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Graphical abstract:

The phase relations in the ternary U-Nb-Al system were investigated by both experimental
and modeling studies revealing a close agreement for the isothermal sections at 900K and
1200 K. The formation of the two ternary phases, UNb,Al,q and UgNbsAl;3 was determined
according to the peritectic reactions: NbAls + UAlz + L & UgNbsAls3 and NbAls + UgNbAlss + L
- UNb>Alyg. , occurring at 1262(5) K and at 1200(5) K respectively. Both compounds present
typical cage like-structure. In the case of UgNb4Al3, adjacent cages allow the formation of U-
U dimeric infinite zig-zag chains which may be responsible for its unusual magnetic features.
At low temperature, a composite behavior is observed, showing both long-range and short-
range orderings.
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Abstract: The phase relations in the ternary U-Nb-Al system were established for the whole
concentration range for 900 K and 1200 K. They were derived from quenched samples
annealed at 900 K for three months and at 1200 K for two months by using x-ray powder
diffraction, scanning electron microscopy and energy dispersive spectroscopic analyses. The
formation of the two ternary phases, UNb,Al,o and UgNbsAls3 was confirmed. Both phases
form by peritectic reaction, at 1200(5) K and at 1262(5) K for UNb,Al,o and UgNbsAls3
respectively. Single-crystal structure refinements confirmed that UNb,Al, adopts the
CeCr,Alyo type (cubic, Fd3m) and that UgNbsAlss crystallizes with the HogMosAl; type
(hexagonal, P63/mcm). The isothermal sections are characterized by (i) the extended
homogeneity ranges due to mutual exchange between U and Nb and between Nb and Al in
the bcc-phases (YU and Nb), at 1200 K, and (ii) a substantial ternary extension with limits of
about 6(1) to 10(1) at.% U at 900K and 1200K respectively, of the o-phase (NbAl,
tetragonal). The modeling of these isothermal sections was carried out by the Calphad
method. The liquidus projection and the invariant reactions along with their corresponding
temperatures were calculated using our optimized database. The electronic properties of
both intermediate compounds were measured by means of dc-susceptibility, specific heat
and resistivity measurements in the temperature range 2-300K, revealing for UNb,Al,, an
enhanced Pauli paramagnet and complex magnetic features for UgNbjAls;z at low
temperature. For the latter compound a composite behavior involving long-and short-range
orderings, resulting from intra and inter U dimeric chains along the c-axis is suspected below
12 K.

Keywords : Keywords : A-actinide alloys and compounds; B-rapid-solidification, quenching;
C-electronic properties; C-heavy fermions; D-thermodynamic modeling; D-X-ray diffraction.



1. Introduction:

The U-Nb system has been widely studied due to remarkable physical properties and
transformation mechanisms (diffusion and diffusion-less ones) of its alloys. Depending on
both the cooling rates and the Nb-content, the various metallurgical states obtained exhibit
rather opposite mechanical properties and corrosion behaviors [1-6]. Slowly cooled samples
with low Nb-content display weak corrosion resistance and mechanical properties associated
to a two-phase microstructure composed of grains of oU based phase (denoted o and o,
orthorhombic and monoclinic) and of distorted YU based phase (denoted yo, tetragonal).
Conversely, samples with higher Nb content of about 20 at. %, quenched with high cooling
rates, exhibit a homogenized microstructure composed of grains of the cubic y(U,Nb) phase
which show improved corrosion resistance and high ductility. Considering that this second
type of alloys still possesses a high U density and that Nb has a low neutron absorption
cross-section, these y(U,Nb) alloys are of interest for nuclear applications, mainly as nuclear
metallic fuel.

Indeed, within the framework of the Reduced Enrichment Research and Test Reactor
(RERTR) international program which focusses on the development of a U-dense fissile
material stable under severe irradiation conditions, the U-Nb based alloys can be seen to
have some interest for Al-dispersion fuel-plates. In these dispersed fuels, the fissile material
is embedded in an Al-matrix and then cladded by Al foils in order to form a thin fuel plate. In
this respect, the phase equilibria and compatibility within the ternary U-Nb-Al system can
provide valuable information for the fabrication process and the in-pile behavior. To reach
this goal, the assessment of the ternary U-Nb-Al phase diagram will establish the formation
and thermal stability of the intermediate phases. Up to now, no ternary phase relation is

reported for the U-Nb-Al ternary system.

The present article summarizes our study of the U-Nb-Al ternary system which is based on
a combined approach to the experimental assessment of the isothermal sections at 900 K
and 1200 K with their thermodynamic modeling by the CALPHAD method. The assessed
thermodynamic database was further used to calculate the liquidus projection and the
invariant reactions along with their temperature. The two intermediate phases, UNb,Alyg
and UgNbAls3, which were recognized to crystallize with the CeCr,Al,p and HogMo,Al43

structure-types, respectively [7, 8], are typical cage-like compounds. In such a structure,



where magnetic ions are located at the center of the cages, various interesting electronic
phenomena are observed, like unconventional superconductivity, as identified in UBey3 [9]
more than thirty years ago. Therefore, these two U-Nb-Al ternary compounds were further
characterized. Their crystal structure was refined from single crystal x-ray diffraction data,
their formation mode was assessed and some of their electronic properties were measured

by means of dc-magnetic susceptibility, electrical resistivity and specific heat experiments.

2. Experimental section:

The polycrystalline samples have been prepared by melting the elemental components in
an arc-furnace. The samples, placed in alumina crucibles, were introduced and sealed in
evacuated silica tubes under a residual atmosphere of argon. The reaction tubes were
annealed at 1200 K for two months or at 900 K for three months and then quenched to room
temperature. Alternative heat-treatments were carried out on selected samples, in a high-
frequency furnace under low Ar-pressure. The arc-melted ingots were placed into a copper
cold-crucible for annealing in the temperature range 1473-1673 K, with dwell periods of

about 6 hours.

Each bulk sample was analyzed by powder X-Ray Diffraction (XRD) collected at room
temperature using a Bruker AXS D8 Advance diffractometer (6-20 Bragg-Brentano geometry,
monochromatized Cu Ko, radiation, 1=1.5406 A), equipped with a LynxEye fast detector. The
experimental diffraction patterns were compared to those calculated from known structure
types using the PowderCell software [10]. Besides the profile parameters of the x-ray
powder patterns, lattice and atomic parameters were refined with the help of the Le Bail

and Rietveld methods, respectively, implemented in the FullProf suite [11].

The microstructure of the samples was examined on polished surfaces using a Jeol JSM
7100F Scanning Electron Microscope (SEM) equipped with a Silicon Drift Detector (SDD) - X-
Max 50 from Oxford Instrument employed for the elemental analysis of the various phases.
Elemental compositions obtained by Energy Dispersive Spectroscopy (EDS), were corrected
by using U, Nb and Al metals and binary compounds with point composition or minute
homogeneity range, such as UAls, UAl, and NbAIls, as external standards to derive semi-

guantitative data. The presented figures were obtained by averaging the values of at least



three areas on the same phase in different regions of the samples. An estimated deviation

from the mean value is about 1.0 at.% (+ 0.5 at. % absolute error).

Differential Thermal Analysis (DTA) was performed on a Setaram LabSys 1600 apparatus,
calibrated using the phase transitions and melting temperatures of different pure metals (Al,
Cu, Fe). The measurements, carried out in alumina crucibles, were performed up/down

to/from 1873 K at a heating/cooling rate of 5 K min™}, under a 5 N purity argon flow.

Small single crystals suitable for crystal structure determination were picked up from the
heat-treated samples. The diffraction intensities were collected at room temperature on a
Nonius Kappa CCD four-circle diffractometer working with Mo Ko radiation (A = 0.71073 A).
The integration and reduction of redundant reflections of the different data sets as well as
the cell refinements were performed using the SADABS software [12]. Structural models
were determined by direct methods using SIR-97 [13]. All the structure refinements and
Fourier syntheses were made with the help of SHELXL-13 [14]. The atomic positions have

been standardized using STRUCTURE TIDY [15].

The magnetic properties were studied in temperature range 2-300 K and in magnetic
fields up to 5 T using Quantum Design MPMS SQUID magnetometer. The specific heat and
electrical resistivity were measured at temperatures 2-300 K using a Quantum Design PPMS

physical measurement platform.

The thermodynamic modeling using the calculation of phase diagrams by the CALPHAD

method was carried out with the Thermo-Calc software [16].

3. Literature data

The structural as well as some thermodynamic data of the unary and binary phases
relevant to the present study were mostly accepted from the critical assessment of the
binary alloy phase diagrams by Massalski [17] with some recent modifications.

The phase equilibria in the binary U-Al system are described in detail by Kassner et al.
[18]. The phase diagram comprises three intermediate phases, UAl,, UAl; and UAl4. UAI; is
characterized by a congruent melting point at 1893 K, UAl; and UAIl; form by peritectic

reactions at 1623 K and at 1005 K, respectively. The main conflict with more recent results



concerns the latter compound, which forms as a stoichiometric compound without
constitutional defect in the U sublattice, ruling out the existence of two polymorphic forms
due to an order (o form) and a disorder (B form) of the vacancies [19]. The most recent
thermodynamic assessment of the U-Al binary system [20] took into consideration these
changes. In the present work, this latest description is taken into account for the

thermodynamic modeling of the U-Nb-Al system.

The accepted depiction of the U-Nb system arises from the compilation of Koike et al.
[21]. The phase diagram is characterized by a complete solid solution between yU and Nb
above 1250 K. Below this temperature, the y(U,Nb) phase goes through a miscibility gap, yU
+ Nb, for samples containing less than 77 at. % Nb,. The phase separation extends from 13.3
to 70 at. % Nb at 920 K, the temperature below which the YU phase undergoes a peritectoid
decomposition. No stable intermediate phase is reported to form, but a metastable one,
denoted 6-phase, was observed in diffusion couple experiments [22]. This phase is located
on the Nb-rich side of the miscibility gap. At 873 K, its composition is about 78 at. % Nb. The

thermodynamic assessment of the U-Nb system is due to Liu et al. [23].

The Nb-Al system has been extensively studied, revealing a terminal solid solution based
on Nb and three intermediate phases, NbsAl (6-phase), Nb,Al (o-phase) and NbAl; (e-phase).
Jorda et al. [24] reviewed the available literature data on phase relations, the solubility
ranges and the crystallographic data, and completed the description of the phase diagram by
an experimental work on the Nb-rich part. The system was firstly optimized by Kaufman [25]
and Servant & Ansara [26] and more recently by Zhu et al. [27], Witusiewicz et al. [28] and
He et al. [29]. The main differences between these two sets of models lie (i) in the
comprehension of the invariant equilibrium in the Al-rich side and (i/) the description of
Nb,Al (o—-phase). The precise nature of the reaction was experimentally determined as
peritectic [27, 28] and thus included in the recent assessments. The sublattice model
(Al,Nb)1Nb4(Al,Nb)1p which is in better agreement with the crystallographic data, is
recommended for use in ternary systems. The latest assessment [29] has been selected for

our thermodynamic modeling of the U-Nb-Al ternary system.

Table 1 summarizes the main crystallographic data and some miscibilities for the unary
and binary phases bounding the U-Nb-Al system. It should be noted that U and Nb,Al have

the same crystal structure.



Please insert here Table 1
Two U-Nb-Al ternary phases are reported in the literature: UNb,Alyg [6] and UgNbsAl43 [7].
They belong to two large families of isostructural compounds adopting the cubic CeCr,Al5o-
type and the hexagonal HogMosAl43-type, respectively. They were obtained by annealing arc-

melted ingots with the stoichiometric composition at 1073 K for three weeks.

4. Results and discussion.

4.1 Isothermal sections of the U-Nb-Al ternary system.
4.1.1 Description of the experimental phase relations

The experimental phase equilibria of the U-Nb-Al phase diagram at 900 K and 1200 K are
depicted in Figures 1 and 2 respectively. The thick solid lines define the boundaries between
the various fields. The white, dashed line-filled and grey areas correspond to three-phase,
two-phase and single phase fields respectively. They have been constructed from the
combined results of the semi-quantitative and powder x-ray diffraction analyses of samples
covering the whole concentration range which were heat-treated for three months and two
months, for the isotherms at 900 K and 1200 K, respectively, before being water-quenched.
Selected samples defining two-phase fields and three-phase fields are compiled in Table 2
and 3, for both respective isotherms. The description of the isothermal sections is divided
into three parts corresponding to (i) the solubility ranges in the unary and binary phases, (ii)

the Al-poor and (iii) the Al-rich regions with a border at 75 at. % Al.
Please insert here Figure 1 and Figure 2

Please insert here Table 2 and Table 3

4.1.2 Solubilities in the unary and binary phases at 900 K and 1200 K.

Most of the binary phases involved in the U-Nb-Al system were already observed from
arc-melted samples, hindering a proper evaluation of the solubility ranges for the isothermal
sections. Therefore, to appraise the effects of the heat-treatments on the homogeneity
ranges, and especially to evaluate the solubility limits in the vicinity of the Nb,Al phase, SEM-
EDS analyses were compared for selected samples (i) in the as-cast state, (ii) heat-treated in
a high-frequency furnace at 1523 K for 6 hours and (iii) annealed at 1200 K for two months.

Significant effects on the growth of the grain size and the chemical homogenization were



observed for annealing times of two months at 1200 K. As an example the upper Al-content
in the Nb,Al-phase was found to be 42 at. % Al in the as-cast sample, whereas it is only 36 at.
% Al in the sample heat-treated at 1200 K. (Table 4). Despite prolonged annealings of three
months at 900 K for the bulk samples, the grain size for the Nb-rich phases remains quite

small (few um), resulting in enlarged errors of the measured homogeneity ranges.

No solubility above 1 at. % of the other elements was measured in Al at 900 K, and its
liquid extension at 1200 K was not evaluated experimentally. The solubilities of both Al and
U in the Nb solid solution are compared to the values deduced from the previous
investigations [21, 24], with maximum solubilities estimated at about 23 at. % U and 7 at. %
Al at 900 K and at about 38 at. % U and 8 at. % Al at 1200 K. The solubility of Al and Nb in the
allotropic a-forms of U metal was found null at 900 K, whereas they amount to 2.5 at. % Al
and 40 at. % Nb at 1200 K. These homogeneity ranges compare well with the reported
values of the literature (Table 1).

As expected, the following binary phases were found stable at 900 K and/or at 1200 K:
UAl,, UAls, UAl4, NbAls, NbyAl and NbsAl. The solubility of Nb in UAl; and UAl; was found null
at the investigated temperatures (UAl, is only stable at 900 K), whereas a minute solubility
was detected in UAl,. it amounts to 1 and 2.5 at. % Nb at 900 K and 1200 K respectively. A

substitution mechanism involving an Al/Nb exchange is suggested by the EDS analyses.
Please insert here Table 4

Our experimental solubility ranges in the binary Nb-Al system at 1200 K are presented in
Table 4. They are compared to the experimental values of Jorda et al. [21] and the calculated
ones of Zhu et al. [27], Witusiewicz et al. [28] and He et al. [29]. Our values, deduced from
EDS-analyses are consistent with the reported elemental compositions for NbAl; and NbsAl,
but show some discrepancies with most of the literature data for the Nb,Al phase. The
observed shift to higher Al-content is found to be in reasonable agreement with the values
of the recent assessment of He et al. [29] only, justifying the selection of the corresponding
database for the thermodynamic assessment of the U-Nb-Al ternary system. Regarding the U
solubility in the Nb-Al binary phases, no solubility was found in NbAlz at both investigated
temperatures, whereas a minute solubility of about 1 at. % U was assessed for NbsAl at 900
K and 1200 K. Based on EDS analyses the substitution of Nb by U is suspected. In contrast to
NbAl; and NbsAl, Nb,Al has a high U solubility of about 6(1) and 10(1) at. % U at 900 K and



1200 K, respectively. Given that the shape of the ternary extension of the Nb,Al phase was
not easy to determine by EDS analyses owing to a possible double substitution mechanism,
single crystal x-ray diffraction experiments were carried out to ascertain the occupancy rate
of the crystallographic sites. The diffracted intensities were collected at room temperature
on a fragment of a crushed ingot with an initial composition of 10U-60Nb-30AIl heat-treated
at 1473 K for 6 hours in a high frequency furnace. The refinements were carried out in the
tetragonal space group P4,/mnm (no. 136) with an initial structural model based on the
Nb,Al-phase [37]. The distribution of atoms on the Wyckoff sites is three Nb on 8], 8i and 4g
and two Al on 8i and 2a. Refinements with this initial model displayed some deficiency of the
electronic density in the vicinity of the 4g site occupied by the Nb(1) atom, suggesting that
this position is also occupied by U. In subsequent refinements, the occupancy level of the 4g
site converges to an U occupancy around 1/5. Additional cycles of refinement, performed
with Nb/Al mixed occupancy on the Al sites located on the 8i and 2a sites, yielded low
residual electron densities in the Fourier map. The chemical formula deduced from the
single crystal refinement is UgogNb1gsAlg g7 yielding the atomic ratio 3U-65Nb-32Al which
compares well the limit of the three-phase field for a sample with the initial composition
10U-60Nb-30Al (see below the 4.1.3 sub-section). Our single crystal diffraction experiments
confirm the occurrence of two substitution mechanisms of Nb in 4g site by U, and of Al in 8i
and 2a by Nb. Therefore the formula of the ternary extension of o-phase is best represented
by UxNb,.. Al The deviation from the ideal Nb,Al stoichiometry can be regarded as a
general feature of the o-phase [39]. Extending this model to full U/Nb substitution on the 4g
site would lead to a chemical formula of Ug4NbygAl; giving the atomic ratio 13.3U-53.3Nb-
33.3Al as the limit of the ternary extension of the Nb,Al phase in the U-Nb-Al ternary system.
This value is in a reasonable agreement with the U solubility of 12.5 at. % U, measured for

as-cast samples.

The relevant data concerning the single crystal x-ray diffraction data collection done for
Uo.0sNb19sAlg g7 are gathered in Table 5. The atomic positional and thermal displacement

parameters are listed in Table 6.
Please insert here Table 5 and Table 6.

Given the metallic radii of U, Nb and Al (r(U) = 1.53 A, r(Nb) = 1.47 A and r(Al) = 1.43 A),

the substitution of Nb by U is expected to be accompanied by an increase of the unit-cell
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volume, whereas the substitution of Nb by Al will result in an opposite effect. Refinements of
the lattice parameters using the Le Bail method from powder XRD data collected on samples
annealed at 1200 K confirm this hypothesis (Table 7). The elemental composition
corresponds to the average atomic ratio deduced from the EDS analyses. The U substitution
introduces anisotropic effects between the basal plane showing a decrease of the a-
parameter and the orthogonal plane showing an increase of the c-parameter, compared to
the non-substituted binary phase. The unit-cell volume, the lattice parameters and the
elemental composition deduced from the single crystal refinement fit quite well with this
trend, suggesting that the U substitution for Nb follows a mechanism with a mixed

occupancy of the 4g site within the ternary extension of the present o-phase.

Please insert here Table 7.

4.1.3. The Al-poor region (below 75 at. % Al).

The phase equilibria in this area of the phase diagram are dominated by the relations
involving the U,Nb../Ali, -phase (o-phase). Its extension into the ternary phase diagram
significantly progresses with the increase of the temperature as described above. It is
involved in five two-phase fields and four three-phase fields which evolve with its extension
into the ternary triangle within the investigated temperature range. It results in the
stabilization of the two-phase fields involving U,Nb..Al1, as illustrated by the shrinkage of
the two-phase field between NbsAl and Nb between 900 and 1200 K. This suggests that the
thermodynamic stability of Nb,Al, mainly its entropic component, increases with
temperature. At 1200 K, UyNb,.,Al1., develops a large two-phase field domain with y(U,Nb)
covering the entire bcc solid solution (up to 40 at. % Nb), causing UAl,,Nb, to be in
equilibrium with yU only. EDS analyses of quenched samples show an U-rich phase with Nb
content of less than 2 at. %. The corresponding XRD patterns were found compatible with

the o-form of U (or o and o “ distorted forms) in agreement with the previous works [1, 2].

4.1.4. Phase relations in the Al-rich region (above 75 at % Al).
At 900 K, the Al-rich part of the phase diagram is dominated by the ternary phases
UNb,Al,p (labelled ;) and UgNbAlss (labelled @,), defining six three-phase fields. The EDS

analyses indicate that they both crystallize as line-compounds, but with a very small
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deviation from the ideal composition for UNb,Al,. Such a shift of composition was already
observed for several members of this family of compounds adopting the CeCr,Alo-type
(cubic, Fd3m, n°227). It results (i) from a substitution of the transition metal by some Al at
the 16d Wyckoff position [6, 40] or (ii) from vacancy of Al on the 16¢c Wyckoff site [41].
Similarly, the HogMo4Als3 structure-type (hexagonal, P63/mcm), adopted by UgNb,Al,; is also
known to display some homogeneity ranges. In this case also a transition metal / aluminium
substitution is observed. It occurs mainly on the 8h Wyckoff sites [40, 42]. The possible off-
stoichiometry of UNb,Aly; and UgNbsAls3 was checked by single crystal XRD. Single crystals
were isolated from crushed ingots having the ideal stoichiometry of UNb,Al,o and UgNbsAls3
which were heat-treated at 1173 K for 10 days. The conditions for crystal data collection are
gathered in Table 5.

For UNb,Alyq, the refinements of the occupancy parameters were performed for the 5
non-equivalent positions, resulting in a small divergence from the full occupancy, at the 16d
Wyckoff position only. In subsequent refinements, this position was considered with a Nb/Al
mixed-occupancy. The chemical formula thus deduced is UNb; 5Al,q 1, indicating a very small
deviation which was expected from the EDS results. For UgNbsAlss, refinements of the
occupation parameters indicated the full occupancy of the crystallographic positions with
the atomic distribution expected from the structural type. The chemical formula deduced
from the structural refinement fits well with the EDS analysis. The refined atomic positions
and equivalent displacement parameters are given in Table 8 and Table 9 for UNb,Al,, and
UsNbjAlys, respectively.

Please insert here Table 8 and Table 9.

The isothermal section at 1200 K, between 75 and 100 at. % Al shows three-phase field
domains only, distributed by the UgNbyAl;3 ternary phase. Along with the expected
decomposition of UAl,;, the destabilisation of UNb,Al,, is also observed for this high
temperature section. To more precisely determine the thermal stability of both UNb,Al,g
and UgNbAl;3 compounds, DTA measurements were carried out in the temperature range
400 to 1400 K on pure polycrystalline samples. Two endothermic peaks were observed upon
heating, indicating decomposition temperatures at 1200(5)K and 1262(5)K for UNb,Aly (¢1)
and UgNbsAlss (¢;) respectively. In agreement with the XRD and SEM-EDS analyses of Al-rich
samples in the as-cast and heat-treated states the following peritectic reactions are

considered: (/) NbAls + UAl3 + L > UgNbsAlss and (ii) NbAl3 + UgNbsAlss + L = UNbyAlyg. One
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can notice the absence of ¢, of the isothermal section at 1200 K, which is fully in agreement

with the decomposition temperature deduced from the DTA measurements.

4.2. Thermodynamic assessment of the U-Nb-Al ternary system
4.2.1 Model of the phases in the Calphad method

The liquid phase of each binary system is described with one sub-lattice, with the (Al, Nb,
U); model. The solid solutions based on the allomorphic forms of the elements are expressed
as a substitution model using the Redlich-Kister polynomial function. The description of the
Gibbs energy (°Gj) is given for each phase by:
°G, = D % °H(298.15K)=""G+"G+*°G (1)

i=A,B,C

where x; is the molar fraction of the i element, HiSER represents the enthalpy of the pure

element i and the reference term is:
“G= Y x(°G,(T)-"H " (298.15K)
i=A,B,C
where OGi is the standard Gibbs energy of element i, °H; is the standard enthalpy of the pure

elementiand the ideal termis:

“G=RT > xIn(x)

i=AB,C

R is the universal gas constant and the excess term is:

G = XAXBXCZXi nI—A,B,c (Xa =X = X;)"
n

with the interaction parameter is defined as "Lagc =a + bT.

In line with the recent work for the three intermediate phases of the Nb-Al system,[29]
some homogeneity ranges were taken into consideration. The choice of this database was
guided by a better agreement with our experimental observations of the solubility range of
the Nb,Al phase compared to the previous thermodynamic assessments [27, 28]. The model
for the Gibbs energy functions has been developed according to crystallographic
considerations. The sublattice formula of (Al,Nb)o.25(Al,Nb)o7s was retained for the NbAl;
phase whereas (Al,Nb)o ,5(Nb)o 75 was used for the NbsAl phase. For the o-phase (Nb,Al), the

commonly accepted sublattice model (Nb,Al);¢(Nb)s(Al,Nb)19, Which corresponds to the
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atomic occupations of crystallographic sites (8i,8j)(4g)(2a,8i) of the P4,/mnm space group,

was retained in our assessment as (Al,Nb)gs534(Nb)o.133(Al,Nb)g 333.

The other phases, both the U-Al binaries and U-Nb-Al ternaries, are treated as line
compounds. Since no experimental high temperature heat- capacity was reported, the Gibbs
energy is assigned to the stable states of the constituting elements according to the Kopp-

Neumann rule:

G(X,AXzBX:C) = X, G +X, G + X G +a+bT

4.2.2 Thermodynamic assessment

The weak solubility of Nb in UAI, and of U in NbsAl has been evaluated with Nb/Al and
U/Nb substitution mechanisms respectively as experimentally suggested by EDS analyses.
The model of the U solubility in Nb,Al (o-phase) was expressed in accordance with the
crystallographic investigations presented in sub-section 4.1.2 showing that U occupies the 4g

Wyckoff site as a mixed position with Nb leading to (Al,Nb)g.s34(Nb,U)o.133(Al,Nb)g 333.

The ternary compounds UNb,Al,g and UgNbsAls3 were treated as stoichiometric phases,
despite the low deviation of the atomic occupancy deduced from the structural refinement
of UNb,Alyq (table 8). Their enthalpy of formation was adjusted to match the phase equilibria
in the Al-rich part. Entropic parameters have been refined to be consistent with the
decomposition temperature measured by DTA (1262(5) K and 1200(5) K for UgNbsAls3 and

UNb,Al,, respectively).

The assessed parameters, which are gathered in Table 10, accurately reproduce the
experimental composition limits and the equilibrium relations of the U-Nb-Al system
at 900K (Fig. 3) and 1200 K (Fig. 4). For both temperatures, the main variations with
experimental measurements consist in the composition of the bcc-phases (Nb and yU) in
equilibrium with the ternary extension of Nb,Al (o-phase): the calculated compositions are
too rich in Nb. This phenomenon can be ascribed to the interaction parameters in the binary
U-Nb system. Addition to our database of ternary interaction parameters was not able to
correct this overestimation of the Nb-content of the bcc-phases as the limits of the three-
phase fields, 7v(U,Nb)-UsNb,.,Ali.,-UAL4Nb, and (Nb,U)-Nbs UAl-UiNb,Al;y. As a

consequence, the thermodynamic description of the U-Nb system would have to be
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improved, but prior to that, other U-Nb-X ternary systems would have to be investigated to

confirm this phenomenon.
Please insert here Table 10
Please insert here Figure 3 and Figure 4.

4.2.3 The U-Nb-Al ternary system at high temperature

The calculated liquidus projection is depicted in Fig. 5 along with the primary solidification
phases. The calculated invariant reactions involving the liquid with their temperature are
listed in Table 11. Even if these results were obtained without any ternary interaction
parameters, the predicted phase formations from the liquid compare well with the
experimental phase identification carried out on as-cast samples, showing the presence of
binary and unary phases only.

Please insert here Figure 5.

Please insert here Table 11.

4.3. Electronic properties of UNb,Al,o and UgNbjAl;s.

The electronic properties of UNb,Al,g and UgNbsAl;s were measured on polycrystalline
samples. XRD and SEM-EDS analyses of the measured samples revealed a pure sample for
UeNbsAls3 and an almost pure sample for UNb,Al,o containing few traces of UAl; and NbAl;

which are estimated to be less than 3% of the sample volume.

Both UNbAl, and UgNbjAly;3 can be viewed as cage-like compounds. In UNb,Aly,
U-atoms are coordinated by 16 Al atoms in a Friauf polyhedron with U-Al distances ranging
from 3.188(1) to 3.205(1) A. The resulting U-U distances are 6.376(1) A. In UgNbsAlss, U
atoms have a coordination number of 17, composed of 15 Al atoms at distances ranging
from 3.047(2) to 3.476(2) A, 1 U atom at 3.412(1) A and 1 Nb-atom at 3.555(1) A. Along the
c-axis U atoms form infinite dimeric chains with alternative U-U distances of 3.412(1) A and
5.553(1)A, that are slightly corrugated. The U atom separations between two adjacent chains

amount to 5.556(1) A and 6.214(1) A.

4.3.1. UNbAly
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The thermal dependence of the magnetic susceptibility of UNb,Al, is plotted in Figure 6.
Its absolute value and very weak temperature dependence fit well with the Pauli
paramagnetic behavior already reported for the isostructural UT,Aly (T = Ti, V, Cr, Mo, W)
compounds [43-45]. A stretched shoulder centered approximately at 40 K is observed. Such
a shoulder is encountered in uranium based spin fluctuators such as UAI, (x = 2, 3 and 4) [46-
49] or UT,Alo (T = Fe, Ru) [50, 51] as well as in UTi,Al,g where it was considered as an
intrinsic behavior of the phase [45]. However, it is not clear yet if this shoulder could be
related (i) to the presence of one of the former binary uranium aluminides as impurity,
despite the fact that they exhibit their broad maximum above 100 K, or (ii) to an intrinsic
behavior like that observed in the latter compounds, where U-atoms are also embedded in a
large cage with U-ligand distances exceeding the sum of the metallic radii of the elements.
The upturn of y(T) below 10 K is often encountered in polycrystalline 1-2-20 or 1-2-10
samples and is attributed to the presence of localized Curie-Weiss like impurities. The inset
to Figure 6 presents the magnetic field dependence of UNb,Al,; magnetization measured at
T =2 K. As expected for a paramagnet, a linear and fully reversible shape is described up to B

=5T.
Please insert here Figure 6 and Figure 7.

The absence of magnetic ordering or other transition down to 1.8 K is confirmed by the
specific heat measurements (Fig. 7) where no anomaly appears down to this lowest
temperature of measurements. The high temperature value of C, is not saturated at 300 K
and is still far from the Dulong and Petit limit expected for 23 atoms per formula unit
(573 J.mol* .K'l). Non saturated values were also reported by Swatek et al. [44] for UCr,Alyg
at this temperature. Up to approximately 12 K, a linear behavior of Cp/T = f(T?) (inset to
figure 7) is used to derive the Sommerfeld coefficient, y = 60 mJ.mol™.K? and the Debye

temperature 6p = 381 K from the Debye model:

Cp 12m*R

2
: e (1)

The moderate value of the Sommefeld coefficient, highlighting moderate electron
correlations, and the Debye temperature are in line with the results reported for the Pauli
paramagnet UCr,Alyo (Y =80 mJ mol-1 K-2 and 6p = 374 K [44]) while the conduction electron

contribution is significantly higher in the magnetically ordered UMn,Aly, (y =300 mJ mol*K?
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and 6p = 337 K) [52]. A contribution of the Cr 3d electrons at the Fermi level, enhancing the
Y-value, is nevertheless evidenced in the former case. A similar increase of the Sommerfeld
coefficient with increasing electron localization has also been reported in the isostructural
UT,Zn,o family between the Pauli (for T = Fe and Ru with y = 171 and 194 mJ.moI'l.K’Z,
respectively) and the Curie-Weiss paramagnets (for T = Co, Rh, Ir with y = 350, 250 and 400

mJ.mol™.K?, respectively) [53].

Both magnetic and specific heat measurements indicate a strong delocalization, and thus

a strong hybridization, of the 5f states in UNbAl,.

4.3.2 UgNb,Al43

The thermal dependence of UgNbsAls3 magnetic susceptibility is plotted in Fig. 8. Above
25 K, the susceptibility follows a modified Curie Weiss law, as illustrated by the fit of the data
according to Eq. (lll) :

1
= (1)
eff
Xo+ga_g,)

1
X

where }p is a temperature-independent term accounting for the Pauli paramagnetism of
conductin electron and core diamagnetism, &p is the paramagnetic Weiss temperature and
ueffis the effective moment. The fit of X'l(T) to Eq. (Ill) results (Fig. 8a) in the following values
© Jo=8.02(7) 10™* emu.moly™, G =-134 (1) K and ,ueff: 2.38 ug, . The value of the effective
moment is in the order of magnitude usually encountered in uranium based intermetallics

and the large negative value of Op suggests the dominance of antiferromagnetic exchange

interactions, but may also refer to strong delocalization of the 5f states.
Please insert here Fig. 8.

The low temperature of the y(T) curve displays a small magnitude two-step increase
below 12(1) K and 7(1) K, respectively, in the field cooled (FC) mode and a cusp at 12 K in the
zero field cooled (ZFC) mode. Both the precis microstructural examination of the
polycrystalline sample and the absence of any magnetically ordered phases in the U-Nb-Al
phase diagram rule out the possibility of an impurity origin for these magnetic signals. The
ZFC-FC mode hysteresis is in agreement with the M(B) measurements performed at T = 2 K

(Fig. 8b), where the first magnetization curve (open symbols) shows a linear increase of the
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magnetization with the applied magnetic field, while the subsequent demagnetization curve
also follows a linear decrease but with a slightly different slope resulting in a small
remanence at B = 0 T of about 102 Mg per U-atom. In order to better characterize this
magnetic feature, %(T) has been measured under different applied magnetic fields lower
than 5000 Oe (Fig. 8c). Three main features can be observed, (i) a small disruption in the
ZFC-FC modes opening between 12-9K, which shifts to lower temperature with increasing
applied field, followed by (ii) a marked opening below 7 K and (iii) a broad maximum or
shoulder (FC and ZFC) centered at T = 12 K. The latter two anomalies are independent from
the applied magnetic field. Such complex behavior of the susceptibility may be compatible
with a scheme involving short-range and long-range magnetic orderings, with assumed
competitions. In this respect, the large difference between the B8p absolute value and the

ordering temperature, of more than one order of magnitude, reflects strong frustrations.

Puzzling magnetic phases and multiple magnetic transitions at low temperature are often
encountered in the isostructural REgT4Al43 (RE = rare earth; T = transition metal) compounds
showing mainly antiferromagnetic interactions such as in SmgTasAlss [54] GdgCriAlys, [55]
and GdgT4Al43 (T = Cr, Mo, W) [56]. This is the case for TmgCrsAly3, for which Fushiya et al.
[57] discuss this ordering by considering the formation of magnetic dimers between the two
closest magnetic atoms (d(U-U) = 3.412(1) A in UgNbsAls3) , mutually separated by a much
larger distance, and the subsequent competition between intra- and inter-dimer magnetic
interactions. Within the HogMo4Als3 structure type, the dimers are aligned more or less
along the c-axis (Fig. 9). The distance between the dimers is about 5.5 A both within the
chains and between two adjacent chains. Such a competition between intra- and inter-
dimers is wildly studied in low-dimensional molecular magnet based on d-metal complexes,
but is more rarely encountered in f-metal intermetallics. A related interesting example of
magnetic dimershas been debated in the case of e.g. Yb,Pt,Pb, which shows a composite
magnetic behavior [58] involving antiferromagnetic order and strong magnetic frustration

resulting from a Shastry-Sutherland network [59].
Please insert here Figure 9.

The intrinsic nature of the magnetic transition is confirmed by the specific heat and
electrical resistivity measurements (Fig. 10). The Cp/T=f(T?) curve (inset to Fig. 10(a)) shows

a peak around 150 K2 corresponding to the broad maximum from the susceptibility data (T =
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12(1) K). This peak does not vanish at lower temperature but extends almost to the lowest
measured temperature (1.8 K), probably due to the superimposition of a second signal
corresponding to the second magnetic transition. An estimation of the Sommerfeld
coefficient y = 800 m)J mol™ K2 (or 133 mJ moly™ K?) can be obtained by extrapolating the
linear behavior of Cp/T=f(T?) above 150 K? (12.24 K), highlighting much stronger electronic

correlations in this aluminide compared to the former one.

The temperature dependence of the electrical resistivity is plotted in Fig. 10(b). In the
paramagnetic region p(T) slightly decreases with decreasing temperature, with a weak
curvature centered around 175 K, reflecting electron phonon interactions or spin-
fluctuations. Below 11 K, p(T) undergoes a pronounced decrease with a sharp inflection at
7.5 K, expected from a lower scattering of the electrons in the magnetically ordered long-
range state. Below 7.5 K, p(T) can be described by an equation comprising both a Fermi-

Liquid and an antiferromagnetic spin-wave terms [60].

p(T) = py+b.T. (1 + %) exp (— %) + cT? (IV)

where py is the residual resistivity, A is a gap in the spin-waves spectrum and b and c are
coefficients of proportionality. Fits of Eq.(IV) (inset to Fig. 10b) below 7.5 K to the
experimental data yielded the values, py = 126.40(5) pQ.cm, A=39(5) K, b = 62(39)
nQ.cm.K*' and ¢ = 0.168( 1) pQ.cm.K% The values obtained compare reasonably well the

ones obtained for URu,Si, [60].

5. Conclusion

The present work about the U-Nb-Al system is a part of a systematic investigation of U-T-
Al ternary systems, where T = Mo, Ti, Zr [40, 61, 62] and Nb. These four transition elements
display extensive solid solubility in the YU phase at elevated temperature. Of this group, Nb
is somewhat unique in that the U-Nb binary system does not show an intermediate phase
and presents a miscibility gap at moderate temperature. Unlike for our previous studies, a
combined approach of the experimental assessment of the isothermal sections at 900 K and
1200 K with their thermodynamic assessment by the CALPHAD method has been conducted

in the present investigation.
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Two isothermal sections of the U-Nb-Al ternary system were established for the entire
concentration range. They have been constructed using typical experimental techniques by
combining the results of SEM-EDS and XRD analyses of annealed samples at 900 K and at
1200 K. The major difficulties of the experimental assessment lie in the low atomic diffusion
and grain growth, especially in the vicinity of the Nb-rich side. At 900 K, to overcome these
drawbacks, a prolonged three-month heat treatment was necessary.

The isothermal sections in the Al-poor region are dominated by phase equilibria involving
the Nb,Al (o-phase). Its extension into the ternary sections was found to evolve markedly
with the temperature, with U-solubilities of about 6(1), 10(1) and 12.5(1) at. % U at 900K, at
1200K and for as-cast samples, respectively. To more precisely determine the substitution
mechanism, XRD experiments on single crystal were performed. The refinement of the
crystal structure shows that the U substitutes Nb on the 4g Wyckoff site of the P4,/mnm
space group. As expected from the comparison of the metallic radii, an increase of the cell
volume is observed but with anisotropic effects between the basal plane (decrease) and the
orthogonal plane (increase) compared to the non-substituted binary phase.

In the Al-rich part of the ternary system, the formation of UNb,Al,q and UgNbsAl;3 was
confirmed. They remain stable down to room temperature. They both decompose by
peritectic reactions: UNb,Alyg - NbAIl; + UgNbAlsz + L at 1200(5) K and UgNbAlsz - UAls +
NbAl; + L at 1262(5) K. These reaction schemes are consistent with both the experimental
observations and the thermodynamic modeling. Their crystal structure was refined from
single crystal diffraction data. UNb,Al,o adopts the CeCr,Al,o structure type (cubic, Fd3m,
n°227) with lattice parameter at room temperature, a = 14.772(1) A. A small deviation from
the stoichiometry is observed, yielding the crystallographic formula UNb;oAl>p1. UgNbsAls3
crystallizes with the HogMo4Al43 structure type (hexagonal, P63/mcm, n° 193) with lattice
parameters at room temperature, a = 11.064(1) A and ¢ = 17.825(1) A. Unlike most of the
isotypic aluminides, these ternary phases should be regarded as line compounds.

The modeling of these isothermal sections was carried out by the Calphad method,
allowing reproduction with rather good agreement of the experimental composition limits
and the equilibrium relations of the U-Nb-Al system at both temperatures, 900 K and 1200 K.
The main discrepancies with experimental measurements lie in a too-rich Nb content for the
bcc phases (Nb and yU) in equilibrium with the ternary extension of Nb,Al (o-phase). This

phenomenon can be ascribed to the interaction parameters in the binary U-Nb system. The
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assessed ternary thermodynamic parameters were used to calculate the liquidus projection
and the invariant reactions along with their corresponding temperatures, which are given to
complete the description of the U-Nb-Al phase diagram. They are both in agreement with
the experimental information regarding the solidification of the unary and binary phases and
with the formation of UgNbsAls3 and UNb,Al,g. More precise description of both the surfaces
of the primary solidification and invariant reactions would require experimental verification
allowing to introduce interaction parameters in the thermodynamic optimization of the
liquid phase.

The electronic properties of both intermediate compounds were measured by means of
dc-magnetic susceptibility, specific heat and resistivity measurements in the temperature
range 2-300K, revealing that UNb,Al,g has to be regarded as an enhanced Pauli paramagnet
showing a shoulder like susceptibility feature at about 40 K referring to some possible spin
fluctuations. UgNbsAlsz displays non-trivial magnetic ordering at low temperature with a
two-step mechanism. Below T =7 K, the p(T) and (T) recorded under low applied field
would suggest a magnetic ground state dominated by antiferromagnetism. However, in the
temperature range 12 - 7 K, a composite behavior involving long-range interactions and
magnetic frustration is suspected. The origin of the phenomenon may lie in the formation of
U-U dimeric infinite chains running along the c-axis, yielding possible intra and inter
couplings. Subsequent microscopic study on single crystal would be highly desirable to check

the strong magnetic anisotropy suspected between the c-axis and the basal (a,b) plane.
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with an error of £ 0.5 at. %. (*NA: not accurate due to too small size grains.)
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Figure captions:

Figure 1: Experimental isothermal section at 900 K of the U-Nb-Al ternary system. The black
solid lines delimit the three-phase fields. The thin dotted lines represent the tie-lines. The
grey areas correspond to the homogeneity domains of the unary and binary phases. The
symbols @; and @, stand for UgNb,Als3 and UNb,Al,q respectively.

Figure 2: Experimental isothermal section at 1200 K of the U-Nb-Al ternary system. The black
solid lines delimit the three-phase fields. The thin dotted lines represent the tie-lines. The
grey areas correspond to the homogeneity domains of the unary and binary phases. The
thick dotted line stands for the equilibrium with the liquid phase which was not determined.
The symbol @, stands for UgNbsAls.

Figure 3: Calculated isothermal section at 900 K of the U-Nb-Al ternary system. The red solid
lines stand for the equilibrium lines delimiting the three-phase fields. The green lines
represent the tie-lines.

Figure 4: Calculated isothermal section at 1200K of the U-Nb-Al ternary system. The red solid
lines stand for the equilibrium lines delimiting the three-phase field. The green lines
represent the tie-lines.

Figure 5: Calculated liquidus projection of the U-Nb-Al ternary system. The red solid lines
correspond to the liquid paths.

Figure 6: Thermal dependence of UNb,Al,; magnetic susceptibility. The inset plots the
magnetic field dependence of the magnetization isotherm at T =2 K.

Figure 7: Thermal dependence of the UNb,Alyq specific heat. The inset shows the low
temperature domain of Cp/T = f(T?).

Figure 8 (a) Thermal dependence of UgNb,Al;3 magnetic susceptibility (left) and its inverse
(right) measured in the ZFC (open) and FC (full symbols) modes. The red line corresponds to
the modified Curie-Weiss fit to x'l(T). (b) Magnetic field dependence of UgNbjAlss
magnetization isotherm measured at 2 K upon increasing (open) and decreasing (full
symbols) magnetic field. (c) Low temperature part of %(T) curves measured in the ZFC (open)
and Fc (full symbols) under various applied magnetic fields.
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Figure 9: U-atom lattice in the UgNbsAls3 unit cell showing the formation of U-U dimers
(solid lines) and the U spacing of 5.55(1) A (dotted lines) for inter and intra chains.

Figure 10: Thermal dependence of UgNbsAls3 (a) heat capacity and (b) electrical resistivity.
The inset to panel (a) plots the 7> dependence of C,/T. The insets to panel (b) shows the fit
of the experimental data according to Eq (IV).
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TABLES



Table 1: Crystallographic data, along with the stability domain and the homogeneity range of
the unary and binary phases involved in the U-Nb-Al system.

Lattice parameters (A) Domain . ref
" Composition
Structure | Space of Composition
Phase type rou stabilit range (900K) range
yp group a b C y g (1200K)
(K)
au au Cmcm |2.8542 |5.8667 |4.9540 <941 <1lat.% Nb 30, 21
BU BU P4,/mnm (10.7590 - 5.6560 | 1049-941 31
_ 1408- 25at.% Al | 32,17,
w 3.4900 - -
W Im3m 1049 37at%Nb | 21
_ 9 at. % Al 9 at. % Al 33,24
Nb w 3.3003 - - <2742 !
Im3m 29 at % U 38at.% U 21
Al Cu Fm3m |4.0410 - - <933 34
UAl, | MgCu, Fd3m |7.7763 - = <1893 35
UAl; | CusAu | Pm3m |4.2660 - - <1623 19
UAIl, UAI, Imma |4.4014 |6.2552 (13.7279 <1004 19
_ 18.5-21.8 18.5-21.8 36
NbsAl | CrsSi 5.187 - - <2333
. S| Pm3n at. % Al at. % Al 24
30.0-34.5 30.0-34.5 37
Nb,Al | Nb,Al |P4 9.957 - 5.167 <2207
2 2 o/mnm at. % Al at. % Al 24
NbAl; | TiAl; 14/mmm | 3.838 - 8.584 <1961 38




Table 2: Phase compositions (in at.%) in the three-phase fields as well as some tie-lines used
to ascertain various solubilities in the isothermal section at 900 K. All EDS figures are given
with an error of £ 0.5 at. %. (*NA: not accurate due to too small size grains.)

Sample Phase field domain Phase composition (SEM-EDS)
(XRD)
1U-14Nb-85Al |Al+UNb,Al,s+NbAI Al: 100Al UNbAlo: NbAl;: 26Nb-74Al
270 3 : 5U-7Nb-88Al 4
7U-3Nb-90Al | Al+UNb,Al,o+UAI Al: 100Al UNb2Alo: UAI,: 20U-80Al
s : 5U-7Nb-88Al p
UAI3+UNb2AI20 UszAIzo: UsNb4A|43:
13U-4Nb- : 25U-
3U-4Nb-83Al +UgNb,Al,; UAl;: 25U-75Al 5U-7Nb-88Al 12U-7Nb-81Al
NbA|3+UNb2A|20 . UszAIzo: UsNb4A|43:
5U-13Nb-82Al +UgNb,Al,; NbAl;: 25Nb-75Al 5U-7Nb-88Al 12U-7Nb-81Al
7U-17Nb-76Al UALs+NbAl, UAl5: 25U-75Al NbAl;: 26Nb-74Al
15U-11Nb-74Al| UAL;+UAl,+NbAl; UAl5: 25U-75Al UAl,: 34U-66A1  NbAl;: 26Nb-74Al
31U-38Nb-31AIl UAL+Nb,AHU | UAL:33U-66A1-INb NboAl: U: 98U-2Al
2T 2 5U-62Nb-33Al '
15U-25Nb-60AI| NbAL+Nb Al+UAI, | NbAL: 25Nb-75Al szA';‘;’E:M" UAL: NA
NbsAl: 21AI-78Nb-  Nb,Al: 5U-64Nb- Nb:
8U-71Nb-21Al | NbsAl+Nb,Al+Nb U 1A >0U-78Nb-2A
9U-79Nb-12Al NbsAl+ Nb Nb5Al: 22’3"79”'0' Nb: 15U-82Nb-3Al
21U-55Nb-25Al|  Nb,Al+Nb+U NbaQ: 3_1)/3"64'\”0' Nb: NA U:NA




Table 3: Phase compositions (in at.%) in the three-phase fields as well as some tie-lines used
to ascertain various solubilities in the isothermal section at 1200 K. All EDS figures are given

with an error of £ 0.5 at. %. (*NA: not accurate due to too small size grains.)

Sample

Phase field domain

Phase composition (SEM-EDS)

17U-69Nb-14Al

Nb,Al+Nb+ NbsAl

19Al

Nb,Al: 32A1-65Nb-

3U

Nb:38U-60Nb-2Al

(XRD)
11U-5Nb-84Al |Al+U¢Nb,Al,s+UAI Al: 100Al UsNbaAlas: UAls: 25U-75Al
oAt 3 : 12U-7Nb-81Al ¢
NbAI3+U6Nb4AI43+U . UGNb4AI43:
- § NbAI_: 25Nb-75Al - 25U-
4U-10Nb-86Al Al s 120-7Nb.S 1Al UAl5: 25U-75Al
: 24NDb-
24U-5Nb-71Al | UAL+UAIL+NbAl, UAl,: 25U-75Al UAL,: 33U-67Al Nb/;';AI_iUb
N |: 59Nb- |-
4U-45Nb-51Al NbAI3+Nb2AI+UAI2 NbAI3: 26Nb-74Al bzA Szub A3A UAIZ: NA
30U-34Nb-36AIl UAL+Nb,AU | UAL:34U-63A1-3Nb NbaAl: U: 96U-2Nb-2Al
2T 2 12U-54Nb-34Al :
31U-51Nb-18Al|  Nb,Al+Nb+U szAl:‘?’gﬁ"GSNb' Nb:38U-60Nb-2Al  U:60U-40Nb-0Al
28U-44Nb-28Al U+Nb,Al U: 92U-7Nb-1Al NboAl: 326"59%'
3U-86Nb-11Al NbsAl+Nb Nb3Al: 1U-80Nb- Nb: 2U-91Nb-7Al

NbsAl: 1U-80Nb-
19Al

Table 4 Homogeneity ranges of the Nb-Al phases at 1200K.

Phase Present work Jorda (exp) Zhu (calc) [24] | Witusiewicz He (calc) [26]
(exp) [21] (calc) [25]

NbAl; 75 75 75 75 74.9-75.1

Nb,Al 32-36 30-34.5 30-33 30.5-33 30-36

NbsAl 19-20 18.5-21.8 18-21 18-20 18.2-22.5

Nb 7 9 7.5 5 9.8




Table 5 Single Crystal data and structure refinement parameters.

Target composition

10U-60Nb-30Al

4.3U-8.7Nb-87Al

11.3U-7.5Nb-81.2Al

Refined formula Uo_ogN b1,95A|0,97 UNbl_gAlzo,l U5Nb4A|43
Crystal system Tetragonal Cubic Hexagonal
Space group P4,/mnm (n°136) Fd3m (n°227) P63/mcm (n°193)
] a=9.901(1) B a=11.064(1)
Cell parameters (A) ¢=5.258(1) a=14.724(1) c=17.826(1)
Arange (°) 5.83-41.97 3.91-41.98 3.68 —40.00
Reflections collected / R int 16745 /0.137 10500/ 0.0639 20741 /0.2715
unique reflections / unique
[F2> 20(F?)] / parameters 1017 /828 /30 576 /519/ 18 2125/1361/53
N R1=0.0433; R1=0.0201; R,=0.0601;
* 2 2
Reliability factors® [F>20(F)] |\ 2 —0.0689 WR,=0.0225 WR,=0.0772
Residual Peaks (.A7) 2.17/-2.77 0.70/-0.85 2.81/-4.15

*Ri=Y" |Fo|-[Fe|/|Fq] (for F>201(F?)

WR2 = [ZW(Fﬁ—Fﬁ)Z/WF‘o‘]” , where w™ = [6°(F2) + (Ap)° + Bp], p = [max (F2,0) + 22]/3




Table 6 Positional and equivalent isotropic thermal displacement parameters (A% for

Uo.0sNb1.95Al0.97
Atom Wyckoff Occupancy X y z Ueq
position

u(1) 4g 0.204(4) 0.39816(4) 0.60184(4) 0 0.0080(2)
Nb(1) 4g 0.796(4) 0.39816(4) 0.60184(4) 0 0.0080(2)
Nb(2) 8i 1 0.13057(5) 0.53617(5) 0 0.0067(1)
Nb(3) 8j 1 0.31869(3) 0.31869(3) 0.2483(1) 0.0078(1)
Al(1) 2a 0.96(1) 0 0 0 0.013(2)
Nb(4) 2a 0.04(1) 0 0 0 0.013(2)
Al(2) 8i 0.968(5) 0.0662(2) 0.2638(2) 0 0.0094(5)
Nb(5) 8i 0.032(5) 0.0662(2) 0.2638(2) 0 0.0094(5)

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

Table 7 Evolution of the lattice parameters of the UyNb,.,:,Al1., phase upon increasing the U
solubility compared to the pure binary phase (NbAl).

Elemental Composition

67Nb-33Al 60.8Nb-35.7A-3.5U 59.3Nb-33.7AI-7U
(% at.)
a (A) 9.9306(1) 9.9212(3) 9.8842(5)
c(R) 5.1777(1) 5.2260(2) 5.3019(5)
Volume (A% 510.61(1) 514.40(3) 517.97(6)
%2 1.83 3.16 3.01




Table 8 Positional and equivalent isotropic thermal displacement parameters (A% for

UNb1 9Aly 1
Atom Wyckoff Occupancy X y z Ueq
position
u(1) 8a 1 s s s 0.00782(5)
Nb(1) 16d 0.952(3) % % % 0.00474(8)
Al(1) 16d 0.048(3) % % % 0.00474(8)
Al(2) 16¢ 1 0 0 0 0.0120(2)
Al(3) 48f 1 0.48608(4) s s 0.0096(1)
Al(4) 96g 1 0.06028(2) | 0.06028(2) | 0.32250(3) | 0.01043(8)

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

Table 9 Positional and equivalent isotropic thermal displacement parameters (A?) for

UgNbyAlss
Atom Wyckoff Occupancy X y z Ueq
position

u(1) 12k 1 0.52702(3) 0 0.09424(2) | 0.00793(8)
Nb(1) 2b 1 0 0 0 0.0054(3)
Nb(2) 6g 1 0.72722(9) 0 s 0.0050(2)
Al(1) 6g 1 0.1483(4) 0 Y 0.0096(7)
Al(2) 8h 1 s °/s 0.1262(2) 0.0092(6)
Al(3) 12i 1 0.4944(3) 0.2472(2) 0 0.0099(5)
Al(4) 12j 1 0.1473(3) 0.5914(3) s 0.0102(6)
Al(5) 12k 1 0.1605(3) 0 0.6146(2) 0.0106(5)
Al(6) 12k 1 0.2577(2) 0 0.02900(2) | 0.0087(5)
Al(7) 241 1 0.1600(2) 0.3959(2) 0.1624(2) 0.0102(4)

U, is defined as one-third of the trace of the orthogonalized Uij tensor.




Table 10 : Model and optimized thermodynamic parameters of the U-Nb-Al ternary system
in bold, other parameters are taken from [20, 23, 29].

Phase Parameters (Jmol™)

Model

v(U,Nb,Al) OL(AI,Nb,U:VA) = +135 000

(Al,Nb,U)1(VA);

UAIl, G(UAl,,U:Nb)-0.667*°H>*\,-0.333*°H°*RU = +10 000

(U)o.333(AL,Nb)o 667 +0.333*G"", +0.667*G*“y,

OL(U:Al,Nb) = -1 000 -1.35*T

Nb,Al G(Nb,AI,Al:U:Al)-0.134*°H°R -0.866*°H R Al = +5 004

(ALND)o.333(Nb,U)o 134 +0.134*G"™", +0.866*G™,

(ALNb)g 533 G(NbAl,Nb:U:Nb)-0.134*°H°R -0.866*°H°*"Nb = +5 004
+0.134*G™", +0.866* Gy,
G(NbAI,Al:U:Nb)-0.134*°H> R ;-0.333*°H> " Nb-0.533*°H>*RAl = -
20 167 -2.4*T +0.134*G"", +0.333*G ", +0.533*G",,
G(NbAIl,Nb:U:Al)-0.134*°H> R -0.533*°H> *Nb-0.333*°H>FRAl =
+5 004 +0.134*G™", +0.533*G "y, +0.333*G™,
OL(Al:U,Nb:Nb) = -6 667

Nb;Al G(Nb3Al,U:Nb)-0.25*°H°® ;-0.75*°H**"Nb = 5 000 -0.5*T

(AL,Nb,U)o 25(Nb)o.75 +0.25*G™", +0.75*Gy,

OL(Al,U:Nb) = -16 000
UNb,Aly G(UNb,Al,0,U:Nb:Al)-0.0435*°H> R ;-0.8695* H A -

(U )0.0435( N b)0.0870(A|)0.8695

0.0870*°H "Nb = -19 455 +1.67*T +0.0435*G*"", +0.8695*G',,
+0.0870*G Yy,

UgNb,Al,3
(U)o.1132(Nb)o.o755(Al)0.8113

G(UgNbaAlss,U:Nb:Al)-0.1132*°H>;-0.8113* H>*RAl -
0.0755*H " Nb = -26 825 +3.65*T +0.1132*G**"", +0.8113*G™,,
+0.0755* Gy,




Table 11: Calculated invariant reactions and temperatures of the U-Nb-Al ternary system.

N° T (K) Reactions (cooling)

U, 2152 liquid + NbsAl — y(U,Nb) + Nb,Al

U, 1598 liquid + UAI, — NbAI; + UAl;

Us 1513 liquid + NbAl; — Nb,Al + UAI,

E; 1447 liquid — y(U,Nb) + Nb,Al + UAI,

P, 1260 liquid + NbAl; + UAl; — @1:UNbaAlL

P, 1200 liquid + NbAl; + @1:UgNbsAly; — ,:UNbD,Aly
Uy 1109 liquid + @1:UgNbsAlLy; — UAI; + ,:UNb,Al
Us 1003 liquid + UAl; — UAIl, + @;:UNb,Al,q

Us 934 liquid + NbAl; — Al + @,:UNb,Aly

U, 914 Al + UAI, — liquid + @,:UNb,Al
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FIGURES



al’
Figure 1: Experimental isothermal section at 900 K of the U-Nb-Al ternary system. The black
solid lines delimit the three-phase fields. The thin dotted lines represent the tie-lines. The
grey areas correspond to the homogeneity domains of the unary and binary phases. The
symbols @; and @, stand for UgNb,Al;3 and UNbAlyg respectively.
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Figure 2: Experimental isothermal section at 1200 K of the U-Nb-Al ternary system. The black
solid lines delimit the three-phase fields. The thin dotted lines represent the tie-lines. The
grey areas correspond to the homogeneity domains of the unary and binary phases. The
thick dotted line stands for the equilibrium with the liquid phase which was not determined.

The symbol @, stands for UgNb,Alss.
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Figure 3: Calculated isothermal section at 900 K of the U-Nb-Al ternary system. The red solid
lines stand for the equilibrium lines delimiting the three-phase fields. The green lines
represent the tie-lines.
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Figure 4 Calculated isothermal section at 1200K of the U-Nb-Al ternary system. The red solid
lines stand for the equilibrium lines delimiting the three-phase field. The green lines
represent the tie-lines.
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Figure 5 Calculated liquidus projection of the U-Nb-Al ternary system. The red solid lines
correspond to the liquid paths.
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Figure 6: Thermal dependence of UNb,Al,; magnetic susceptibility. The inset plots the
magnetic field dependence of the magnetization isotherm at T =2 K.
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Figure 7: Thermal dependence of the UNb,Al,q specific heat. The inset shows the low
temperature domain of Cp/T = f(T?).
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Figure 8 (a) Thermal dependence of UgNb,Al;3 magnetic susceptibility (left) and its inverse
(right) measured in the ZFC (open) and FC (full symbols) modes. The red line corresponds to
the modified Curie-Weiss fit to X'l(ﬂ. (b) Magnetic field dependence of UgNbjAlss
magnetization isotherm measured at 2 K upon increasing (open) and decreasing (full
symbols) magnetic field. (c) Low temperature part of x(T) curves measured in the ZFC (open)
and Fc (full symbols) under various applied magnetic fields.



Figure 9: U-atom lattice in the UgNbsAls3 unit cell showing the formation of U-U dimers
(solid lines) and the U spacing of 5.55(1) A (dotted lines) for inter and intra chains.
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Figure 10: Thermal dependence of UgNbsAls3 (a) heat capacity and (b) electrical resistivity.
The inset to panel (a) plots the T?> dependence of C,/T. The insets to panel (b) shows the fit
of the experimental data according to Eq (IV).
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