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ABSTRACT
The single-phase metal dodecaboride (MB12) solid solutions ZrosYosBi2 and ZrosUosB12 were
prepared by arc-melting. The phase purity and composition were established by powder X-ray

diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron

spectroscopy (XPS), and '°B and "B solid state NMR spectroscopy. The effect of carbon
addition to Zri«YxBi2 was studied and it was found that carbon causes fast cooling and, as a
result, rapid nucleation of grains, as well as “templating” and patterning effects of the surface
morphology. The hardness of the ZrosYo5Bi2 phase is 47.6 = 1.7 GPa at 0.49 N load, which is
~17% higher than that of its parent compounds, ZrBi2 and YBi2, with hardnesses of 41.6 + 2.6
and 37.5 £ 4.3 GPa, respectively. The hardness of ZrosUosB12 is ~54% higher than that of its
UB\2 parent. The dodecaborides were confirmed to be metallic by band structure calculations,
diffuse reflectance UV-Visvis spectroscopy and NMR spectroscopy. The nature of the
dodecaboride colors — violet for ZrB1» and blue for YBi2 — can be attributed to charge transfer.
XPS indicated that the metals are in the following oxidation states: Y*3, Zr** and U™"*®. The
superconducting transition temperatures (T.) of the dodecaborides were determined to be ~5 - 6
K for both ZrBi>» and YBi2, as shown by resistivity and SQUID (superconducting quantum

interference device) measurements. The T. of the solid solution was suppressed to ~3 — 3.5 K.


https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy

INTRODUCTION
The compositional breadth of metal borides has resulted in a remarkable range of crystal
structures.’” This structural diversity yields exciting optical, magnetic and electronic,’”’
catalytic,®’ and mechanical properties.!"!°!? Metal boride structures range from metal rich sub-
borides> (M4B) to mono-,'*"> di-!®!7 and tetraborides,'®?° to boron rich borides:
dodecaborides?! (MBi2) and higher borides®? (MBgs), and PB-rhombohedral boron doping
phases®*?* (MBso-100); as well as ternary and higher metal borides.!*> Of the aforementioned
boride families, metal dodecaborides are interesting due not only to having superior mechanical
properties (superhardness),’*?° but also interesting optical (color)**?® and electronic
(superconductivity)*® properties, as well as good oxidation resistance.?®

Metal dodecaborides can crystallize in two different structures: cubic-UB1>» (Fm3m) and
tetragonal-ScBi2 (I4/mmm) (Figure 1)."22% The majority of metals form the cubic phase!?! and
only Sc, as well as solid solutions of ScBi> with another metal (at <5 atom% secondary metal
addition), crystallizes in the tetragonal structure.?®3!*2 The dodecaboride structure can be thought
of as a face-centered cubic (FCC) or body-centered tetragonal (BCT) for ScBi» lattice of 12-
coordinate metal atoms, each surrounded by a 24 boron atom cuboctahedron cage. Whether a
metal can form a dodecaboride phase is primarily determined by the size of the metal in a 12
coordinate environment; generally, the metal has to have a 12-coordinate radius in between that
of zirconium (1.603 A) and yttrium (1.801 A).2832 Moreover, slight deviations from this range, as
in the case of hafnium (1.580 A)** and gadolinium, require high-pressure (6.5 GPa) synthesis*-4
or ambient pressure stabilization via solid-solution formation (Y xHfiB1> and Zr; xGdxBi2).2” %

Most metal dodecaboride phases are incongruently melting, and as such can either be
formed as MBi; and a lower boride (e.g. ZrB, and YBs) or as MBi2 and a higher boride or

crystalline boron (e.g. YBes and ZrBso).*>>® This severely limits their potential applications in



tooling and as abrasives, due to having either boron-rich phases, which can form boride phases
with the binder metals, or having the soft lower boride phases (ZrB> and YBs), which hinder the
mechanical properties and also reduce the thermal conductivity of the material and as such heat
removal from the tool edge.*’

Metal dodecaborides can be synthesized as single crystals via zone melting, which is not
easily scalable.’” However, using solid solution alloying, it is possible to synthesize a single-
phase metal dodecaboride phase, ZrosYos5B12, as confirmed by powder XRD, scanning electron
microscopy (SEM) and solid-state NMR spectroscopic data. The fact that these alloys are single
phase not only makes it easier to study their properties, but also in case of mechanical properties
has the added benefit of solid-solution hardening resulting in enhanced hardness, i.e. 47.6 = 1.7
GPa at 0.49 N load — a 17 % increase in hardness over the hardness of the parent phases (ZrB12
and YB12). Furthermore, we studied the effect of the addition of carbon to the zirconium-yttrium
dodecaboride system, as well as provide a possible explanation for the color in metal
dodecaborides using diffuse reflectance, XPS, and solid-state NMR (!°B and ''B) spectroscopy.
Additionally, we studied the magnetic, electronic, and thermal properties of the 50/50 atom%
solid solution as well as the parent phases. We show that from one single boride structure, subtle
variations of stoichiometry can yield a wide range of outcomes, and that careful optimization of
even a few atomic percent can yield optimal properties of a superhard, superconducting boride.

For the purposes of this manuscript: boron carbide (~B12xCax)*%* will be referred to as
“B4C” and zirconium carbide (~ZrC;)* as “ZrC”.

EXPERIMENTAL PROCEDURES

Pellets of the following nominal compositions: (Zr;xYx):C.:13 B, (x = 0.00, 0.05, 0.25,

0.50, 0.70, 0.75, 0.95 and 1.00; z= 0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0, C = B4C + ZrC; 13 boron

equivalents account for the evaporation of boron during arc-melting; the amount of pure Zr metal



was adjusted based on the concentration of ZrC, while the total amount of boron was adjusted
based on the amount of boron in B4C), Zr:Cy:13 B and Y:Cy:13 B (w = 1.0, 2.0 and 3.0),
(Zro5Y05):Cz:13 B (z= 0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0 and C = B4C, ZrC + B4C and graphite),
(Zr1xUx):20 B, (x = 0.00, 0.05, 0.25, 0.50, 0.70, 0.75, 0.95 and 1.00; metal to boron ratio of 1 :
20 was used in order to conserve uranium metal), Zr:2.5 B, Y:9.0 B, boron carbide, (B4C):zB (z
=2.5,6,9, 16, 22 and 36), zirconium carbide, tungsten carbide were prepared from high-purity
metal and boron powders: amorphous boron (99+%, Strem Chemicals, USA), zirconium (99.5%,
Strem Chemicals, USA), yttrium (99.9%, Strem Chemicals, USA), depleted uranium metal wire
(US Department of Energy), boron carbide (99+%, Strem Chemicals, USA), zirconium carbide
(99.5%, Alfa Aesar, USA), tungsten carbide (99.5%, Strem Chemicals, USA) and carbon
(graphite, 99+%, Strem Chemicals, USA). In addition, cadmium sulfide (99.999+%, Strem
Chemicals, USA), titanium metal (99.9%, Strem Chemicals, USA), chromium metal (99.9%,
Strem Chemicals, USA) and potassium permanganate (98%, Alfa Aesar, USA) were used in UV -
Vis diffuse-reflectance studies. Additionally, ZBi> and YB12 samples with a 1 : 20 metal to boron
ratio were prepared for SQUID magnetometry analysis.

To ensure homogeneous mixing, the weighted samples were homogenized in a vortex
mixer for ~1 minute and pelletized under a load of 10 tons using a hydraulic press (Carver). The
pressed pellets were then placed in an arc-melter onto a copper hearth along with oxygen getter
materials (zirconium metal). The arc-melter chamber was later sealed and evacuated for 20
minutes followed by purging with argon, this process was repeated 4 times to ensure no oxygen
presence in the chamber. During arc-melting, the getters were melted first to ensure the
absorbance of any trace oxygen, and then the samples were heated for 7 ~ 1 to 2 minutes at / ~
145 Amperes until molten, then allowed to solidify, flipped and re-arced 2 times to ensure

homogeneity.



The synthesized ingots were split (fractured) into several pieces in a tool steel Plattner
style diamond crusher. About half of the total ingot was crushed for PXRD using the diamond

crusher into a 325 mesh (< 45 pm) powder. PXRD was performed on a Bruker D8 Discover

powder X-ray diffractometer (Bruker Corporation, Germany) utilizing a CuKa X-ray beam (Aave
= 1.5418 A, ka1 = 1.5406 A, ka2 = 1.5444 A, \xp is absorbed by a Ni filter) in the 5 - 100° 20
range with a scan speed of 0.1055°s, time per step of 0.3 s. The phases analyzed were cross-
referenced against the Joint Committee on Powder Diffraction Standards (JCPDS) database.
Maud software was used to perform the unit cell refinements.*!~#°

The remaining half of the ingot was epoxidized for Vickers hardness and SEM/EDS
measurements using an epoxy/hardener set (Allied High Tech Products Inc., USA), and then
polished to an optically flat finish on a semi-automated polisher (Southbay Technology Inc.,
USA) using both silicon carbide abrasive disks of 120 - 1200 grit (Allied High Tech Products
Inc., USA) and 30 - 1 um particle-size diamond films (Southbay Technology Inc., USA).

The morphology was analyzed using an UltraDry EDS detector (Thermo Scientific,
USA) and an FEI Nova 230 high-resolution scanning electron microscope (FEI Company, USA).
Vickers hardness testing was performed using a MicroMet 2103 Vickers microhardness tester
(Buehler Ltd., USA) with a pyramidal diamond indenter tip. 15 indents were made at applied
loads 01 0.49, 0.98, 1.96 N each, and a minimum of 10 indents were made at loadings of 2.94 and
4.9 N each, and were performed in random areas of the sample. A high-resolution optical
microscope (Zeiss Axiotech 100HD, Carl Zeiss Vision GmbH, Germany) with 500x

magnification was used to measure the length of the diagonals of each indent. Vickers hardness

(Hy) was calculated using Equation 1:

18544 F
a’

H,=

(1)

where F' is the loading force applied in Newtons (N), a is the average of the length of the two

6



diagonals of each indent in micrometers (um) and H, is Vickers hardness in gigapascals (GPa).
The reflectance spectra were collected using a diffuse-reflectance attachment on a UV-

vis-NIR spectrophotometer (Shimadzu Corp., Japan) in a 400 — 800 nm range (0.5 nm steps)

using BaSO4 powder as background. The acquired reflectance spectra was converted to pseudo-

absorbance applying Kubelka-Munk theory, using Equation 2:

0,
1— (2R

)2
A, = log(—45-) @

2(100

where %R is the percent reflectance and A, is the logarithm of the pseudo-absorbance.

XPS spectra were collected using a Kratos Axis Ultra DLD spectrometer equipped with a
monochromatic Al Ka X-ray source. Raw data processing was performed using CasaXPS 2.3
software. Spectral binding energies were calibrated by assigning the C 1s peak with a binding
energy of 284.5 eV. For high resolution XPS, samples were Ar” sputter cleaned at an accelerating
voltage of 4 kV.

A Bruker AV III 600 (14.10 Tesla) nuclear magnetic resonance (NMR) spectrometer was
employed for the acquisition of !'B and !B NMR signals at the frequencies of 192.57 MHz (!'B)
and 64.51 MHz ('°B), respectively. Specifically, the ''B and B NMR spectroscopic data were
acquired by using the magic-angle spinning (MAS) technique. The MAS NMR measurements
were performed with the use of a 3.2-mm outside diameter zirconia rotor.*® The NMR spectra
were obtained at several spinning rates, ranging from 5-17 kHz. The boron background effect
resulting from the boron nitride stator in the MAS probe was minimized by the use of the
“elimination of artifacts in NMR spectroscopy” pulse sequence.*’ For the ''°B saturation
recovery measurements with MAS at a rate of 17 kHz, the method of pulsing asynchronously to
the spinning sample was applied as initially proposed by Yesinowski, et al.*® All samples were
washed in dilute HCl/methanol in order to remove any iron content from powderizing. In

addition, all samples were mixed with a small amount of NaCl in order to reduce particle-to-
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particle contacts. The ''°B chemical shift scales were calibrated using the unified = scale,* by
relating the nuclear shift to the 'H resonance of dilute tetramethylsilane in CDCI; at a frequency
of 600.13 MHz. According to the = scale, the BF; etherate compound is the reference for
defining zero ppm. The chemical shift referencing was further verified experimentally by
acquiring the ''°B resonance of an aqueous solution of boric acid at pH = 4.4,% as well as by
measuring a BF; etherate sample*’ using a solution state NMR spectrometer (Bruker AV 600).
Analysis and simulations of the MAS NMR spectra were performed by using the Solids NMR
Models “sola” in the TopSpin software.

Thermal and charge-transport properties were measured from 10 - 300 K using a Physical
Property Measurement System (Quantum Design). Arc-melted samples of ZrB1> and Zros5Yo05B12
were cut and polished into regular shapes. The Seebeck thermopower and thermal conductivity
were measured using the Thermal Transport Option in a two-probe configuration. Electrical
resistivity was measured using the Alternating Current Transport option and a four-probe
geometry with 50 um Pt wires and Ag paste.

SQUID magnetometry was performed in the 2 — 300 K range initially to narrow down the
range of the T¢ and in 2 — 10 K range for other samples with a 0.5 K step size using liquid helium
on a Quantum Design Magnetic Properties Measurement System (USA). The prepared samples
were split into pieces, which could fit into a capsule inserted into a plastic straw. The samples
were treated with HCl, washed with ethanol and weighed out before inserting into the

magnetometer. The baseline run of the plastic straw was subtracted from the sample signal. All

runs were done under an applied field of 107 Tesla (10 Oersted).>!

RESULTS AND DISCUSSION

In order to determine the purity and phase composition of the samples, powder X-ray



diffraction (PXRD) and energy-dispersive X-ray spectroscopy (EDS and XPS) were performed.
Figure 2 shows the PXRD spectra for alloys with a nominal composition of (ZrixYx):13 B,
without carbon and with 1 equivalent of carbon in the 15 - 50° 20 range (full patterns can be
found in Figure S5 and S8). Figure 3 shows the PXRD spectra for alloys with a nominal
composition of (Zri-xUx):20 B in the 15 - 50° 20 range (full patterns can be found in Figure S5).
Figure 4 shows the SEM and optical images of Zr:C,:13 B and Y:C.:13 B (z = 1.0, 2.0 and 3.0).
Figure 5 shows the SEM and optical images of (Zri«Yx):13 B, and (Zri1xYx):Ci10:13 B. Figures
6 and 7 show the SEM and optical images, respectively, for the alloys with a composition of
(Zr1xYx):C:13 B. Figure 8 show the SEM and optical images for the alloys with a composition
of (Zr1xUx):20 B. Figures 9 and 10 show the Vickers hardness data for (Zri«Yx):13 B, without
carbon and with 1 equivalent of carbon and (Zri-«Ux):20 B. Figure 11 contains contour plots with
Vickers hardness data for (ZrixYx):C.:13 B. Figures 12 and 13 contain the XPS surveys for (Zr-
xYx):13 B and (Zri«Ux):20 B, respectively. Figure 14 contains diffuse-reflectance UV-Vis
spectra for (Zri1xYx):13 B and (Zr1xUx):20 B. Figures 15, 16, and 17 contain the 'B MAS NMR
experimental and simulated spectra, "B NMR saturation recovery and '°’B MAS NMR spectra at
10 and 17 kHz for (Zr1x<Y«x):13 B. Additional PXRD spectra, hardness data and XPS peak fittings
can be found in the Supplemental Information file. As mentioned previously, for the purposes of
this manuscript boron carbide (~B12xC2x)*%*° will be referred as “B4C” and zirconium carbide
(~ZrC15)* as “ZrC”.

Previously, the metal dodecaborides were synthesized with a metal to boron ratio of 1 to
20, in order to prevent the formation of lower boride phases, such as ZrB, and YBe.2¢?°
However, in this study we wanted to see whether it is possible to synthesize a single-phase
dodecaboride using an almost stoichiometric amount of boron (compensated for the evaporation

during arc-melting), similar to the case of WB4, which has to be synthesized using a metal to



boron ratio of at least 1 to 8.5'%3%*

in order to prevent the formation of WB;, but can be
prepared as a single-phase compound by substituting in W for ~32 atom% Ta.'” Indeed it was
discovered that a 50/50 atom% solid solution of ZrBi2 and YB12, prepared with a composition of
(Zros5Y0s5):13 B, is a single-phase compound as confirmed by powder XRD (Figure 2) and ''B
NMR spectroscopy (Figure 15). As can be seen from the PXRD spectra, the amount of
secondary lower boride phases, ZrB> and YBg, decreases with the increased amount of secondary
metal, and they are suppressed at the eutectic composition, which can be attributed to the
formation of a solid solution. ZrB1> and YBi> are fully soluble in each other (both being cubic-
UB,> structures) and form solid-solutions in the whole range of compositions.?® This is
unsurprising as Zr and Y satisfy all four requirements for solid solution formation according to
the Hume-Rothery rules:*>>>’ 1) their atomic radii are within ~15 % of each other (rz = 1.55 and
ry = 1.80 A);*® 2) they form phases with the same crystal structure (cubic-UB12);' 3) they have
similar electronegativities (1.33 and 1.22 for Zr*" and Y**, respectively);’>* and 4) they have
similar oxidation states (Zr™ and Y™).%! The solid-solution formation is also evident in the
change of lattice parameters on going from ZrB12 (a = 7.411(6) A) to YB12 (a = 7.502(1) A),
closely following Vegard’s law®? as well as in the EDS values for the yttrium concentration being
consistent with the nominal composition (Table 1). Furthermore, the formation of the single-
phase compound at the 50/50 atom% composition can be seen in the SEM image in Figure 5 as
well as in the results of the NMR spectroscopy discussed later. The ability to synthesize a single
phase metal dodecaboride at stoichiometric metal to boron ratios (accounting for boron
evaporation during arc-melting) by means of a solid-solution formation allows for a much easier
synthesis of possible tools and abrasives and their superior properties due to both solid-solution
hardening (mechanical properties) and better thermal conductivity (due to having only grains of

one phase).’” The only other methods for producing a “phase pure” metal dodecaborides are:
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having excess boron (M : B = 1 : 20), which results in a considerable amount of boron-rich
phases; and zone (induction) melting, although producing single crystals with exact
stoichiometry is not easily scalable.?62%7

Upon the addition of carbon to the dodecaboride system, a change in the relative quantity
of secondary phases can be observed (Figure 2). This is due to the fact that while carbon does
form metal borocarbides®® for low metal to boron ratios (~ 1 : 1), in the case of higher borides
and dodecaborides, carbon can be considered an insoluble impurity (Figure S2) and as such will
preferentially form B4C, thus reducing the total amount of available boron in the system.
However, the addition of carbon has a remarkable effect on the surface morphology of the
samples (Figures 4 and 5). Carbon has a similar effect to that of zirconium on tungsten
tetraboride,’? in that it causes a rapid cooling and as such very fast nucleation of grains,
dramatically reducing their size. This is especially dramatic upon the addition of additional
equivalents of carbon, as seen in Figure 4, where the lower borides, ZrB,, and B4C form a
lamellar microstructure pattern resulting from an eutectoid transformation of ZrB, and B4C.%* As
can be seen from Figure 5, upon the addition of carbon, the large “white linear” ZrB, and
“spiral” YB¢ phases are replaced with a large number of smaller grains. The full effect of the
addition of carbon on the (ZrixYx):13 B solid solution can be seen in Figures 6 and 7. Note that
in the case of ZrB», a directional grain growth can be seen, where ZrB> and B4C grains are
intermixed, which can be attributed to the high melting points of both ZrB> and B4C (~3230 and
~2450 °C, respectively),>>*® whereas these phases crystallize before the main dodecaboride
phase (~2000 °C)*-¢ and serve as “templates”/nucleation points for the grain growth, similar to
the effect of Ti on WB4.%?

In order to investigate whether a source of carbon has any effect on the resulting

phase/morphology formation, a study was performed where alloys with a nominal composition
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of (Zros5Yo05):C.:13 B, where z = 0.2, 0.4, 0.5, 0.8 and 1.0, and the following sources of carbon
B4C, B4C + ZrC and graphite (Figures S9 and S10). According to the PXRD data in Figure S9,
in all three cases of different carbon sources, the phase formation is similar, accounting for slight
difference in relative intensities of the peaks. Furthermore, optical images in Figure S10 show
that phase formation is indeed independent of the carbon source. Based on these facts, it can be
inferred that in the case of ZrC as the carbon source, it dissociates upon melting into zirconium
and carbon, which go on to form the metal dodecaboride and boron carbide phases, respectively;
B4C dissociates into boron and carbon and reforms back into boron carbide; and graphitic carbon
(and boron) form boron carbide. These results are important because they show that multiple
sources of carbon can be used to form the desired phases, resulting in easier synthesis, especially
at low concentrations of carbon addition due to the low molecular weight of carbon.

Figure 3 shows the PXRD spectra of (Zr1xUx):20 B (1 : 20 metal to boron ratio was used
due to the limited amount of U metal), which shows the formation of a solid-solution between
ZrB12 and UB2 (both being cubic-UBy; structure).! The solid-solution formation is also evident
in the change of lattice parameters on going from ZrBi2 (a = 7.411(6) A) to UB12 (a = 7.475(1)
A), closely following Vegard’s law®? as well as in the EDS values for the uranium concentration
being consistent with the nominal composition (Table 1). Figure 8 shows the morphology of the
dodecaboride phases formed for these alloys, which is similar to cases of other dodecaborides
prepared at this metal to boron ratio.?¢%°

Vickers hardness for alloys with a composition of (Zr1xYx):13 B, and (ZrixYx):Ci1.0:13 B
can be seen in Figure 9. In both cases a hardness enhancement can be observed upon the
increase of the concentration of secondary metal, culminating at the 50/50 atom% composition.
In the case of (ZrixYx):13 B, the hardness increases from 41.6 + 2.6 and 37.5 + 4.3 GPa, for

Zr:13 B and Y:13 B, respectively, to 47.6 + 1.7 GPa at 0.49 N load for (Zro5Yo0.:5):13 B. The low
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hardness of Y:13 B alloy can be attributed to the large amount of the soft YB¢s phase (27.3 + 1.2
GPa at 0.49 N load, Figure S11). This hardness can be attributed to solid-solution hardening
effects as outlined by the Hume-Rothery rules discussed above.>>>’ Upon the addition of one
equivalent of carbon to (Zri«Yx):13 B, a similar hardness trend can be observed, culminating at
the 50/50 atom% composition. The hardness increases from 46.9 = 3.7 and 37.8 £+ 3.3 GPa, for
Zr:Ci10:13 B and Y:C10:13 B, respectively, to 48.0 £ 3.8 GPa at 0.49 N load for (Zro5Yo5):13 B.
Although, with the addition of carbon, the amount of softer secondary phases increases (27.3 +
1.2 and 26.0 = 2.7 GPa at 0.49 N for YB¢ and ZrB,, respectively, Figure S11), it is offset by the
formation of superhard B4C (Figure S11), resulting in larger error bars (Figure 9). A more
complete picture of the Vickers hardness change for the (ZrixYx):C.:13 B system, with the
simultaneous variation of both metal and carbon concentrations, can be seen in the 2D contour
plots in Figure 11 (complete list of hardness and error values can be seen in Table S1). The
general trend in hardness here is that samples near the 50/50 atom% metal composition tend to
be the hardest, which can be attributed to intrinsic (solid-solution) and extrinsic (multiple phases
(Zr1xYxB12, ZrB2, YBs and B4C) and grain size (Hall-Petch)®-%®) hardening.

The hardness for the system with the composition (Zri-xUx):20 B can be seen in Figure
10. Here again solid-solution hardening can be seen for the 50/50 atom% composition, especially
when comparing it to pure UBj2. The hardness increases from 41.3 = 1.12%2%2% and 28.1 + 5.3
GPa, for Zr:20 B and U:20 B, respectively, to 43.4 = 3.1 GPa at 0.49 N load for (Zro.sUo5):20 B.
Again, both zirconium and uranium satisfy the Hume-Rothery> =’ rules for solid-solutions: 1)
atomic size within ~15% (1.55 and 1.75 A for Zr and U, respectively)®®, 2) ZrBi> and UBy;
crystallize in the same structure (cubic-UB12),!, 3) Zr and U have similar electronegativities (1.33
and 1.38 for Zr and U, respectively),’*® and 4) Zr and U have similar oxidation states (Zr** and

U>>*, 5.5+ being a combination of 5+ and 6+).°!
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XPS was used to analyze the oxidation state of the metal and the surface composition of
the dodecaboride system. There have been a single attempt to ascertain the oxidation state of the

metal in a dodecaboride,®!

and thus is worth revisiting. Figures 12 and 13 shows XPS survey
spectra of (ZrixYx):13 B and (Zr1xUx):20 B systems. The B 1s peak was observed at a binding
energy of ~187 eV along with the metal peaks for Zr, Y and U depending on the sample. These
spectra also contained O 1s and C 1s peaks due to possible oxidation and surface contaminants.
Elemental composition was calculated (Table 3) for the metal and boron to compare the varying
metal ratios within a system. The atomic percent may not be an accurate representation of the
actual composition due to peak overlap of the B 1s and Zr 3d, but can be used to verify relative
ratios of the respective metals as already shown through EDS. To investigate the oxidation state
of the metals, high-resolution XPS spectra (Figures S14 and S15) were obtained. As an example,
(Zro50Y0.50):13 B was analyzed using high-resolution scans for the Y 3d, B 1s, and Zr 3d peaks.
The samples were sputtered with Ar” to clean off any surface contaminants prior to these high-
resolution scans. A Shirley background was used for peak fitting with spin-orbit splitting clearly
observed for Y 3d and Zr 3d. The metallic Y 3ds» and Y 3ds» components at 155.3 and 157.4 eV
was observed along with the Y** components observed at 157.8 and 160.1 eV for Y 3ds» and Y
3d3,,%7° respectively. The Zr 3d peak also exhibited spin-orbit splitting with the Zr 3ds;» and Zr
3ds; at 180.5 and 182.5 eV, respectively, corresponding to Zr*', and peaks at 178.8 and 181.5 eV
corresponding to metallic Zr, which is similar to literature values.”"”> The high-resolution scan
was able to deconvolute B 1s from the Zr 3d peak even though the two peaks were not well
resolved in the survey scan. In the instance of (Zro2sUo.75) : 20 B (Figure S15), a simple peak
fitting was done on a high resolution XPS spectra of U 4f peak showing spin-orbit splitting of the
U 4f;2 and U 4fs;; peak. Sputtering of these samples was not needed. The oxidation state of U

can be determined by observing the difference in binding energy between the satellite and U 4f5,
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peak.” Due to the low concentration of uranium, the satellite peaks were not easily determined.
Our XPS spectra agrees with that of UBj> which have previously been analyzed.”*”> The
splitting within the main U 4f7, and U 4fs;; peak signals a multivalent state for uranium. Based
on previous calculations from high temperature TGAS! of the oxidation states of uranium, +5 and
+6 are the most likely charges on uranium within our system.

Another interesting property of metal dodecaborides is that these phases possess color
(Figures 4, 5, 7 and 8). The color changes from blue for YB12 and violet for ZrBi2 to metallic for
UB12. Although exhibiting color, all dodecaborides are considered to be metals and not
semiconductors.’®’® Therefore, the existence of color can be attributed to a charge transfer
(similar to KMnOg4, Figure S13) from the boron cage to the metal; and changes with the
oxidation state of the metal: Y*, Zr*', and U>"%" (Figure 14).! The diffuse-reflectance spectra
for alloys with a composition of (ZrixYx):13 B (Figure 14) show a change in the maxima of
pseudo-absorbance (after Kubelka-Munk transformation)’’%? shift from 594 (ZrBi», violet) to
730 (YB12, blue) nm, closely following Vegard’s law®? values (Table 1 and Figures 5 and 14).
For the alloys with a composition (Zr1xUx):20 B, upon the addition of 25 atom% U, the samples
lose color and behave more like metals*® (Figures 8 and 14).

Figure 15 presents the "B MAS NMR spectra of ZrixYxB12 compounds (prepared as
(Zr1xYx):13 B) at ambient temperature. The spinning rate was 17 kHz, and sufficient to narrow
the lineshapes and observe the isotropic shift. Different boron environments will have different
chemical shifts and number of resonances in the NMR spectrum. The experimental (Figure 15,
left) and simulated "B MAS (Figure 15, right) lineshapes are presented in Figure 15, where a
good agreement between them can be observed. This indicates that in case of ZrBi> and YB12
additional boron resonances (boron sites) arise at the upfield regime matching to the existence of

ZrB> (-29 ppm) and YBs (2.9 ppm) secondary phases, respectively. Extra boron resonances were
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not detected in Zros5Yo.5B12, which suggests that all the boron atoms in this material have similar
chemical environments. As shown in the inset (Figure 15a), a systematic ''B resonance shift was
detected with the increased yttrium content in the Zri.«YxBi2 series. Particularly, our data show
that the ''B isotropic resonance position for ZrB; that lies around 10 ppm progressively shifts to
16 ppm for ZrosYo.sBi12 and finally reaches 25 ppm in the case of YB2. The different resonance
position of each ''B NMR spectrum verifies that the Y atoms are incorporated into the crystal
lattice and, thus, affect the boron bonding environment (Figure 15b). Moreover, the entire Zr-
xYxB12 series is metallic and the downfield resonance shift can arise from the difference in the
atomic orbital type (s, p, d states) contributions to the density-of-states at the Fermi level from
ZrBi» to YBi2. Total and partial density-of-states calculations for boron show®®* that the
dominant contribution originates from 2p electrons at the Fermi energy for both compounds,
whereas the 2s contribution is almost negligible. However, the contributions from the d-shells
(yttrium 5d-states or zirconium 4d-states) are also dominant, as well as from the 2p-states
(boron®*). The presence of d-states amply polarizes the inner s-shells, despite the fact that the 2p
hyperfine interactions are weak compared to s and d contributions.®>%® Hence, the observed
frequency shift is also proportional to the amount of unpaired d-states around the Fermi level due

86.87 as seen in our case.

to the admixture of s-d or p-d wavefunctions,

The "B and '°B nuclear spin-lattice relaxation rate (1/T;) measurements are able to
explore the band structure and Fermi surface characteristics of ZrixYxBi2 series. The T values
were given by fitting the saturation recovery data to a single exponential function (Figure 16).
The "B T; values were 3.12 + 0.04 s (ZrB12), 4.29 + 0.01 s (Zro5Y0sB12), and 1.34 + 0.02 s

(YB12) at ambient temperature. The metallic nature of the Zri«YxBi12 series allows, by using the

isotropic shift as obtained from the MAS experiments and the T values at room temperature, to

K?TiT

estimate the Korringa ratio,®® R = (T) as a function of the yttrium concentration. The
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experimental values of the Korringa ratios are equal to 0.036 sK (ZrB12), 0.126 sK (Zro5Y0.5B12),
and 0.096 sK (YBi2) and are much smaller than unity (evidence for Fermi-contact interaction
with s- states®®). This is direct evidence that the detected frequency shift and relaxation process
are not governed by s-type conduction carriers, but other contributions (p- or d orbitals) play a
dominant role.®

In order to investigate the origin of the relaxation mechanism (magnetic or quadrupolar
relaxation), we also acquired the !B NMR spectrum (Figure 17a) both at 10 and 17 kHz in
order to identify the isotropic resonance as well as to obtain the '°B T; value at ambient

temperature (Figure 17b). By using the '°B and !'B NMR nuclear spin-lattice relaxation data, we

-1

. . 10’1‘_1 10T
can determine the ratios of m M and m 19" where Ty and TlQ is the magnetic (related to
T1M T1Q

magnetic field fluctuations at the nuclear site) and quadrupolar (related to electric field gradient

fluctuations) relaxation rates, respectively.?>*° The T“‘{’ is related to the square of the

11T1M

(V10

magnetogyric ratios (=2)? that is approximately 0.112. On the other hand, the quadrupolar

-1

. 10755 . . Q3 _ 2141+3
character as given by ——=; is related to the ratios of the quadrupole moments, —=*> = ——-
11775 Q% 2I30+3

13,(2I10-1)  T10(1B)

: 3
> . The nuclear spin quantum numbers are I;, = 3 (°B nucleus) and I;; ==
I$1(2111-1) T1Q(10B) 2

2

("'B nucleus). Hence, the quadrupolar ratio % is 4.297, and the " 1Q
11 T1Q

is now estimated to be

around 0.644. According to the experimental results obtained from the saturation recovery of '°B
(Figure 17b) and ''B NMR spectroscopic data for the ZrosYosB12 compound (Figure 16b), the

Y10

ratio of T 1s equal to 0.089 (a value closer to ( ) ), verifying the magnetic character of the
11r,

nuclear spin-lattice relaxation process. Based on all the aforementioned results, the comparative
analysis of the ratio for the two boron isotopes along with the experimental Korringa ratio value
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indicates that the boron relaxation process for the Zros5Yo.5B12 is mainly magnetic and driven by

8384 on these

non-s states at the Fermi level. This result is in agreement with ab initio calculations
dodecaborides, which predicted that the Fermi level is located in the region of a plateau in the
density of states that is mainly formed by the boron 2s and 2p states. In particular, the B 2p states
[NB(EF), = 0.88 1/eV cell] were found to be approximately 30 times higher than the B 2s states
[NB(EF)s = 0.03 1/eV cell®*]. This is in accordance with the present NMR spectroscopic results,
which also verified the major contribution of the non s-states at the Fermi level of Zri«YxBi2
series.

The magnetic properties of these dodecaborides were assessed with SQUID
magnetometry. Curiously, we cannot apply any sort of Vegard’s law correlation of Tc. to
composition, as Zros5Yo.5B12 (Tc < 3.5 K) does not fall between YB12 (Tc ~ 5.0 — 5.5 K) and ZrB1»
(Te ~ 5.5 - 6.0 K), but Zro.95Yo0.05B12 does (Figure S16). The T. suppression is similar to the one
observed for the ZrixLuxBi» system.”’”? Regardless, from the data, we find that the
superconductivity of the dodecaborides persists against the presence of secondary phases, which
is not too surprising considering that many dodecaborides are known to possess superconducting
transition temperatures in that range.’'* However, this is one of the rare cases where a known
superhard material is also a superconductor, and Zro5YosB12 joins WB4,?® and FeB4.”®

Finally, the low temperature thermal and charge-transport properties for ZrBi» and
Zros5Yo0s5B12 were explored. The room temperature thermal conductivity values for ZrBi2 (9.24
W-m'K!) and ZrosYosBi2 (9.78 W-m'K') at 300 K (Figure 18) are comparable to other
complex borides with similar M:B ratios, such as Yose¢Alos7Bi4 or YossBisa with room
temperature thermal conductivities of 7.5 W-m'K™! and 3.1 W-m'K"!, respectively.”” Seebeck
coefficients for both materials are low, < = 2 pV-K'!, indicative of metallic conduction and is

supported by our electronic band structure calculations (Figure X band structure/DOS). Previous
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Seebeck reports for samples of ZrBi> have shown similar magnitudes, but opposite signs
indicating differing charge carrier types.”® This discrepancy could be due to the presence of
impurity phases within the samples. Finally, similar to the Seebeck data, both materials exhibit
metallic resistivity, increasing to values of 0.398 and 0.536 mQ-cm for ZrB1> and Zros5Yo5B12 at
300 K, respectively. Low temperature resistivity data show a superconducting transition for
ZrB12 (5.35 K) and Zro5Y05B12 (3.58 K). The superconducting transition for ZrB1» has been well
studied, with reported T¢’s ranging from 5.5 to 6.2 K, and falling in-line with our SQUID
magnetometry and electrical resistivity data.’®?!9%1% The resistivity drop for ZrosYosBi2 is
much less sharp in comparison to the parent compound, ZrBi2, and does not fully drop to a

resistivity of 0.

CONCLUSIONS

A single-phase, as evident by PXRD, SEM, and solid-state NMR spectroscopy, metal
dodecaboride, ZrosYosBi2, has been synthesized via solid-solution formation. Furthermore, a
solid solution of ZrBi» and UBi» was prepared. The composition and phase purity were
established by powder XRD, SEM/EDS, and XPS. The hardness of the Zro5Y.5sB12 phase is 47.6
+ 1.7 GPa at 0.49 N load, which is ~17% higher compared to its parent compounds, ZrB> and
YBi2, having a hardness of 41.6 = 2.6 and 37.5 £ 4.3 GPa, respectively. The hardness of
Zro5Uo5B12 1s ~54% higher than that of the UB2 parent. In both cases the hardness increase can
be attributed to the solid solution hardening effects. In addition, carbon was added to the mixed
dodecaboride system. It was found that carbon plays the role of an insoluble impurity and readily
forms boron carbide, B4C, playing a role in “templating” and patterning effects on the resulting
surface morphology. Carbon causes the samples to cool down very rapidly and as such nucleates

a large number of small grains. It was also found that the source of carbon generates similar
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results as far as phase composition and surface morphology. The metal oxidation states were
investigated by means of XPS, as a previous determination was done only by fitting high
temperature TGA data. The metals were found to be in a +4 state for Zr, a +3 for Y and a +5/+6
state for U. Due to dodecaborides being metals, their color phenomenon was investigated using
diffuse-reflectance UV-vis spectroscopy and the color was attributed to the charge transfer from
the 24 atom boron cage to the metal, similarly to KMnOs. The color of the ZrixYxBi2 solid
solution changed from violet for pure ZrBi> to blue for YB12; however, for U it was found that
upon the addition of 25 atom% U, the color disappears and the sample started to look metallic,
suggesting that the corresponding transition had moved beyond the visible region. '°B and ''B
solid-state NMR spectroscopy confirmed the cubic structure of the dodecaborides as well as the
formation and phase purity of the 50/50 atom% Zr/Y solid solution. Furthermore, it confirmed
the metallic character of the dodecaborides and showed that the boron relaxation process for
Zr05Y05sB12 1s mainly magnetic and driven by non-s states at the Fermi level. Metal
dodecaborides are known superconductors, with a T. of ~ 5-6 K for ZrBi» and YBi2, as
determined by resistivity and SQUID measurements; however, it was found that the solid
solution undergoes a suppression of Tc down to ~3 — 3.5 K.

SUPPORTING INFORMATION AVAILABLE

Vickers hardness with errors for (ZrixYx):C.:13 B, ZrBs, YBs, B4C, ZrC, WC, B4C in boron,
Zr:Cy:13 B, Y:Cy:13 B; full PXRD spectra for ZrB,, YBs, B4C, ZrC, WC, B4C in boron,
Zr:Cw:13 B, Y:Cy:13 B, (Zr1xYx):C,:13 B; optical images for (Zro.5Y0.5):C,:13 B (C = B4C, ZrC
+ B4C, graphite), where x = 0.00, 0.05, 0.25, 0.50, 0.75, 0.95, 1.00, z= 0.0, 0.2, 0.4, 0.5, 0.6, 0.8,
1.0, and w = 1.0, 2.0 and 3.0; diffuse-reflectance data for CdS, Cr-metal and KMnOys; high
resolution XPS and peak fitting for (Zro5Yo0.5):13 B and (Zro.25Uo.75):20 B; SQUID magnetometry

of Zr:13 B, Zr:20B, Y:13 B, Y:20 B and (Zro5Y05):13 B.
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Table 1. Unit Cell Parameters®®, Relative Concentration (EDS) of Y in (Zr1xYx):13 B and U in
(Zr1xUx):20 B Alloys and Peak Maxima (Diffuse-Reflectance) for (ZrixYx):13 B.

Nominal (ZrixYx):13 B (Zr1xUx):20 B
atom % of | axrp) | avep® | atom %Y | A £ Ay | axrp® | avep” | atom %U
YorU A) A) (EDS) | (nm) | (am) | (A) (A) (EDS)
0 7.411(6) | 7.404° ; 594 | 594 | 7.409(7) | 7.404° i
5 7.414(4) | 7409 | 5.0+05 | 601 | 601 | 7.414(4) | 7407 | 8.1+04
25 | 7.426(1) | 7428 | 25.8+2.1 | 630 | 628 | 7.428(3) | 7421 | 31.8=0.7
50 | 7.453(1) | 7452 [ 491+ 15| 652 | 662 | 7.447(8) | 7439 | 56.1 1.3
75 | 7.472(1) | 7476 | 73.4+2.0 | 700 | 696 | 7.463(5) | 7456 | 79.2 = 4.3
95 | 7.487(6) | 7495 | 91.0+3.9 | 715 | 723 | 7.473(6) | 7470 | 953 =78
100 | 7.502(1)| 75000 - 730 | 730 | 7.475(1) | 7.473¢ i
%From cell refinement using Maud,*'~* error in parenthesis;
bCalculated using Vegard’s Law:®?
“Literature value for cell of ZrBi»: a = 7.404 A (ICSD (Inorganic Crystal Structure Database)
409634):'0"
dLiterature value for cell of YB12: a =7.500 A (ICSD 23860);'%?
®Literature value for cell of UB12: a = 7.473 A (ICSD 23862);!%
‘Determined from UV-vis diffuse-reflectance analysis.
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Table 2. Unit Cell Parameters® and Relative Concentration (EDS) of Y in (ZrixYx):C.:13

Alloys
Nominal Nominal concentration of yttrium in ZriYx:C,:13 B (atom% Y)
atorgg’ °oFl 5 25 50 75 95 100
o 174116 [ 7414@4) | 7426(1) | 7453(1) | 7.472(1) | 7.487(6) | 7.502(1)
o - 50+£0.5 [258+21(49.1+£1.5|73.4+2.0|91.0+3.9 -
= |y [740465) | 74177 | 7.434(7) | 7.460(8) | 7476(5) | 7.499(5) | 7501(5)
"c% (-i - 6.0+04 | 273+£0.6|523+1.1|73.7+1.5|802+2.2 -
S 3, o [7:4052) | 7416(6) | 7.442(1) | 7.460(5) | 7.463(1) | 7.497(8) | 7.500(1)
s g - 84+04 |351+0.6494+13[689+13[86.1+34| -
S| . [ 74040 [ 741007) | 7.434(1) | 74612) | 7462(4) | 74903) | 7.505(1)
g QN - 60+04 | 253 +£1.2 |522+0.6|56.3+0.8|88.7=+5.1 -
2| [24110) [ 74198) | 7.4452) | 7.465(4) | 7.454(5) | 7.497G) | 7.5002)
o> - 7.4+04 [ 36.7+£0.8[492+0.6|585+1.6|90.7+3.8 -
g 5 qo |7409(6) | 7.416(7) | 7.4411) [ 7.459(4) | 7.456(6) | 7.490(6) | 7.498(8)
S - 11.3£03(36.7+£0.9 | 534+2.0]523+£07|929+2.7 -
“ 100 |7A405(1) | 7.414(4) | 7.454(1) | 7.459(5) | 7.454(1) | 74812) | 7.496(1)
- 11.1+03 | 284+1.6 | 49.7+1.2 | 53.5£3.3|95.1+£5.5 -

*From cell refinement using Maud,*'* error in parenthesis.
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Table 3. Concentration (XPS) of Y in (Zr1xYx):13 B and U in (Zr1xUx):20 B Alloys

Nominal Absolute Composition Y 3'p . Nominal Absolute Composition U 4}f )
Composition Zr 3p Y 3p B s (relative Composition Zr 3p U 4f B Is (relative
(atom %) | (atom %) | (atom %) | atom%) (atom %) | (atom %) | (atom %) | atom%)
Zr:13 B 3.39 - 96.61 - - - - - -
(Zro.95Y0.05):13 B 3.49 : 96.51 4 (Zr0.95U0.05):20 B 2.50 0.52 96.98 17.2
(Zro.75Y0.25):13 B 2.83 1.14 96.03 28.7 | (Zro75U025):20 B 241 1.17 96.41 32.6
(Zro50Y0.50):13 B 2.17 2.36 95.47 52.1 (Zro.50U0.50):20 B 2.40 1.61 95.99 40.1
(Zro25Y0.75):13 B 1.68 4.47 93.85 72.6 | (Zro25Uo.75):20 B 0.92 1.67 97.40 64.5
(Zr0.05Y0.95):13 B 2 5.57 94.43 a (Z10.05U0.95):20 B a 5.35 94.65 a
Y:13 B - 9.26 90.74 - U:20B - 6.04 93.96 -

#Peak not visible due to low concentration;
®Calculated from the absolute metal composition.
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Figure 1. (Left) Polyhedra model of the unit cell of a cubic-UB;> (ZrBi2, Fm3m, ICSD
409634)'°! structural type metal dodecaboride; (right) polyhedra model of the unit cell of a
tetragonal-ScB;> (ScBia, 14/mmm, JCPDS 00-024-1014)! structural type metal dodecaboride.
"Reprinted (adapted) with permission from (Akopov, G., Sobell, Z.C., Yeung, M.T., and Kaner,
R.B. Inorganic Chemistry 2016 55 (23), 12419-12426 DOI: 10.1021/acs.inorgchem.6b02311).
Copyright (2016) American Chemical Society."
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Figure 2. Powder XRD patterns of alloys with a composition of: (top) (ZrixYx):13 B, and
(bottom) (Zr1xYx):Ci.0:13 B, where x = 0.05, 0.25, 0.50, 0.75 and 0.95. The peaks were assigned
using YB12 (Fm3m, JCPDS 01-073-1382), ZrB, (P6/mmm, JCPDS 00-034-0423, indicated by
(*)), and YB¢ (Pm3m, JCPDS 03-065-1827, indicated by (°). The figure shows a 20 range from
15 — 50° (the full PXRD patterns are provided in the Supplemental Information section, Figure
S1).
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Figure 3. Powder XRD patterns of alloys with a composition of: (Zri.x<Ux):20 B, where x = 0.05,
0.25, 0.50, 0.75 and 0.95. The peaks were assigned using YB1>» (Fm3m, JCPDS 01-073-1382).
The figure shows a 20 range from 15 — 50° (the full PXRD patterns are provided in the
Supplemental Information section, Figure S2).
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Figure 4. SEM images and optical images of Zr:C,:13 B and Y:C.:13 B, where z =0, 1, 2 and 3.
All SEM images were taken at 1000x magnification; the scale bars are 100 pm. All optical
images were taken at 500x magnification; the scale bars are 50 um. The images show changes in
morphology from “linear” and “spiral” to lamellar microstructures for ZrB; and ZrBi, (+4 metal
oxidation state, violet color), and YBs (+3 metal oxidation state, dark-blue color) and YB12 (+3

metal oxidation state, light-blue color), respectively.
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Figure 5. SEM images and optical images of (Zr1.xYx):13 B, and (Zr1xYx):C10:13 B, where x = 0.00, 0.05, 0.25, 0.50, 0.75, 0.95 and 1.00.
All SEM images were taken at 1000% magnification; the scale bars are 100 um. All optical images were taken at 500x magnification; the

scale bars are 50 um. The images show the formation of a single phase compound for (ZrosYo.s):13 B, and the changes of morphology for
the MB12, ZrB:> and YBg¢ phases upon addition of carbon.
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(Zry50Y050):13B

Figure 6. SEM images of (Zr1xYx):C:13 B, where x = 0.00, 0.03, 0.25, 0.50, 0.75 and 0.95 and
z=10.0,0.2,0.4, 0.5, 0.6, 0.8 and 1.0 and 3. All SEM images were taken at 1000x magnification;
the scale bars are 100 pm. Bottom images are enlarged versions of the “pure alloys” and 50/50

atom% compositions. The images show the changes of morphology for the MB 12, ZrB> and YBs
phases upon addition of carbon.
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Figure 7. Optical images of (Zri«xYx):C.:13 B, where x = 0.00, 0.05, 0.25, 0.50, 0.75 and 0.95
and z= 0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0and 3. All images were taken at 500 magnification; the
scale bars are 50 pm. Bottom images are enlarged versions of the “pure alloys” and 50/50 atom%
compositions. The images show the changes of morphology for the MB 12, ZrB; and YBg¢ (dark-
blue) phases upon addition of carbon as well as color changes for the solid solution on going
from ZrB1> (+4 metal oxidation state, violet color) to YB12 (+3 metal oxidation state, light-blue
color).
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Flgure 8. SEM i 1mages and optlcal images of (Zr1 «xUx):20 B where x = 0. 00, 0. 05 O 25 O 50 O 75, O 95 and 1.00. All SEM images were
taken at 1000x magnification; the scale bars are 100 um. All optical images were taken at 500% magnification; the scale bars are 50 um. The
images show the formation of a single phase solid solutions of Zri\UxBi2, and the changes of color on going from a zirconium rich
dodecaboride (+4 metal oxidation state, violet color) to a more uranium rich (+5/4+-6 metal oxidation state, metallic color).
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Figure 9. Vickers micro-indentation hardness of alloys with a nominal compositions of: (left) (Zri«xYx):13 B, (right) (ZrixYx):C.:13 B,
where x = 0.00, 0.05, 0.25, 0.50, 0.75, 0.95 and 1.00 and z = 1.0 at low (0.49 N) to high (4.9 N) applied loads.
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Figure 10. Vickers micro-indentation hardness of alloys with a nominal compositions of (Zri-
xUx):20 B, where x = 0.00, 0.05, 0.25, 0.50, 0.75, 0.95 and 1.00 at low (0.49 N) to high (4.9 N)
applied loads.
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Figure 11. Colored contour plots of Vickers micro-indentation hardness of alloys with a nominal
compositions of (ZrixYx):C,:13 B, where x = 0.00, 0.05, 0.25, 0.50, 0.75, 0.95 and 1.00 and z =
0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0 at low (0.49 N) to high (4.9 N) applied loads. Black circles
represent the data points. The error is within 5.6, 5.9, 5.2, 4.6 and 3.3 GPa for the loads of 0.49,
0.98, 1.96, 2.98 and 4.9 N, respectively. Table S1 contains all numeric values for the hardness
and error values used to make the contour plots.
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Figure 12. XPS survey for the alloys with a nominal composition of (Zri-xYx):13 B corresponding to the Zri<Y xB12 solid solution, showing
B 1s, Y 3d(5/2 and 3/2) and Zr 3d (5/2 and 3/2) peaks. Peaks corresponding to the O 1s and C 1s are due to possible oxidation and surface
contamination.
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Figure 13. XPS survey for the alloys with a nominal composition of (Zr1-xUx):20B corresponding to the ZrixUxB12 solid solution, showing
B 1s, U 4f(7/2 and 5/2) and Zr 3d (5/2 and 3/2) peaks. Peaks corresponding to the O 1s and C 1s are due to possible oxidation and surface

contamination.
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Figure 14. Diffuse-reflectance UV-vis spectra for (top) (ZrixYx):13 B and (bottom) (Zr;.
xUx):20 B showing a peak shift on going from ZrBi> (+4 metal oxidation state, violet color) to
YBi2 (+3 metal oxidation state, light-blue color); and from a zirconium rich dodecaboride (+4
metal oxidation state, violet color) to a more uranium rich (+5/+6 metal oxidation state, metallic
color).
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"B MAS NMR
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Figure 15. "B MAS NMR experimental and simulated spectra for ZrxYxBi2 series (prepared as
(Zr1xYx):13 B). The spinning rate is 17 kHz. Asterisks indicate spinning sidebands. There is a
systematic downfield resonance shift going from ZrBi> (blue line) to YBi> (green line)
accompanied with a substantial line broadening, as shown in the inset. The simulated NMR
spectra identify the spinning sidebands and the isotropic resonances. The additional boron
resonances in case of YBi2 and ZrBi> confirm the presence of YBs and ZrB», respectively.
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Figure 16. ''B NMR saturation recovery results for (left) ZrBi» (prepared as Zr:13 B), (middle)
Zro5Y0.5B12 (prepared as (ZrosYos):13 B), and (right) YB1> (prepared as Y:13 B) at ambient
temperature. The solid smooth lines represent the fittings of single exponential functions to the
data.
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Figure 17. "B MAS NMR spectra at 10 kHz and 17 kHz spin rates. The spinning side bands are
indicated by asterisks (black) and the isotropic shift by a star (blue). The '°B NMR saturation
recovery data for ZrosYo.sBi2 (prepared as (ZrosYos):13 B) at room temperature are shown as
black bullets. The red smooth line is a single exponential fit function to the experimental results.
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Figure 18. Thermal and electronic transport properties of ZrBi> and Zros5Y0.5B12 from 10 - 300
K: a) thermal conductivity, b) Seebeck coefficient, and c) electrical resistivity, with inset
showing low temperature region.
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