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Phase equilibria in the ternary system Si-Ta-U have been established in an isothermal section at 1000 °C
by optical microscopy, electron probe microanalysis and X-ray diffraction. Two novel ternary compounds
were observed and were characterised by X-ray powder Rietveld refinement: stoichiometric 7,-U,Ta3Siy4
(U,MosSia-type, P21/c; a=0.70011(1), b = 0.70046(1), ¢ = 0.68584(1) nm, 8 = 109.38(1); Rg = 0.073, X-ray
powder Rietveld refinement) and 7,-U;_,Tas.,Sig at x ~ 0.30 (ScaResSiy-type = partially ordered ZrsSis-
type, P4,212; a=b=0.69717(3)(1), c=1.28709(4) nm; Rr=0.056; X-ray single crystal data). Mutual
solubility of U-silicides and Ta-silicides are found to be very small i.e. below about 1 at.%. Due to the
equilibrium tie-line Ta,Si-U(Ta), no compatibility exists between the U-rich silicides U5Si or UsSi, and
tantalum metal.

Single crystals obtained from alloys slowly cooled from liquid (2000 °C), yielded a fully ordered com-
pound U,Ta,SisC (unique structure type; Pmna, a=0.68860(1); b=2.17837(4); c=0.69707(1) nm;

RFZ = 0048)

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent papers we have shown that ternary systems uranium
- transition metal - silicon are characterised by the formation of
thermodynamically rather stable high temperature compounds
U,M3Si4, which may adopt three different but closely related struc-
ture types with variable stoichiometries: ScyResSig-type (ordered
Zr5$i4-type, tP36, Usz3Si4 []], Uz,XTi3+XSi4 for 0.7<x<1.3 at
1000°C [2]), CeyScsSis-type (ordered SmsGey-type, o0P36,
U,_xNbs.,Sig, x=0.25 at 1400 °C [1]) and U,MosSis-type (mP18,
U,TisSi4 [2], UzMos3Si4 [3] and U,V3Siy [4]). In case of M = Hf an ex-
tended solution U,Hfs_,Sis of U in binary HfsSi4 (ZrsSis-type) was
observed up to x < 1.3 at 1000 °C [5].

In continuation of our research programme on the phase rela-
tions and the crystal chemistry in ternary uranium silicide systems,
we herein focus on the combination with tantalum, a system on
which no information was hitherto presented in literature. As far
as the phase equilibria and compatibility of U3Si, with Ta-metal
are concerned, the research reported herein is related to low en-
riched uranium (LEU) proliferation resistant UsSi, dispersion fuels
widely used in research reactors [6].

2. Materials and methods

All samples, each of a total amount of about 1 g, were prepared
by arc melting the elements under Ti-gettered argon. Platelets or
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turnings of depleted uranium (claimed purity of 99.9% by Merck,
Darmstadt, D), pieces of 6N-silicon (99.9999%) and tantalum foil
(99.9%, both from Alfa Ventron, Karlsruhe, D) were used as starting
materials. The U-metal was surface cleaned in diluted HNO3 prior
to melting. For homogeneity the samples were re-melted several
times; weight losses were checked to be altogether less than 0.5
mass%. A part of each alloy was contained within a small alumina
crucible, sealed in an evacuated silica tube and heat-treated at
1000 °C for 200 h and finally quenched by submerging the capsule
in cold water. For high-temperature experiments we used a high
frequency (HF) furnace (270 kHz) at 1400 °C under argon: arc
melted alloys were either slowly cooled from the melt (2000 °C)
and/or heat-treated for 15h in an alumina container within a
water-cooled Hukin crucible. DTA was performed in a calibrated
Setaram Labsys S60 DTA using alumina crucibles under a stream
of argon and heating/cooling rates of 5 K/min. Further details of
sample preparation and of the X-ray techniques used (including
quantitative Rietveld analyses employing the Fullprof program
[7,8]) may be found from our preceding publication on binary ura-
nium silicides [9] or on the ternary system Nb-Si-U [1].

As-cast and annealed samples were investigated by X-ray pow-
der diffraction (XPD), light optical microscopy (LOM) and quantita-
tive electron microprobe analysis (EMPA) on SiC-ground and 1/
4 pm diamond paste polished surfaces. A Jeol energy dispersive
X-ray microanalyser (EMPA-XMA) was employed for proper iden-
tification of the phases operating at an acceleration voltage of
15 kV at 20 nA sample current using the U Ma, Ta Mo and Si Ko
radiation. In order to properly account for the overlap of the Ta
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Ma and Si Ko lines in the EDX system a TaSi, standard was made.
X-ray intensities were corrected for ZAF effects.

Single crystals were mechanically isolated from a crushed as
cast alloy with nominal composition U;1Tas4Siss (for U,_,Tas.,Sis)
and UssTaysSigg (for U;Ta,SisC), respectively, where the latter was
re-melted after arc melting under argon in a Hukin crucible of a HF
furnace at ~2000°C and slowly cooled (2 h) to 1000 °C. X-ray
intensity data were collected on a four-circle Nonius Kappa diffrac-
tometer equipped with a CCD area detector employing graphite
monochromated Mo Ko radiation (4=0.071073 nm). Orientation
matrix and unit cell parameters were derived using the program
DENZO [10]. Absorption correction was applied approximating
the irregular crystal shape by 21 crystallographic planes. The struc-
tures were solved by direct methods and refined with the aid of the
SHELXL-97 and SHELXS-97 program [11].

3. Results and discussion
3.1. Binary boundary systems

Both boundary systems, Ta-U and Si-Ta, have been accepted
from the compilation of binary alloy phase diagrams [12]. The U-
Si system used herein is from a reinvestigation by the authors
[9,13,14], but the uranium-rich part of the diagram up to 4 at.%
Si is taken from Straatmann and Neumann [15] and Holleck and
Kleykamp [16]. Crystallographic data of the boundary phases
[16,17] are listed in Table 1.

3.2. Phase relations at 1000 °C

Phase relations within the Si-Ta-U ternary system were estab-
lished for the isothermal section at 1000 °C, revealing two hitherto
unknown ternary compounds 7, and 7, close to the composition
U,TasSiy4 (Fig. 1). From optical microscopy, from variation of lattice

1000°C Si

T, U,Ta,Si, -

1, U,,Ta,,Si, /
20
usi,
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Fig. 1. System Si-Ta-Uj; isothermal section at 1000 °C.

parameters and particularly from EMP-analyses, these phases are
observed close to each other without a significant homogeneous
region. Whereas 7;-U,TasSi4 seems to exist at the stoichiometric
composition, 7,-U,_,Tas.,Sis appears at a composition slightly ri-
cher in Ta (x ~0.30). The ternary phases, however, do not melt
congruently and form at high temperature via a presumably peri-
tectic reaction L+ UsSis + Ta,Si =U,TasSis as indicated from the
microstructures in Fig. 2. Due to the rather high thermodynamic
stability of Ta,Si and the 7; and 7, phases, tie-lines exist between
these compounds and U(Ta) and as a consequence no compatibility
exists for the join UsSi,—Ta(U). Mutual solubility of U-silicides and
Ta-silicides in alloys annealed at 1000 °C are found to be very small

Table 1
Crystallographic data of binary boundary and ternary phases of the system Si-Ta-U.

Phase Pearson symbol Space group Proto type Lattice parameter in nm Remarks References
a b c

YU cl2 Im3 m w 0.3524 1132.3-774.8°C [12,16,17]
0.35335 at 787 °C

U tP30 P4,/mnm pU 1.0759 0.5656 774.8-667.7 °C [12,16,17]
1.07589 0.56531 at 682 °C

oy oC4 Cmcm oU 0.28537 0.58695 0.49548 <667.7 °C [12,16]

Ta cl2 Im3m W 0.330256 <3020 °C at 299 K [12,17]

Si cF8 Fd3 m Cdiamond 0.543065 <1414 °C [12]

TasSi tP32 P4,/n TisP 1.0184 0.5183 <2340 °C [12,17]

Ta,Si ti2 [4/mcm CuAl, 0.6172 0.5050 <2440 °C [12,17]

BTasSi3 ti32 [4/mcm W5Si3 0.9892 0.5042 2550-2160 °C [12,17]

oTasSis ti32 [4/mcm CrsBs 0.6517 1.1872 <2160 °C [12,17]

TaSi, hP9 P6,22 CrSi, 0.4782 - 0.6565 <2040 °C [12,17]

YU3Si cP4 Pm3 m CusAu 0.4346 930-759 °C [12,21]

BU5Si tl6 [4/mcm BU5Si 0.60328 0.86907 762 to —153 °C [15,17]

oUsSi oF32 Fmmm olU3Si 0.8654 0.8549 0.8523 <-153°C, at -193 °C [15,17]

UsSiy tP10 P4/mbm UsSi, 0.73299 0.39004 <1665 °C [12,17]

UsSiy hP36 P6/mmm Uz0Si16C3 1.0467 0.7835 [14]

USi tI38 [4/mmm USi 1.058 2431 <1580 °C [13]

usi? oP8 Pnma FeB 0.7585 0.3903 0.5663 [22]

UsSis hP3 P6/mmm AlB, 0.3843 0.4069 <1770°C [12]

Us;Sis(o1) oP6 Pmmm Dist. AlB, 0.3869 0.6660 0.4073 At 63 at.%Si [9]

U;Sis(02) oP6 Pmmm Dist. AlB, 0.3893 0.6717 0.4042 At ~63 at.%Si [9]

USiy , ol12 Imma Def. GdSi, 0.3953 0.3929 1.3656 At 64 at.% Si [9]

USiy , t2 4;/amd Def. ThSi, 0.39423 1.3712 <1710 °C, at 65 at.%Si [9,12]

USi, ti12 14;/amd ThSi, 0.3922 1.4154 <450 °C [12,17]

USis cP4 Pm3 m CusAu 0.4060 <1510 °C [12]

71-U,TasSiy mP18 P24/c U,MosSiy 0.70011(1) 0.70046(1) 0.68584(1) B =109.38(1)° This work

T-Uy_4Tas.,Sig tP36 P4,22 ScaResSig 0.69717(3) 0.69717(3) 1.28709(4) - This work

2 Probably oxygen stabilized [9].
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Fig. 2. EMPA-backscatter images. Upper panel: Us3TasSis,, annealed at 1000 °C;
dark needles Ug>Tage3Siz3s (TaxSi), bright matrix Ugg4TageSio; (U(Ta)). Middle
panel: UgoTa0Sisg, as cast; grey precipitates UgpTagpsSizg 2 (UsSiz); dark crystals
Uyy.1Tass 3Sigqe (71); bright regions UggTay 7Sip 3 (U(Ta)). Lower panel: UygTaysSiss,
annealed at 1000 °C; diffuse dark dendrites Ugg3TagsSizs (TaySi), grey peritectic
seams Uj9Tase.4Siaa6 (72); bright regions UggTa; 6Sip4 (U(Ta)).

i.e. below about 0.6 at.%. In order to check on the possible forma-
tion of a ternary compound “UsTa(Ta,Si;_y)Si>” with WsSiz-type
as well as on the maximum solubility of Ta in UsSi,, two samples,
UegoTaioSisg and UsgTajoSise, were investigated. EMPA data
undoubtedly proved the absence of a ternary WsSis-type com-
pound as well as proved a negligible solubility of Ta in UsSi,. Fur-
thermore the phase equilibrium UsSi, + 7; was confirmed as well
as 7, connecting with U(Ta) (see microstructures in Fig. 2).

Table 2

Crystallographic data of the ternary compound 7,-U,TasSis; U,MosSis-type, P2,/
c— C;h; no. 14, origin at 1, Z=2. X-ray powder Rietveld refinement a =0.70011(1),
b=0.70046(1), c = 0.68584(1) nm, = 109.38(1); Ry = 0.073.

Atom Site X y z B? Occupation
U1 4e  0.6899(5) 0.3303(5) 0.0697(4) 0.20(6) 1.01(1)
Tal 2d 0 0 0 0.21(4) 1.01(3)
Ta2 4e  0.2511(7) 0.3257(9) 0.2550(8)  0.38(5) 1.0(—)

Sil 4e  0.4098(11) 0.0457(12) 0.1314(10) 0.62(5) 1.0(1)

Si2 4e  0.0037(12) 0.1332(14) 0.3673(13) 0.54(5) 1.0(1)

2 Data in 100 nm? (=A2).

3.2.1. The phases U,TasSiy with the U;MosSiy-type and Us_xTaz.xSis,
x =0.30, with the ScoResSiy-type (partially ordered ZrsSis-type)

It was impossible to obtain single-phase X-ray powder patterns
of each of the two ternary phases 7,-U,TasSiq and 72-Uz_yTas.,Sig
although alloys with varying compositions were re-melted in the
HF furnace under argon and slowly cooled, or alternatively an-
nealed at 1400 °C and quenched. Depending on composition the
X-ray powder spectra showed different amounts of the two phases
und were successfully indexed on the basis of a phase mixture of:
(a) a primitive monoclinic cell and (b) a primitive tetragonal unit
cell (see Tables 1-3). Extinctions for the monoclinic phase: (0 k 0)
extinct for k=2n+1 and (h01) for [=2n+1 prompted a space
group symmetry P2;/c indicating isotypism with the U,Mo3Sis-
type [18]. Extinctions for 7, were observed only for screw axes 4,
and 2¢: (001]) and (h00) extinct for [=4n+1 and h=2n+1,
respectively, and thus are compatible with P4,2,2 as the highest
symmetric space group. The chemical formula, the unit cell dimen-
sions, crystal symmetry and X-ray intensities strongly suggest
isotypism with the ScoRes3Sis-type [19]. Whereas no suitable single
crystals could be obtained for 7,-U,TasSiy4, a single crystal fragment
crushed from the cast alloy with nominal composition Uy;Tas4Siss
turned out to be tetragonal with P4,2,2 symmetry. Single crystal
X-ray intensity data refinement prompted isotypism with the
ZrsSig-parent type close to the ordered variant: ScyResSis-type.
Crystal structure analysis unambiguously revealed a small random
occupation of (6.80 U + 1.20 Ta) atoms in the 8b site yielding a non-
stoichiometric composition at x ~ 0.30. Structure parameters and
results of the refinement for U, ,Tas.,Sis (x ~0.30) which con-
verged to R =0.056 with residual electron densities smaller
than + 5000 e /nm?, are summarized in Table 3.

Starting from the atom order and the atom parameter set of the
two structure types, a full matrix - full profile Rietveld refinement
of a Siemens D5000 flat specimen X-ray powder intensity record-
ing satisfactorily converged at reasonably low residual values
R =0.073 for 7, and Rg = 0.064 for 7, (confirming the single crystal
data for 7,). Occupancies have been refined for all atom sites
revealing no deviation from the atom distribution given except
for one uranium position (8b site) in 7,-U,_,Tas.,Sis, confirming
the mixed occupation of (6.8 U + 1.2 Ta) atoms. Due to the usually
strong correlation between occupational and thermal parameters,
the isotropic temperature coefficients were individually analysed
and kept constant throughout the powder refinement. The final
structure and profile parameters and the reliability values obtained
from the least squares refinements are presented in Tables 2 and 3
and were made consistent with a standardised setting of the atom
positions employing the program Structure Tidy [20].

3.3. Crystal structure of U,TaSisC

During the course of the investigation arc melted samples,
which were re-melted under argon in a high frequency Hukin cru-
cible and slowly cooled from liquid (2000 °C) to 1000 °C during 2 h,
were highly crystalline. Single crystals were obtained via mechan-
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Table 3

Crystallographic data of the ternary compound 7,-U,_,Tas.,Sis; ScoResSis-type, P4,2,2 — DZ; no. 92, origin at 2,2; Z = 4; X-ray single crystal refinement 2. a = b = 0.69717(3),
c=1.28709(4) nm; Rg; = 0.057 for 635 F, > 46(F,) of 711 reflections (total 7894); GOF = 1.062.

Atom Site X y z Ueq.b Occupation

U1 +Tal 8e 0.5001(2) 0.1635(2) 0.2189(1) 0.0111(4) 0.85(1)U +0.15Ta
Ta2 8d 0.0015(2) 0.1569(2) 0.1257(1) 0.0111(4) 1.0

Ta3 4e 0.3307(2) 0.3307(2) 0.0 0.0109(5) 1.0

Sil 8e 0.130(1) 0.205(1) 0.3177(6) 0.012(2) 1.0

Si2 8e 0.206(1) 0.457(1) 0.1855(7) 0.012(2) 1.0

3 EXTI (Zachariasen) = 0.00034(2). Residual electron densities: max 4790, min -5150 e~/nm°.

P Data in 100 nm? (=A2?).

ical fragmentation from the alloy with nominal composition
UssTaysSige. The structure model, obtained by direct methods, sat-
isfactorily refined to Ry, =0.048 yielding a fully ordered metal
arrangement with a chemical formula U,Ta,Sis. At this stage signif-
icant residual densities were located in the centers of octahedra
[U4Ta,], which seemed to correspond to the scattering power of
carbon atoms. Refinement with C atoms within the octahedra
slightly reduced the R-value to 0.044 and prompted: (i) a stable
isotropic C-atom displacement parameter and (ii) interatomic dis-

Table 4
X-ray single crystal data for U,Ta,Si3C.?

tances dpi_c=0.2143 nm, 0.2539 <dc_y < 0.2573 nm, well corre-
sponding to the sum of atom radii of U, Ta and C atoms.
Alternatively, a defect position with oxygen or nitrogen can be
envisaged. Table 4 summarizes the results of the structure refine-
ment. Except for dy;_y; = 0.3448 nm, there are no direct U-U con-
tacts below 0.38 nm. Fig. 3 shows the crystal structure of U,Ta;SisC
in three-dimensional view revealing the C[U4Ta,] octahedra as
well as a row of triangular metal prisms. These prisms with their
rectangular faces, capped by two metal atoms and one silicon,

Parameter/temperature U,Ta,SisC Interatomic distances (standard deviations < 0.00005)
Formula from refinement U,Ta,SisC

Structure type U,Ta,SisC U1-1 Si2 0.28324 Ta2-1 Si2 0.25862
Space group Pmna; No. 53 1 Si3 0.28645 1 Si1 0.26101
Crystal size 54 x 70 x 84 pm? 1 Si3 0.29171 1 Si1 0.26583
Lattice parameters: a; b; ¢ (nm) 0.68860(1); 2.17837(4); 0.69707(1) 1 Si2 0.29207 1 Si2 0.26640
Uabs (MM™"); Pxray (Mgm—3) 103.92; 11.783 1 Si2 0.29359 1 Si2 0.26817
Data collection, 20 (°) 5.82 <20 < 84.13; 150 s/frame 1 Si1 0.29395 1 Si3 0.26890
Reflections in refinement 2953 Fy > 40(Fp) of 3712 1 Si2 0.30422 1 Tal 0.30361

Mosaicity

Number of variables

Rez = Z|Fg — F2|/ZF

Rlnt

WR2

GOF

Extinction (Zachariasen)

U1 in 8d (x, y, 2); occ. = 1.00(1)
Ujq; Ugp; Usz (in 102 nm?)

U2 in 4c (x, Y4, z); occ.=1.00(1)
Us1; Uaa; Uss (in 10> nm?)
U3 in 4c (x, '4, z); occ. = 1.00(1)
Ui1; Uz; Uss (in 102 nm?)

Tal in 8d (x, y, z); occ.=1.00(1)
Uy1; Upy; Uss (in 102 nm?)

Ta2 in 8d (x, y, z); occ. = 1.00(1)
Uy1; Upy; Uss (in 102 nm?)

Si1 in 8d (x, y, z); occ. = 1.00(1)
Uyq1; Uzy; Uss (in 10% nm?)

Si2 in 8d (x, y, z); occ. = 1.00(1)
Uyq1; Uzp; Uss (in 10% nm?)

Si3 in 8d (x, y, z); occ.=1.00(1)
Uy1; Uga; Uss (in 10% nm?)

Cin 4c (x, Y4, z); occ.=1.02(2)
Uiso (in 102 nm?)

Residual density; max; min

<0.37
72

0.044
0.092
0.107
1.086
0.00091(5)

x=0.00153(4), y = 0.05775(1); z = 0.66902(4)
0.0061(1), 0.0036(1), 0.0055(1)

x=0.34725(6), z = 0.32461(6)
0.0066(1), 0.00340(1), 0.0057(1)
x=0.49349(5), z = 0.82370(6)
0.0065(1); 0.0033(1); 0.0060(2)

x=0.16803(4), y = 0.15165(1); z = 0.00063(4)
0.0059(1), 0.0039(1), 0.0053(1)

x=0.34012(4), y = 0.07667(1), z = 0.32594(4)
0.0068(1), 0.0038(1,) 0.0054(1)

x=0.0455(4), y = 0.1538(1), z = 0.3762(4)
0.0079(9), 0.0040(9), 0.0059(9)

x=0.1657(3), y = 0.0244(1), z = 0.0409(4)
0.0071(9), 0.0054(9), 0.0057(8)

x=0.2016(3), y = 0.6523(1), z = 0.1279(4)
0.0076(9), 0.0051(9), 0.0049(8)

x=0.171(1), z=0.001(1)
0.012(2)

11.7; -7.6 e JA3

1 Tal 0.32933
1 Tal 0.32960
1Ta2 0.33116
1 Ta2 0.34480
1 U1 0.34480

U2-1 C 0.25394
1 C0.25616
2 Si1 0.28668
2 Si1 0.29739
2 Si3 0.30195
2 Tal 0.33108
1 Tal 0.33494
U3-1 C 0.25431
1 C0.25731
2 Si3 0.28638
2 Si1 0.29833
2 Si3 0.30099
2 Tal 0.33379
2 Tal 0.33393

Tal-1C0.21433
1 Si3 0.26995
1 Si1 0.27392
1 Si3 0.27490
1 Si1 0.27509
1 Si2 0.27874
1 Ta2 0.30361
1 Ta2 0.30389
1 U1 0.32933
1 U1 0.32960
1 U2 0.33108
1 U3 0.33379

1 Tal 0.30389
1 U1 0.33116
1 U1 0.33661

1 U1 0.36486

Si1-1 Si3 0.24733
1 Ta2 0.26102
1 Ta2 0.26583
1 Tal 0.27392
1 Tal 0.27509
1 U2 0.28668
1 U1 0.29395
1 U2 0.29739
Si2-1 Si2 0.25827
1 Ta2 0.25862
1 Ta2 0.26640
1 Ta2 0.26817
1 Tal 0.27874
1 U1 0.28324
1 U1 0.29207
1 U1 0.29359
1 U1 0.30422

Si3-1 Sil 0.24733
1 Ta2 0.26890

1 Tal 0.26995

1 Tal 0.27490

1 U3 0.28638

1 U1 0.28645
1U10.29171

1 U3 0.30099

1 U2 0.30195
C-2 Tal 0.21433
1 U2 0.25394

1 U3 0.25431

1 U2 0.25616

1 U3 0.25731

@ Standardised with program Structure Tidy [20].
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Fig. 3. Crystal structure of U,Ta,SisC in three-dimensional view. Coordination
polyhedra around carbon atoms (octahedra) and around silicon atoms (tetrakai-
decahedra = trigonal prisms with rectangular faces capped by three atoms) are
outlined.

are centered by Si-atoms: Si1[U4Ta,Si], Si2[U4Ta,Si] and Si3[UsTas.
Si]. X-ray powder patterns of this structure were not encountered
in the alloys used for the phase diagram study.

4. Summary

Phase equilibria in the ternary system Si-Ta-U have been estab-
lished in an isothermal section at 1000 °C. Two novel ternary com-
pounds were observed and were characterised by X-ray data
refinement: stoichiometric 7,-U,TasSiy (U;Mos3Sis-type) and t,-
U, _xTasz+,Sis (ZrsSig-type) at x ~ 0.30. Mutual solubility of U-sili-
cides and Ta-silicides are found to be very small i.e. below about
1 at.%. Single crystals obtained from alloys slowly cooled from li-
quid (2000 °C), yielded a fully ordered compound U,Ta,SisC (un-
ique structure type; Pmna, a=0.68860(1); b=2.17837(4);
¢=0.69707(1) nm; Rg, = 0.048; from X-ray single crystal data).
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