichiometry of Tcg,sZr was found, and the lattice para-
meters and atomic coordinates were accurately refined. For
sample B, results indicate equilibrium between Tc,Zr and
Tcyg0Zr phases. The XRD results on the Tc,Zr phase are in
good agreement with the literature, and atomic coordinates
were successfully extracted. Concerning the phase TcygoZr,
the XRD data indicate that it belongs to the a-Mn-type
structure with a lattice parameter larger than Tcg »5Zr. When
results from samples A and B were combined, it was con-
cluded that the “TcgZr” phase has a variable composition,
with stoichiometries ranging from Tcg »sZr to Tcy goZr. The
lattice parameter increases when moving from Tcg,s5Zr to
TcygoZr. An analogous phenomenon has been observed in
the Re—Zr system, where the lattice parameter of Re,sZr,
increases with the Zr content. This variation of the composi-
tion of the “TceZr” phase was explained by the substitution
of Tc atoms by Zr in the 2a site in the a-Mn-type structure.
These results indicate that the width of the “TceZr” phase
needs to be included when constructing the Tc—Zr phase
diagram.

The structural parameters experimentally found were
successfully confirmed by first-principles calculations. The
lattice parameter increase calculated by DFT when decreas-
ing the Tc content from Tcg 55Zr to Tcy gZr was found to be in
good agreement with the experimentally measured values.
For all phases, electronic structure calculations indicate that
valence and conduction bands near the Fermi level are
dominated by the 4d orbitals. In particular, the highest-lying
molecular orbitals of the valence band of Tc,Zr are composed
of d—d o bonds, oriented along the normal axis of the (110)
plane and linking the Zr network to the Tc framework, as well
as of d—d bonds stabilizing the Tc framework. This contrasts
with the TcygZr and Tcg»s5Zr structures where only Tc 4d
orbitals significantly contribute near the Fermi level. To
further elucidate the Tc—Zr phase diagram, work on the
synthesis and characterization of Tc—Zr (Zr > 50 atom %) is
in progress, and results will be reported in due course.
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