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ABSTRACT: X-ray single crystal (XSC) and powder diffraction data (XPD) were used to
elucidate the crystal structure of a new refractory silicon boride Ta;Si,(Si,B;_,), (x = 0.12).
Tetragonal Ta,Si,(Si,B,_,), (space group P4/mbm; a = 0.62219(2) nm, ¢ = 0.83283(3) nm)
with B atoms randomly sharing the 4g site with Si atoms is isotypic with the boride struc-
ture of (Re,Co),B,. The architecture of the structure of Ta,Si,(Si,B;_,), combines layers
of three-capped triangular metal prisms (Si,B)[Tag,,(Si,B)] alternating with double layers
of two-capped Si[Tag,;Si] Archimedian metal antiprisms. Consequently, the metal
framework contains (B/Si) pairs and Si—Si dumbbells. These two types of coordination
figures around the nonmetal atoms are typical for the system-inherent structures of Ta,B
(or Ta,Si) and Ta;B,. DFT calculations showed strong B(Si)—B(Si) and Si—Si bonding and
represent Ta,Si,(Si,B;_,), as a covalent—ionic compound. This bonding behavior is reflected
in the high hardness value of 1750 HV. The Sommerfeld constant, y = 7.58 mJ/mol K2, as
derived from the electronic density of states, calculated at the Fermi level, suggests typical

metallic behavior.

1. INTRODUCTION

At high temperatures, silicon borides of refractory transition
metals (TM) and in particular the solid solution phases with stoi-
chiometry (TM1,TM2)(SiB); exhibit good oxidation resist-
ance, high yield stress and compressive strength, and good creep
resistance and thus qualify as promising materials for high-
temperature applications.' > In some TM—Si—B systems, the
(TM);(Si,B); phases are found in equilibrium with the parent
metal matrix in the form of a disperse eutectic structure (in situ
metal—matrix composite), providing a good base for the devel-
opment of high-temperature structural materials.”

Tantalum is one of the most refractory metals as well as
some of its compounds with B, C, and N. Because of the high
hardness of these materials, sputtered Ta,Si,B, substrates, for
instance, provide inkjet printer heads suitable for high-speed
recording.* Early reports on the constitution of the Ta—Si—B
system identified two ternary phases.”® Both phases were de-
scribed as deriving from the stoichiometry TasSi; and were
labeled as D8y (Mn;Sis-type, stabilized by the incorporation of
B into the Ta,Siy structure) and as T2 (CrB;-type), the latter
of which has a composition close to the Ta—Si boundary sta-
bilized by substitutional Si/B exchange Tay(Si,B);.>° It should
be noted here that according to the latest assessment of the
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Ta—Si phase diagram,” TaSi; exhibits two structure modi-
fications. The high-temperature form fTasSi; (WSis-type; mp
2533 °C) transforms at 2160 °C into the low-temperature
modification aTasSi; with the CriB;-type. Later attempts to
derive the phase relations in the Ta-rich region of the Ta—Si—B
system at 1900 °C (arc-melted alloys annealed at 1900 °C for
48 h) (a) confirmed the T2 phase with a continuous phase re-
gion extending from binary aTaSiy to Tas(Si;_,B,); x = 0.70
and (b) observed a new phase ¢ with unknown structure type,
which was tentatively located at the composition Ta,(Sigs4Bg.46)."
Ball-milling of powders Ta-12.5 atom % Si-25 atom % B yielded
an amorphous phase after 200 h, which on reheating at 1200 °C
for 4 h recrystallized to a phase mixture of T2 + TaB, revealing
in addition a (further?) unknown phase.” More recent attempts
to shed light on the structural chemistry of {Nb,Ta}-Si—B
phases from X-ray single-crystal data dealt with the crystal
structures of Ta;(SiggoBo1;), which crystallizes with the TiyP-
type, where B and Si atoms randomly share the 8g site, and
Tag(Sig43Bos7); for which the CriBs-type has been confirmed,
where B atoms replace Si on the 8h site.'” These cases demonstrate
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Table 1. X-ray Single Crystal Data for Ta,Si,(Si,B,_,),, x = 0.12¢

parameter Ta;Si,(Sio12Boss)>
structure type Ta,Si,(Si,B1_,),
composition from EPMA Tags,6S118.5B179

composition from refinement Tags,651204B16
Ta,Si,(Si,B,_,),; x = 0.12
P4/mbm (no. 127)

0.62219(2), 0.83283(3)

formula from refinement
space group

a, ¢ (nm) single crystal data

a, ¢ (nm)® 0.62048(2), 0.83136(9)

crystal size (um) 20 X 25 X 35

Hps (mm™h) 118.55

p. (g em™) 13.89

reflections in refinement 422 > 40 (F,) of 437

mosaicity 0.56

number of variables 19

R; = XIF, — EJ/3F, 0.0237

Ry 0.067

wR2 0.0485

GOF 1.308

extinction (Zachariasen) 0.0013(1)

residual density (e”/A%); max; 3.5; —3.66

min

Tal in 8k (x, x+1/2, 2); x, z 0.66794(4); 0.19719(4)

occ. 1.0

Uy =Usy; Usy; Ups=Uy; U;,  0.0033(1); 0.0023(2); —0.0003(0);
0.0008(1)

Ta2 in 4h (x, x+1/2, 1/2); x  0.15948(6)

occ. 1.0
U;;=Uy; Uy Uy 0.0033(1); 0.0012(2); —0.0002(2)

M1 in 4g (x, x+1/2, 0); x 0.1196(13)

occ. 0.88 B1 + 0.12(1) Sil
Uy, = Uy, 0.0050(17)

Si2 in 4e (0, 0, 2); 2 0.3423(4)

occ. 1.0

U, =Uy; Uy, 0.0029(8); 0.0036(13)

Ta3 in 2a (0, 0, 0)

parameter Ta,Si,(Sig1,Boss)»
occ. 1.0
U, = Uy Uss 0.0025(2); 0.0014(2)
principal axes (U, U,y) of ADP ellipsoids
Tal 0.0042 0.0026 0.0021 0.0030(1)
Ta2 0.0035 0.0031 0.0012 0.0026(1)
Si2 0.0036 0.0028 0.0028 0.0031(6)
Ta3 0.0025 0.0025 0.0014 0.0021(1)
interatomic distances (nm) for Ta,Si,(Si,B;_,),
Tal (CN = 16) 2 B1/sil 0.24470
B1/Sil 0.24885
2 Si2 0.26118
2 Ta3 0.28386
Ta2 0.29438
Tal 0.29554
2 Ta2 0.32423
4 Tal 0.32743
Tal 0.32845
Ta2 (CN = 15) 4502 026828
Ta2 0.28066
2 Tal 0.29438
4 Tal 0.32423
4 Ta2 0.33086
B1/Sil (CN = 9) B1/Sil 0.21044
4 Tal 0.24470
2 Ta3 0.24811
2 Tal 0.24885
Si2 (CN = 10) 4 Tal 026118
Si2 0.26261
4 Ta2 0.26828
Ta3 0.28511
Ta3 (CN = 14) 4 B1/Sil 0.24811
8 Tal 0.28386
2 Si2 0.28511

“Standardized with the program Structure Tidy.27 Data collection details: Mo Ka radiation; 2 < 26 < 71.96°; w-scans, scan width 2°; 250 s/frame,
460 frames, 9 sets, redundancy >9. Anisotropic displacement parameters U; and Uy, (in 1072 nm?). ®Guinier—Huber X-ray powder data employing

Ge as the standard. € Standard deviations <0.0002 nm.

a strong stabilizing effect of boron incorporation in the Ta-
silicides investigated.

Therefore, the aim of the present article is the determination
of the crystal structure of the unknown phase ¢, which hitherto
was tentatively located at the composition Ta,(Sis4Bo4s).* The
details of the atom site occupation will provide the basis for (a)
a proper phase triangulation of the isothermal Ta—Si—B sec-
tions, (b) for a proper definition of the thermodynamic stabil-
ity, and (c) the sublattice model in a future thermodynamic
modeling of the constitution of the ternary system Ta—Si—B.

2. EXPERIMENTAL SECTION

Alloys were prepared from metal ingots of Ta (min. 99.5 mass %), Si
(min. 99.998%), and B (min. 99.5 mass %) by repeated arc melting under
argon (weight loss of less than 0.1%). The reguli were then annealed
in a W-mesh heated furnace under argon at 2000 °C for 100 h or at
2300 °C for 45 h followed by furnace cooling. Lattice parameters and
standard deviations were determined by least-squares refinements of
room temperature X-ray powder diffraction (XRD) data obtained from
a Guinier—Huber image plate employing monochromatic Cu K, radi-
ation and Ge as the internal standard (ag, = 0.565791 nm). XRD-
Rietveld refinements were performed with the FULLPROF program"’
with the use of its internal tables for atom scattering factors. The
annealed samples were polished using standard procedures and were

examined by scanning electron microscopy (SEM). Quantitative
compositions were determined on a CAMEBAX SX-50 electron-beam
probe microanalyzer (WDX) with an electron beam current of 15 nA.
Pure elements served as standards to carry out the deconvolution of
overlapping peaks and background subtraction. Finally, the X-ray in-
tensities were corrected for ZAF effects using the INCA-Energy 300
software package.'> The overall composition of the samples derived
from EPMA area scans agree with the nominal values within 1.0 atom %.

Single crystals of Ta,(Si;_,B,), were isolated via mechanical frag-
mentation of a specimen with nominal composition Tag,(Six B 160
which has been annealed for 45 h at 2300 °C. X-ray single crystal
(XSC) intensity data were collected on a four-circle Nonius Kappa
diffractometer (CCD area detector and graphite monochromated Mo
Ka radiation, A = 0.071069 nm). Orientation matrix and unit cell
parameters were derived using the program DENZO." No individual
absorption correction was necessary because of the rather regular
crystal shape and small dimensions of the investigated specimens.
The structures were solved by direct methods and refined with the
SHELXS-97 and SHELXL-97 programs,'* respectively. Further details
concerning the experiments are summarized in Table 1. Using the
DIDODATA program,™® we derived the Voronoi coordination poly-
hedra for all atom sites in the compounds investigated.

Hardness measurements of the new phase were carried out using a
Buehler Micromet2004 microhardness tester with 300 gf load and 30 s
indentation time.
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DFT (density functional theory) electronic structure calculations
for Ta,(Si;_,B,); (x = 0.44) (with experimentally determined struc-
tural parameters) were carried out with the Elk package16 (an all-
electron full-potential linearized augmented-plane wave code with PBE
parametrization'”). VESTA'® was used for crystal structure and volu-
metric data visualization of the electron localization function (ELF).

3. RESULTS AND DISCUSSION

3.1. Determination of the Crystal Structure of
Ta;Siy(Si,B1_,); (x = 0.12). Analyses of the X-ray single crys-
tal data set, particularly the systematic extinctions (observed for
Okl, k = 2n + 1 and h0O for h = 2n + 1), prompted a primitive
tetragonal unit cell (a = 0.62219(2) nm and ¢ = 0.83283(3) nm)
consistent with space group symmetries P4/mbm (no. 127),
P4b2 (no. 117), and P4bm (no. 100), out of which the highest
symmetric one, P4/mbm, was chosen for further structure anal-
ysis. Direct methods delivered a structure solution with three
sites for Ta atoms: one site consistent with a full occupation by
Si atoms and another site with a considerably smaller electron
density. Refinement with isotropic atom-displacement param-
eters (ADPs) clearly indicated boron atoms in the latter po-
sition, although as a mixed position with Si atoms to avoid an
unusually low ADP parameter for this site. Introducing a free
variable for the mixed Si/B occupation resulted in 0.88 B +
0.12(1) Si. A final refinement inferring anisotropic atom-
displacement parameters in general but isotropic ADPs for
the mixed site converged to a value Rz = 0.0237 with density
Fourier ripples of less than 3.5 e7/A® at 0.01 nm from Ta3. An
analysis of the missing symmetry by program PLATON (within
the Windows version WINGX'®) confirmed the space group
chosen: P4/mbm. The parameters used for refinement are listed
in Table 1. The final structure formula obtained, Ta,;,Si,(Si,B;_,),
[ = Ta,Si,(Si,B,_,), for x = 0.12], yields the composition
Tag;645h036B1s (in atom %), differing only slightly from the
EPMA value Tag; Sij5sB17o (in atom %) considering the general
difficulties in quantitative EPMA of alloys containing Ta and Si
as well as the light B element. For each independent crystal-
lographic site, the corresponding coordination polyhedron was
derived employing interatomic distances as a criterion combined
with an analysis of the Voronoi cell using program DID095"
rejecting (i) neighboring atoms with a Dirichlet area less than
10% of the largest face in a coordination unit and/or (ii) dis-
tances dr,_r, > 0.33 nm. Coordination polyhedra around Ta
atoms exhibit 14, 15, or 16 vertices (CN) (Figure 1 and Table 1)
at interatomic distances that range within 0.28 nm < dp,_p, <
0.33 nm and are consistent with the radius for Ta atoms (r, =
0.146 nm*). Silicon atoms are found at the centers of Archimedian
antiprisms, the square faces of which are capped by either a Ta3
or a Si atom.

As typical for boron-poor transition metal borides,” we en-
counter the B/Si atoms within a three-capped triangular prism
with only one Si/B—Si/B contact at dg;p_g/3 = 0.2104 nm.
Although the site is predominantly filled by boron atoms
(88%), the larger radius of Si determines the average distance
(taking the radii from Teatum et al?® as ry = 0.088 nm and rg =
0.134 nm).

X-ray powder diffraction intensities collected from the poly-
crystalline alloy with nominal composition Tag,(Siy0 0B 6o are
in fine agreement with the intensities calculated from the
structural model taken from the single crystal. Figure 2 shows
the Rietveld evaluation, which converges to Ry = 0.0366 for the
main phase Ta,Si,(Si,B;_,), but also reveals two secondary
phases (see Results and Discussion section 3.4). A search for
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Figure 1. Coordination polyhedra for the independent crystallographic
sites in Ta,Si,(Si,B;_,),. Atoms are presented with ADPs from single-
crystal refinement (Ta atoms are yellow, Si atoms are blue, and iso-
tropic Si/B atoms (simply labeled as B) are red).
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Figure 2. Rietveld refinement of X-ray powder intensity data for alloy
TagSio B¢ annealed at 2300 °C for 45 h. The inset shows a
micrograph of the annealed alloy with contrast mainly attributed to
crystallographic grain-orientation effects. The main phase (row 1 of hkl
labels; 84%) corresponds to Ta,Si,(Sig1,Bggg), row 2 represents the
phase Ta;(SipgoBoi;) (16%), and row 3 stands for the phase
Tas(Sig.43Bos7) (~1%).

the structure type in Pearson’s Crystal Data®* and in ICSD,*
checking also the Wyckoff sequence khgea, prompted a boride
structure (Re,Co),B," that after standardization reveals isotypism
with the structure of Ta;Si,(Si,B;_,),: Re,(Rey5Coys),CoB,B, =
Ta,Ta,TaSiy(Sip1,By.ss)2-

3.2. Structural Chemistry of Ta,Si,(Si,B;_,), (x = 0.12).
Structural chemistry of transition-metal borides and silicides
is still best described as a function of the metal coordination
around the nonmetal atoms (for a detailed description of metal-
rich borides, see ref 21). For Ta,Si,(Si,B;_,),, the nearest system-
inherent phases are the high-temperature compounds Ta,B and
Ta,Si, which both crystallize with the CuAl,-type (space group
I4/mem) but interestingly do not form any sizable solid solu-
tion phase. The typical structural unit in these compounds is
the Archimedian antiprism, forming infinite strings along the ¢
axis connected via their square faces. These antiprisms are
either centered by a boron atom (with rather long B—B dis-
tances at dy_g = 0.2433 nm considered as nonbondingzs) or by
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a Si atom (forming Si—Si contacts at dg;_g; = 0.2528 nm?°). Al-
though the U,Si)-type (space group P4/mbm) is a structure
type adopted by many transition-metal silicides, Ta;B, rather
than Ta,Si, is found to crystallize with this type.”* The typical
structural feature of Ta;B, is a three-capped triangular prism
centered by a B atom: B[Tag,,B]. The B,Si atom in Ta,Si,-
(Si,B,_,), forms a loose contact to the one capping B,Si atom
at dpg pg = 0.2014 nm when compared to the sum of the
radii (2r5 = 0.176 nm, 27gi(merary = 0.268 nm, and 27g;(covatent) =
0.234 nm™°).

As seen from Figure 3, the structure of Ta,Si,(Si,B,_,), consists
of two characteristic structural elements (see the coordination

Figure 3. Crystal structure of Ta,Si,(Si,B,_,), in 3D view revealing
layers of three-capped triangular prisms (around Si/B atoms)
alternating with layers of Archimedian antiprisms (around Si atoms).
Atoms are presented with ADPs from single crystal refinement (Ta
atoms are yellow, Si atoms are blue, and isotropic Si/B atoms (simply
labeled as B) are red).

polyhedra in Figure 1): (i) a bicapped Archimedian antiprism
centered by a Si atom and capped by one Si and one Ta atom,
Si[Tag,,Si], and (ii) a three-capped triangular prism centered
by a B/Si-atom, (B,Si)[Tag,,(B,Si)], where one of the rect-
angular faces is capped by one B/Si atom. The architecture of
the structure of Ta,Si,(Si,B;_,), combines layers of these
triangular prisms (B,Si)[Tag,,(B,Si)] alternating with double
layers of Si[Tag,,Si] Archimedian antiprisms (Figure 3). Com-
paring unit cell dimensions and atom site occupation, we see
that Ta,Si,(Si,B;_,), is the first representative of the (Re,Co),-
B,-type,”* which was described as a member of the homologous
structure series Ry.,3,.X;.,, composing all of the structure
types that are close to Ta,Si,(Si,B;_,), in the Ta—Si—B phase
diagram: CriBs-type (Tas(SiB);, m = 1, n = 1), CuAl,-type
(T2,B and Ta,Si, m = 1, n = 0), and U,Si,-type (Ta;B,, m = 0,
n = 1). Although the B—B contacts in the (Re,Co),B,-type”*
were reported to be rather long for bonding contacts (dg_g =
0.194 and 0.220 nm), the larger Si(B) atoms in Ta;Si,(Si,B;_,),

engage in strong contacts dpg;_pg; = 0.210 nm and dg;_g; = 0.263
(Results and Discussion section 3.3 below). The site preference
observed for the boron atom in Ta,Si,(Si,B,_,), is perfectly in
line with the generally fully ordered transition-metal silico-boride
parent structures such as TigSi,B*® (K,UF-type), Tas(Si;_.B,);"
(CrsBy-type), NbssisB1—xm (TisGay-type), C04.7Sizl329 (NbsSn,Si-
type), or MosSiB,>* (MosSiB,-type).

3.3. Electronic Structure Calculations. To introduce the
statistical mixture of B and Si in the M1 site, the symmetry of
the crystal was reduced to triclinic (space group P1), and the
unit cell was doubled in the a direction (2a, b, c). In the ob-
tained structure, one of the B atoms was substituted by Si, giv-
ing Ta,3SisB; or Ta,Si,(Sig1,Bss), to match the experimentally
determined composition (EPMA and XRD). The total (for the
doubled cell) and partial (for one atom) DOS distribution of
Ta,S1,(Si,B,_,), (x = 0.12) shows (Figure 4) that the d states
of the Ta atoms furnish the main contribution to the density of
states below the Fermi level. The DOS spectra of Tal and Ta2
are rather similar, but both of them differ from Ta3, which
appears to have a more localized and sharper distribution of d
states near —2 eV.

In all cases, the Ta atoms contribute to both valence and con-
duction bands. From the DOS spectrum of B (M1 site), it is
clear that s and p states overlap (ranging from —7 to —10 eV),
yielding s—p hybridization. The distribution of DOS for Si
in M1 and Si2 sites shows one prominent feature of the struc-
ture: the presence of the partially filled d states in the valence
band. These d states could be partially populated via a donor—
acceptor mechanism by the formation of 7 bonds (e.g, Si—O,
Si—F, and Si—Cl bonds) with Ta. The effect of s—p hybrid-
ization on the Si2 atoms appears to be smaller than on Si in the
M1 site and could be explained by the difference in the coor-
dination environment of these types of atoms. Consequently,
the density of states profile (s and p states) of Si and B atoms,
which share one M1 site, appears to be similar. The total den-
sity of states predicts metallic-like behavior of the investigated
compound. To understand better the chemical bonding in
Ta,Si,(Si,B,_,),, a calculation of the electron localization func-
tion was performed (Figure S5). The highest electron local-
ization is observed between the B1—Bl and B1-Si atoms
(Figure 6), and some lower electron localization is observed
between the Si2—Si2 atoms (Figure 7). Strong polarization of
the electron density toward the B1/Sil atoms between boron/
silicon and tantalum is observed.

A similar situation takes place between the Si2 and Tal, Ta2,
and Ta3 atoms. Such features represent Ta,Si,(Si,B;_,), as a
covalent—ionic compound for which the ionic part can be
explained on the basis of the difference in electronegativity
between the B/Si and Ta atoms. In general, the coordination
polyhedra for the B1/Sil and Si2 atoms represent the bonding
picture in the investigated compound. It should be noted that
the electron localization maxima between B—B atoms were also
observed in the compound TmAIB,>" confirming direct
(covalent) bonding. This covalent bonding behavior is reflected
in the high hardness value presented by the ¢ phase, on the
order of 1750 + 100 HV (=17.2 GPa), which is an inter-
mediate between the values for Ta silicides such as TaSi, (1407
HV??) and Ta;Si; (1200—1500 HV>?) as well as the Ta boride
Ta;B, (2770 HV**) within the homologous structure series
1{2m+3n)(m+2n'

Taking at the Fermi level 3.21 states/eV for 1 formula unit
(note that Figure 4 shows 12.86 states/eV at E for the doubled
cell with 44 atoms), we can extract the Sommerfeld constant,
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Figure 4. Distribution of the total (for the doubled cell in the a direction) and partial (for one atom) density of states in Ta,Si,(Si,B;_,), (x = 0.12)

(Fermi level at E = 0).

¥ = 7.58 mJ/molK?, which suggests typical metallic behavior for
Ta;Siy(Si,B1_)-

3.4. Ta,Si,(Si,B;_,), and Phase Diagram. The composi-
tion of the new phase Ta,Si,(Si,B;_,), as refined from the
single-crystal study, is close to the composition of the so-called
¢ phase (which earlier was tentatively located at the compo-
sition Ta,(Sigs4Bp4s)® in the isothermal section of the Ta—Si—
B system at 1900 °C). It has been proposed that at 1900 °C this
¢ phase equilibrates with Ta (ss = solid solution), Ta;(Si;_,B,),
Tas(Si,_B,); [CrsBs-prototype], and Ta,(Si;_,B,).® The phase

relations derived for the partial isothermal section at 2000 °C,
as shown in Figure 8, are close to those presented earlier at
1900 °C.* As the X-ray intensity pattern of the ¢ phase ap-
peared most intense in the alloy TagSi, B¢ from which the
single crystal was extracted and a quantitative Rietveld refine-
ment confirmed the new phase, there is no doubt about the
identity between the ¢ phase8 and Ta,Si,(Si,B;_,.),.

Although the crystal structure of Ta,;Si,(Si,B,_,), contains
one crystallographic site with a random mixture of B and Si
atoms, no homogeneous region has so far been experimentally
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Figure S. Electron localization at 0.55 in Ta,Si,(Si,B,_,), (x = 0.12).
The unit cell is doubled in the a direction.
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Figure 6. Projection of the electron localization distribution on the
(001) lattice plane in Ta,Si,(Si,B,_,), (x = 0.12).
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‘—i o Yo I

Figure 7. Projection of the electron localization distribution on the
(100) lattice plane formed by B1—Si2—Ta3 atoms in Ta,Si,(Si,B;_,),
(x = 0.12).

encountered for the phase ¢. The Rietveld refinement of the
X-ray powder intensity data for alloy Tag,SiyB,¢ (annealed at
2300 °C; Figure 2) revealed two phases besides the main phase
of Ta,Si,(Si,B;_,),, namely, Ta;(Si;_,B,) with Ti;P-type (about
16% of the total intensity spectrum) and traces of the T2 phase,
Tay(Si,_,B,); with the CrB;-type (~1%).

Although the sensitivity in atom site occupation is limited for
a secondary phase at reduced amounts, we observe good agree-
ment for the B content in the Ti;P-type phase (x = 0.11; i.e.,
~3 atom % B) with the experimental data (~3 atom % B in
Ta;Si) derived from the phase diagram at 2000 °C (Figure 8).
The traces of the T2 phase (Tas(Si;_,B,); with the Cr;B;-type
(~1%), however, do not allow any reliable determination of the
B content and with lack of reliable EPMA data from the
microstructure, the composition data were introduced from our

at.% Si

Figure 8. Partial isothermal section at 2000 °C for the Ta-rich part of
the Ta—Si—B system.

single-crystal study of Tas(Sig43Bos;)s- 0 It should be noted,
however, that the Rietveld refinement of alloy TagSi Bis
(Figure 2) with main and secondary phases clearly defines the
tie-line Ta,Si,(Si,B,_,), (x = 0.12) + Tay(Si,_,B,) (x = 0.11),
which is in agreement with the phase triangulations at 1900 °C®
as well as at 2000 °C (¢ phase + Ta;(Si;_,B,)). The compo-
sition of the ¢ phase (Ta,(Siys4Bo4s)), as determined from the
phase triangulation at 1900 °C,® differs by a small but signif-
icant amount from Ta,Si,(Siy1,Bggs), as obtained from the
present single-crystal X-ray analysis in close correspondence to
the EPMA analysis of Tag; 45i;55B 17 for the ¢ phase in the iso-
thermal section at 2000 °C. Although the ratio Ta/nonmetals is
different, it is worth noting that the single-crystal refinement
without constraints converged to a Si/B ratio identical with the
EPMA experiment. From the ADPs derived in the single-crystal
study, we see quite uniform values for all Ta sites and the Si2
site. In addition, the slightly higher ADP value for the Si/B site,
which is dominated by the light B atom, is well conceivable.
With the experimental difficulties in arriving at reliable EPMA
data for the light atoms near heavy Ta, Si defects in the Si/B
site can neither be introduced into the refinement nor can
reliable quantitative X-ray refinements be obtained from three
species in one crystallographic site (B, Si, and a vacancy).

4. CONCLUSIONS

The crystal structure of a new refractory boron silicide,
Ta,Si,(Si,B,_,), (x = 0.12), was determined from X-ray single
crystal (XSC) and powder diffraction data (XPD). Tetragonal
Ta;Si,(Si,B;_,), (space group P4/mbm; a = 0.62219(2) nm
and ¢ = 0.83283(3) nm) with B atoms randomly sharing the
4g site with Si atoms is isotypic with the boride structure of
(Re,Co),B,. The architecture of the structure of Ta,(Si;_,B,)s
combining layers of three-capped triangular metal prisms
(B,Si)[Tag,,(B,Si)] alternating with double layers of two-
capped Si[Tag,;Si] Archimedian metal antiprisms, is typical for
metal borides of low boron content. Consequently, the two
types of coordination figures around the nonmetal atoms are in-
herent to the structures of Ta,B (or Ta,Si) and Ta;B,.

Partial substitution of B by Si atoms does not significantly
change the bonding picture in the structure. Strong electron
density localization between B—B(Si) and Si—Si atom pairs
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confirms covalent bonding and represent Ta,Si,(Si,B;_,), as a
covalent—ionic compound of high hardness (1750 HV). Typ-
ical metallic behavior is inferred from the Sommerfeld constant,
¥ = 7.58 mJ/mol K? as derived from the electronic density of
states at the Fermi level.
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