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Temary (Mo-Ru-Pd) and binary (Mo-Ru. Mo-Pd) alloys have been prepared using an Ar arc melting fumace.
Mo and the noble metals. Ru and Pd. are the constituents of metallic insoluble residues. which were found in
the early days of post-irradiation studies on uraniwm oxide fuels. In the present study. the structure of the alloys
was evaluated using a powder X-ray diffractometer. Unit cell parameters were determined by least squares re-
finements of powder X-ray diffraction data. Scanning electron microscopic analyses of the surface of the allovs
indicated that surface morphology was dependent on the crystallographic structure as well as its composition.
Measurements of the magnetic susceptibility of the alloys showed evidence of superconducting transition from
3 t0 9.2 K. Among the ternary and binary alloys. the o-phase showed the highest superconducting transition

temperature, ~9.2 K.

Introduction

White metallic inclusions composed of the noble metals
(ruthenium. rhodium and palladiumy). technetium and moly-
bdenum are formed in nuclear fuel during irradiation.! Struc-
tural information as well as data on the physical. chemical
and thermodynamic properties of these metallic inclusions
are of great importance due to their insolubility in UQO- This
knowledge can be critical in the case of an accident involv-
ing a nuclear power reactor or in the case of dissolution in
the recovery and separation processing of spent nuclear fuel.

Since molybdenum. ruthenium and palladium are fission
products with the major vields. these three metals can be
representative of the fission-produced metallic inclusions.
Investigations on the constitution and thermodynamics of
the ternary system have been carried out in wide temperature
ranges by many researchers ~~ Phase studies on the pseudo-
ternary system (Mo-Ru-Rhe :Pdas) at 1700 °C performed by
Kleykamp ef a/ revealed the existence of extended four
mono-phases (hep & fee @ bee . tetragonal ©). five two-
phases (B+¢& S+ 0. o+ ¢& o+ eand @+ L) and one three-
phase (8+ &+ 0).-'* However. the hexagonal close-packed
(hep) € phase identified in the insoluble residue derived from
simulated nuclear fuel after dissolution with HNO3 appears
in the corresponding ternary sections in a broad concentra-
tion range. ™’

One of the hexagonal close packed ¢ phases identified in
the insoluble residue by single crystal diffraction measure-
ments was Mo-Tc-Ru-Pd (36 : 20 : 34 : 10). and its lattice
parameters (5.G.=P6s/mme, a=273£0.02. ¢ =444£0.04
A) were reported by Bramman ef a/'¥ A ¢ -phase in the ter-
nary Mo-Ru-Pd system was reported to exist in a very nar-
row range. MosRus or MouesRuesr is one of the known
compositions with tetragonal symmetry (S.G.=P4~/mnm. a
=9.3563 and ¢ = 4.936 A)” However. the physical properties
of this o-phase have not yet been reported. A -phase in the

ternary Mo-Ru-Pd system has a body-centered cubic struc-
ture, which is isostructural with Mo (S.G=Im3m. a=3.1472
A)." Vapor pressures. chemical activities and activity coeffi-
cients of the Mo-Ru-Pd alloys were determined by Matsui
and Naito. since these properties are important factors in the
recovery and separation processing of spent nuclear fuel
However, no spectroscopic and electromagnetic properties
on the ternary allovs have been reported in detail since they
were first discovered in the 1960°s.

In our previous report. X-ray photoelectron spectroscopic
analyses of the quaternary alloyvs of Mo-Ru-Rh-Pd with a
hep structure were carried out to investigate the chemical
states of the constituent elements in the alloys. The core
level binding energy of Pd 3ds» and 3ds» increased by 0.5-
0.9 eV for the quaternary allovs with a hep structure (g-
phase). even though Pauling’s electronegativity of Pd is
greater than that for Mo. This increase was due to a final
state effect. a kind of charge redistribution when chemical
bonding occurs between Pd and Mo."! Furthermore. we
observed no discernable shift of Ru 3d and Rh 3d binding
energies in the (uaternary allovs. We also reported the
results of the magnetic susceptibility measurements of the
quaternary allovs. MoswRwoRhyoPdys. and MosgRuzxoRhysPds.
in which evidence of superconducting transition was observed
at 3 and 5 K. respectively.’- When the elemental Mo content
was less than ~30% in the & -phase region of Mo-Ru-Rh-Pd.
no superconducting transition was observed above 2 K.
However, the superconducting transition was not studied in
detail over the different structural regions.

In the present work, we extend our superconductivity stud-
ies in novel metal-containing alloys to the ternary Mo-Ru-Pd
svstem and discuss the relationship between superconduct-
ing properties and their crystal structures. We prepared sev-
eral temary and binary alloys with & ¢ and f structure and
measured the superconducting transition temperatures (T.) at
low temperatures. The results of the scanning electron micro-
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scopic analvsis and energy-dispersive x-ray analysis are also
reported here.

Experimental Section

The ternary and binary allovs were prepared using an Ar
arc melting furnace (Ace Vacuum, Korea). The stoichiomet-
ric powdered mixture of Mo (Aldrich, 99.95%). Ru (Ald-
rich. 99.9%) and Pd (Aldrich. 99.9+%) was pelletized and
melted completely three tunes by turming it upside down in
the arc furnace.

An electron probe microanalvzer (EPMA, JEOL JTXA-
8600) was used to study the microstructure and composition
of the allovs. Scanning electron microscopic (SEM) images
of the top surface of alloy buttons were obtained. The energy
dispersive x-ray (EDX) spectra were analvzed to determine
the composition of the alloy.

The powder x-rav diffraction (Siemens D3000) patterns
were recorded 1n the 26 range of 13-90° with an internal
standard Pt. The platinum wire on the alloy was pressed flat
together i a hvdraulic press. The unit cell parameters of the
allovs were obtained bv least squares refinements of the
powder x-ray diffraction (XRD) data.

The magnetic susceptibility of the alloys was measured
with an applied magnetic field of 1000 G in the temperature
range of 2-300 K using a SQUID magnetometer (Quantum
Design). A 70-150 mg pellet of the alloy was used for the
measurements. Both zero-field cooled and field cooled mea-
surements were carried out to test the superconducting tran-
sitions at low temperatures.

Results and Discussion

The chemical properties of Tc and Ru are considered to be
similar, since both Tc and Ru possess the same hep structure
and are completely nuscible. This is true for both Rh and Pd
and they have the same face-centered cubic (fec) structure.
The ternary Mo-Ru-Pd alloy svstem. therefore. was used
instead of the Mo-Tc-Ru-Rh-Pd alloy in this study.

The termnary allovs of Mo-Ru-Pd (40:30:30, 40:40:20,
40:50:10. 50:20:30, 50:40:10, 57:38:5, 61:37:2) and the
bmary allovs of Mo-Ru (50:30, 56:44, 62.5:37.5. 90:10) and
Mo-Pd (75:25. 30:50. 60:40) were prepared successfully
using an Ar arc melting fumace. The EDX analyses on sev-
eral locations on the quaternary allovs resulted in coniposi-
tions sunilar to the charged amount within an experimental
error 6-10%. (Table 1) Most of the elemental content of Mo.
Ru and Pd matched well with the charged amount. The
determunation of the exact composition of the products using
wet methods was not performed again, since almost the
same results were niore or less obtained with EDX and ICP-
AES composition analvses of the quaternary allovs Mo-Ru-
Rh-Pd in the previous studies.”

The powder XRD measurements of the ternary and binary
alloys also indicated the successful preparation of the hexa-
gonal close packed & -phase, ¢ -phase and f -phase in the
phase diagram of Mo-Ru-Pd at 1700 °C. (Figure 1) The
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Table 1. Compositions of the temary and binary allovs from the
analyses of Energy Dispersive X-ray spectra

No. Composition Mo (%) Ru (%) Pd (%)
1 MO4oRll3oPd3o 436 232 332
2 MoscRuyePdag 41.9 39 19.1
3 MO_;oRllsoPd]o 41.5 473 11.2
4 MOsoRll'_roPdm 52.4 21.0 266
5 MoscRuyePdig 50.3 399 9.8
6 Mos-RuasPds 55.3 40.0 4.7
7 Mo Rus-Pd. 59.1 374 35
8 MoscRusg 48.1 51.9 -
9 MosaRuyy 59. 41.0 -
10 MOE.]_jRU}T_j 622 378 -
11 MoscRuig 89.2 10.8 -
12 Mo-=sPdas 744 - 25.6
13 MoscPdsg 48.8 - 512
14 MosPdsg 59.6 - 40.4

powder XRD studies of the ¢ -phase were similar to those
that resulted from the same hexagonal symmetry m the £ -
phase. known as sphencal white nclusions imbedded m the
spent nuclear fuels from types such as Pressurized Water
Reactors (PWR) and Fast Breeder Reactors (FER).'*! All
the peaks in the powder XRD patterns of Moy RugPd-,
MoyiRuasPds; and MoygRusPdy, were successfully indexed
based on the previously reported XRD data (S.G.=P6s/
mme, a=~2.76 A. ¢ = ~4.44 A). (Figure la) As the Ru con-
tent mcreased in Mo-Ru-Pd from 30 to 50%. the unit cell
parameters a and ¢ decreased from 2.766 to 2.757 A and
from 4.448 to 4.427 A. respectively. On the other hand. as
the Mo content in the Mo-Ru-Pd increased, the unit cell
parameters a and ¢ increased as in the quaterary alloys Mo-
Ru-Rh-Pd. These results were consistent with that of the
quaternary alloys. Mo-Ru-Rh-Pd with an hep structure.

For the o -phase, we found that the tetragonal ¢ -phase
was mostly formed, but usually accompanied with a minor
phase of the hexagonal ¢ -phase. A peak at 42.8° was typical
of the overlapped peak of (212) and (411) diffractions of the
o -phase and the strongest (101) diffraction of the & -phase.
The least squares refinements were tried for the determina-
tion of the unit cell parameters of Mog» sRuazs based on the
space group. P4-mmm, which resulted in the unit parameters
a=9.560(4) A and ¢ =4.901(5) A. The determined ¢ value
was somewhat smaller than the previously reported value, ¢
= 4936 A, However, an arrowed peak at 40.5° was not
indexable. It seemed to be due to an unidentified phase.

For the f3-phase, all the peaks were very well indexed
based on the body-centered cubic symmetry (S.G. = Im3m).
(Figure l¢) As some of the Mo was replaced by smaller Ru
in the 3 -phase region. all the peaks were shifted to larger 26
regions. The a unit cell parameter of Mos,Ruy, decreased to
3.1365(4) A from 3.1472 A of pure Mo.

For the mixed phase of ¢ and ¢ (for example. Mos;RusyPdag
mm Figure 1d), a major phase was definitely the ¢ -phase. It
was hard to find strong diffraction peaks from the ¢ -phase
structure. though SEM images of the mixed phase were dif-
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Figure 1. Powder X-rav diffraction patterns of temary and bmary alloys in Mo-Ru-Pd. a. g-phase (40:30:30). b. a-phase (62.5:37.5:0). ¢,

B-phase (20:10:0), d. £ and ¢-phase mixture (30:20:30)

Table 2. Unit cell parameters of temary and binary allovs in Mo-
Ru-Pd

Space a(A)
group

1 MogwRuxwPdy PO/mme 2.766(1) 4.448(2) 29.47(1)
2 MoypRuyPdx Pomme 2.761¢1) 4.429(3) 29.23(3)
3 MogwRusePdip Poa/mme 2.757(1) 4.427(2) 29.15(2)
10 MowsRus=s  Pdomnm 9.560(4) 4.901(5) 447.9(4)
Il MoagRuyp Im3m  3.1365(4) 30.85(1)

No. Composition c(A) V(A Remark

= O momo,m

ferent from those of the £ and ¢ -phases.

The unit cell parameters a and ¢ of the &. ¢ and S phases
were obtained by the least squares refinements based on the
previously determined space groups. (Table 2)

Scanning electron microscopy (SEM) measurements on
the surface of the allovs showed different surface micro-
structures, depending on the composition and structure type.
(Figure 2) The surface structure of allovs has been known to
be closely related to their crvstallographic structure and the
synthetic condition. In this case. the surface morphology of
the top surface seems to be directly related to the cryvstallo-
graphic structure. For the hep € -phase region m the phase
diagram of Mo-Ru-Pd, all the ternary allovs with the hep
structure showed similar surface morphology. that is. rows
of round protrusions. There were also lots of voids devel-
oped upon crystallization during cooling. (Figure 2a and 2b
for MosoRuyPd+; and MoysRussPdse) The o+ & region
looked like a sunflower. (Figure 2¢ and 3d for Mos,RuaPdag
and Mos;RusPd;;) The change in surface morphology of the

£-phase seemed to vary with small changes in amount of the
o-phase n the alloy. SEM 1mages of the € and ¢ + gregions
were rather close to each other. indicating complete miscibil-
ity between the hexagonal &-phase and the mtermediate
mixed phase of the o+ & On the other hand, the ¢ -phase
did not show any big void or protrusion. but only a relatively
smoother surface with a shallow pattern. (Figure 2e for
Moy sRuazs) This surface pattern was unique to the o-
phase. The f3-phase showed quite a different surface mor-
phology from the ¢ -phase and ¢ -phase. It showed a row of
long ndge n part. These different patterns observed on the
top surface of the allov indicated the different structures,
respectively. However. special patterns or voids were not
observed on the side surface of the alloy buttons.

Single crystal growing experiments have been carned out
several times. using CaCl- flux. However, they failed to grow
single crystals of the ternary alloys (Mo-Ru-Pd), except Mo
single cryvstals. In fact, it was difficult to obtain single crys-
tals of the alloys, using an Ar arc melting furmace. The pow-
der XRD data of the alloys could not be applied to Rietveld
analysis to get an atomic position parameter (fractional coor-
dinate) due to their broad peak shapes.

The results of the magnetic susceptibility measurements of
the temmary and binary alloys in Mo-Ru-Pd showed evidence
of a superconducting transition at 3-9.2 K (Figure 3 and 4).
Among the temary and binary alloys. the ¢ -phase showed a
strong diamagnetism below the superconducting transition.
(Figure 3) The ¢ -phase also showed a shamper transition
than the £ - and S -phases. The mixed ¢+ £ phase showed a
medium diamagnetism and a relatively sharper transition.
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Figure 2. SEM images of the top surface of ternary and binary alloys in Mo-Ru-Pd. a and b are e-phases, ¢ and d are a mixture of the - and
o-phases, e is the g-phase and f is the B-phase. (a. 40:40:20; b. 40:30:30; c. 50:20:30; d. 50:40:10: e. 62.5:37.5:0: f. 90:10:0)

These results indicate that the ¢ -phase is the phase most
responsible for the superconducting transition in this phase
region near the ¢ -phase. The formation and wniqueness of
¢ -phase were indeed confirmed by powder XRD and SEM
images of the surface morphology.

Most of the ternary and binary compositions in the @, &
octe Bro+e Bt+e B and L+e phase regions also
showed evidence of a superconducting transition. (Figure 4)
However, some compositions i the £ phase region did not
show any evidence of a superconducting transition when the
elemental Mo content was less than ~30%. (In Figure 4.
asterisk marks denote the absence of a superconducting tran-
sition above 2K) The absence of superconductivity n the ¢ -
phase region when the Mo content was less than ~30% was
consistent with the results of superconductivity measure-
ments in the quaternary allovs, Mo-Ru-Rh-Pd. -

Among the Mo-rich region (> ~40%) in the phase diagram
of Mo-Ru-Pd. the highest superconducting transition tem-
peratures were. mnterestingly. observed in the ¢ -phase region.

The ¢-phase (Mo sRusrs and MogRussPds) showed the
highest superconducting transition temperature ~9.2 K. This
1s a mteresting and newly discovered result. since a lot of
effort has been devoted to investigating the superconducting
properties of the many Mo-containing alloys.'” At this
momnient. we do not understand the reason why the highest 7.,
1s observed in and near this ¢ -phase region. since no single
crystal X-ray diffraction data have been reported. Different
from the superconducting ¢ -phase, a superconducting tran-
sition temperature (=9.2 K) was also observed in Mos:Rusg,
which was comparable to the reported values 9.5-10.5 K131
The MossRus; phase has been reported as a mixed phase of
oand ¢ It 1s also noteworthy to compare the superconduct-
Ing transition temperature of the ternary MoyRuywPdz; and
MosiRuxPdsy with those of quatemary Moy RuyRhoPdys
and Mos,RuxRhisPdjs. Both temary and quaternary alloys
showed similar superconducting transition temperatures at
3-3.7K and 3-5.8 K. indicating that the amount of Rh did
not play an important role. A further confirmation on the
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Figure 3. Magnetic susceptibilities of temary and bmary allovs m Mo-Pu-Pd, showing superconducting transitions at 4-9.2 K.

superconducting transition in these phases should be fol-
lowed by electrical resistivity measurements at low tempera-
tures. Above the superconducting transition temperatures, all
the allovs showed a tvpical Pauli-paramagnetic behavior.

Conclusion

Several superconducting ternary and binary alloys of Mo-

Ru-Pd were prepared using an Ar arc melting furnace. A ¢ -
phase (M053_5R113?_5 and MOlelg?Pdg) as well as MO_mRu_aU
showed the lughest superconducting transition temperatures
at 9-9.2 K. When the elemental Mo content was less than
~30% mn the ¢ -phase region. there was no superconducting
transition observed above 2 K. which was similar to those of
the quaternary alloys Mo-Ru-Rh-Pd. Most of the other
binary and termary compositions showed superconducting
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1y 40.30.30 {3.2K)
2) 40.40 20 (3.7K)
3) 4050 0 (4 TK)
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20162 537 50 (& 2K)
1) 9010 0 (4 5K;
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“4) B0:0:40 (4.3K;

20 S 40 60 80 Ru

Figure 4. Superconducting composition in the phase diagram of
temary and binary allov (Mo-Ru-Pd), 1700 °C. The asterisk marks
denote the absence of superconductivity above 2 K.

transitions at 3-8.5 K. Measurements of the SEM images of
the top surface of the alloy buttons confirmed that the sur-
face morphologies were very closely related to structure
tvpe, as well as the composition in these ternary alloy sys-
tems. Above the transition temperature. they showed a typi-
cal Pauli-paramagnetic behavior,
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