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ABSTRACT 

Samples of metal borides with a nominal composition of ((M1)(1-x-z)(M2)(x)(M3)(z)) : 20B (M1, M2 

and M3 = Zr, Y, Hf and Gd) were prepared by arc-melting and studied for phase composition 

(using powder X-ray diffraction (PXRD) and energy dispersive X-ray spectroscopy (EDS)) and 

mechanical properties (Vickers hardness). Ternary metal dodecaborides phases were successfully 

synthesized for the majority of compositions, including stabilization of two high-pressure (6.5 

GPa) phases (cubic-UB12 structure), HfB12 and GdB12, in (Zr1-x-zHfxGdz) : 20B and (Y1-x-

zHfxGdz) : 20B nominal alloy compositions. Unit cell refinement for the samples showed solid 

solution formation in most cases. Vickers hardness measurements indicated that most samples 

possess enhanced hardness in comparison to their parent phases, with the alloy 

(Zr0.50Y0.25Gd0.25) : 20B having a hardness of 46.9 ± 2.4 GPa compared to 41.3 ± 1.1 and 41.6 ± 

1.3 GPa for alloy compositions of 1.0 Zr : 20B and 1.0 Y : 20B, respectively, at 0.49 N of 

applied load. Using the data from this manuscript as well as previous work, pseudo-ternary phase 

diagrams (at a constant boron content) have been constructed. 
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INTRODUCTION 

Metal borides possess a host of remarkable thermal1,2, optical, electronic and magnetic1,3,4 

properties. In addition, metal borohydrides and borates are good candidates for energy storage 

applications, through hydrogen storage.5,6  This wide range of attributes is matched by a 

comparable variety of boride  structures1,2,7–11: from sub-borides (M4B)12 and tetraborides 

(MB4)
13–15 to dodecaborides (MB12)

16–19 and even higher borides (MB50 and MB66)
20,21. Owing to 

boron’s propensity to catenate, the higher borides possess extended boron networks, which 

results in prodigious mechanical properties.22  

Amongst these higher borides, metal dodecaborides16 (MB12) comprise a remarkable 

class of isotropic compounds, with interesting properties, such as superconductivity23 and 

superhardness17,24. Metal dodecaborides crystallize in two structures which differ solely by the 

arrangement of their boron cuboctahedra: cubic-UB12 (��3��) and tetragonal-ScB12 (I4/mmm) 

(Figure 1). For the cubic structure, the 24 boron atom cuboctahedron cages surrounding each 12 

coordinate metal atom are arranged in a face-centered cubic (FCC) lattice, while the tetragonal 

structure has a body-centered tetragonal (BCT) arrangement. The main criterion for the 

formation of metal dodecaborides of the cubic-UB12 structure under ambient pressure is the size 

of the metal, or more precisely, its radius in a 12 coordinate environment, with the smallest metal 

being zirconium (1.603 Å25) and largest yttrium (1.801 Å25). The metals are considered 12-

coordinate since 12 boron-boron bonds are equidistant from each metal atom in the 24 boron 

atom cuboctahedron cage. These 12 coordinate metal radii have been calculated from close-

packed elemental structures by using half of the interatomic distance.25–27 When the size of the 

metal deviates from the 1.603-1.801 Å range even by a very small margin, like in the case of 

hafnium (1.580 Å25), the MB12 phase becomes unstable. However, it can be synthesized either 
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under high pressure (6.5 GPa)25 or stabilized in an alloy with a stable dodecaboride (Y1-

xHfxB12)
19. The same is true for metals larger than yttrium (e.g. Gd, Sm, Nd, Pr and Th), they can 

either be synthesized under high pressure (e.g. ThB12 and GdB12)
28 or stabilized in a matrix with 

a stable dodecaboride (Zr1-xThxB12
23, Zr1-xGdxB12, Zr1-xSmxB12, Zr1-xNdxB12 and Zr1-xPrxB12

18). 

In both cases, the ambient pressure stabilization worked based on the following principle: 

a “smaller atom dodecaboride” being stabilized in a framework formed by a “larger atom 

dodecaboride” (Y1-xHfxB12) and vice versa (Zr1-xGdxB12) so that the final composition’s lattice 

parameters fit within the region of dodecaboride formation. Stabilization and synthesis of high 

pressure phases under ambient pressure gives an easy avenue to study their properties. As the 

lattice parameters of high pressure HfB12 are too large (and likewise for high pressure GdB12 too 

small), it is interesting to study whether these high-pressure phases can stabilize each other under 

ambient pressure as well as their behavior in ternary metal dodecaboride systems. Furthermore, 

the stabilization of HfB12 and GdB12 in the same compound has the additional advantage of solid 

solution strengthening, where dislocation propagation is pinned by localized strain. This is a 

technique that had been tried with other dodecaborides.18,23,29 The greater size difference between 

Gd and Hf should create the aforementioned micro-strain, which could significantly improve the 

mechanical properties and hardness.  

In this manuscript we have synthesized four ternary boride systems with the following 

nominal compositions: (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-

zYxGdz) : 20B and studied their phase composition and mechanical properties. We discovered 

that a ternary metal dodecaboride phase forms in most cases. Remarkably, it is possible to 

stabilize both high pressure phases (HfB12 and GdB12) in the matrixes of Zr1-x-zHfxGdzB12 and Y1-

x-zHfxGdzB12. A remarkable hardness increase of greater than 10% is observed in the alloy 
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(Zr0.50Y0.25Gd0.25) : 20B when compared to its parent compounds. 

EXPERIMENTAL PROCEDURE 

Pellets of the following nominal compositions: (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-

zHfxYz) : 20B, (Zr1-x-zYxGdz) : 20B (x and z = 0.25, 0.33 and 0.5), (Hf1-xGdx) : 20B, (x = 0.05, 

0.25, 0.50, 0.75 and 0.95), and (Y1-xGdx) : 20B (x = 0.05, 0.25, 0.50, 0.70, 0.75 and 0.95), were 

prepared from high-purity metal and boron powders: amorphous boron (99+%, Strem Chemicals, 

USA), gadolinium (99%, Sigma-Aldrich, USA), zirconium (99.5%, Strem Chemicals, USA), 

yttrium (Strem Chemicals, 99.9%), hafnium (99.9%, Strem Chemicals, USA). A metal to boron 

molar ratio of at least 1 : 20 was used to suppress the formation of lower borides (HfB2, ZrB2, 

GdB6, and YB6) and promote the formation of dodecaboride phases (MB12). The weighed 

mixtures were homogenized with a vortex mixer for ~1 minute, then pressed in a hydraulic press 

(Carver) under ~10 tons and placed on the copper hearth in the arc-melter along with oxygen 

getters (zirconium metal). The chamber was then sealed and evacuated under vacuum for 20 

minutes, followed by filling with argon; this was repeated at least 4 times. Before arc-melting the 

samples, the getters were melted in order to “absorb” any trace oxygen and finally the samples 

were then arc melted using I > 70 amps (typically 145 amps) for T = 1 - 2 min. The samples were 

heated until molten, flipped and re-arced at least 2 times to ensure homogeneity. 

Subsequent ingots were then gently fractured into 2 - 4 pieces using a tool steel Plattner-

style diamond crusher. For powder XRD, about half of each sample was crushed using the 

aforementioned tool steel Plattner-style diamond crusher into a 325 mesh (≤ 45 µm) powder.  

PXRD was performed on a Bruker D8 Discover powder X-ray diffractometer (Bruker 

Corporation, Germany) utilizing a CuKα X-ray beam (λave = 1.5418 Å, λKα1 = 1.5406 Å, λKα2 = 

1.5444 Å, λKβ is absorbed by a Ni filter) in the 5 - 100° 2θ range with a scan speed of 0.1055°/s, 
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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.30–34  

The remaining ingots were encapsulated in 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 µm particle-size diamond films (Southbay 

Technology Inc., USA).  

The polished samples’ 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 of 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. Vicker’s 

hardness (Hv) was calculated using Equation 1: 

Hv  =		
1854.4	�

�2
                                                                                                 (1) 

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

diagonals of each indent in micrometers (µm) and Hv is Vickers hardness in gigapascals (GPa).  
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RESULTS AND DISCUSSION 

Powder X-ray diffraction (PXRD) and energy-dispersive X-ray spectroscopy (EDS) were 

used to determine the purity and phase composition of the samples. Since the primary goal of 

this work was to study the formation of metal dodecaborides, all samples were prepared with a 

metal to boron ratios of 1 to 20 in order to promote the formation of higher boride phases (MB12) 

and suppress the formation of lower borides (MB2 and MB6). Samples that were prepared with a 

stoichiometric amount of boron resulted in a larger proportion of lower borides in the samples. 

We first prepared a solid solution between high pressure HfB12 and GdB12 by arc melting 

from the elements at ambient pressure. Figure 2 shows the PXRD patterns for alloys with 

nominal composition of (Hf1-xGdx) : 20B (x = 0.05, 0.25, 0.50, 0.75, 0.95) in the 2Θ range of 5 – 

50°. Full PXRD patterns (2Θ = 5 – 80°) can be found in Supplemental Information Figure S1. 

Figures 3 and 4 show the PXRD patterns for alloys with a nominal composition of (Zr1-x-

zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-zYxGdz) : 20B (x and z = 0.25, 

0.33 and 0.50, the points were chosen in order to probe the entire ternary metal phase field) in 

the 2Θ range of 5 – 50°. Full PXRD patterns (2Θ = 5 – 80°) can be found in Supplemental 

Information Figure S2. Table 1 lists the values of the cubic unit cell parameters, metal 

concentration in the ternary dodecaboride phases and hardness values at varied applied loads of 

0.49 – 4.9 N of force for the alloys with a nominal composition of (Zr1-x-zHfxGdz) : 20B, (Y1-x-

zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-zYxGdz) : 20B (x and z = 0.25, 0.33 and 0.50). Figure 

5 shows the SEM and EDS images for alloys with a nominal composition of (Zr0.25Hf0.50Gd0.25) : 

20B, (Y0.50Hf0.25Gd0.25) : 20B, (Zr0.50Hf0.25Y0.25) : 20B, (Zr0.25Y0.25Gd0.50) : 20B. Figure 6 shows 

the pseudo-ternary phase diagrams (boron content kept constant at 20 boron equivalents). 

Finally, Figure S3 shows the optical images of the surfaces of the alloys with a nominal 

Page 7 of 30 Dalton Transactions



8 

 

composition of (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-zYxGdz) : 

20B (x and z = 0.25, 0.33 and 0.50). 

Both HfB12
25 and GdB12

28 are high pressure phases (6.5 GPa) and can be stabilized by 

inserting the “smaller atom into a larger host atom dodecaboride matrix” (Y1-xHfxB12)
19 and vice 

versa (Zr1-xGdxB12)
18 using the principle outlined above. Thus, a hypothetical solid solution of 

Hf1-xGdxB12 should be stable as the larger Gd (1.801 Å)25 will be compensated for by the smaller 

Hf (1.580 Å)25.  However, when combined together in an alloy with a nominal composition of 

(Hf1-xGdx) : 20B (Figure 2), it could be observed that no metal dodecaboride phase forms. The 

only phases present are diboride (HfB2) and HfB50 (at higher concentrations of hafnium) and 

hexaboride (GdB6) and GdB66 (at higher concentrations of gadolinium), with intermediate 

compositions having all of the aformentioned phases. This suggests that these two high pressure 

phases are unable to stabilize each other and might require a stable dodecaboride matrix in order 

to form at ambient pressure. Previous work had shown that HfB12 can be stabilized with YB12, 

and GdB12 with ZrB12.  This is exactly what happens once Zr or Y are added to the composition, 

resulting in alloys with the following nominal compositions: (Zr1-x-zHfxGdz) : 20B, (Y1-x-

zHfxGdz) : 20B (x and z  = 0.25 and 0.50 (Figure 3).  

In the case of (Zr1-x-zHfxGdz) : 20B (Figure 3a, Table 1), a ternary metal dodecaboride 

(MB12) can be observed for all four compositions, with the alloys with nominal compositions of 

(Zr0.33Hf0.33Gd0.33) : 20B and (Zr0.50Hf0.25Gd0.25) : 20B, respectively, containing only the ternary 

dodecaboride and a boron rich phase (Hf1-xZrxB50). The EDS analysis gives the following 

composition of the ternary dodecaboride: Zr0.478Hf0.155Gd0.367B12 and Zr0.643Hf0.104Gd0.253B12, 

respectively. Since ZrB12 is known to stabilize GdB12 and the Zr1-xGdxB12 solid solution exists 

until the concentration of gadolinium of 55 at.% Gd18, but the solubility of HfB12 in ZrB12 is very 
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limited19, we speculate that during the course of synthesis a meta-stable Zr1-xGdxB12 matrix 

forms first and then stabilizes HfB12 in it. A similar obervation can be made for the alloy with a 

nominal composition of (Y1-x-zHfxGdz) : 20B (Figure 3b, Table 1), where a ternary dodecaboride 

phase exists for three compositions. And since YB12 can stabilize HfB12 until a composition of 

Y0.633Hf0.367B12, and solubility of GdB12 in YB12 is very limited, it could also be speculated that a 

Y1-xHfxB12 matrix forms first and then stabilizes GdB12 in it.  

For the other compositions of (Y1-x-zHfxGdz) : 20B (Figure 3a, Table 1), secondary 

phases (di- and hexaborides, Hf1-xZrxB2 and Gd1-xYxB6) form, resulting from the excess amount 

of hafnium and gadolinium over the solubility limit in the ternary dodecaboride phases. In all 

cases, the main boride phases are accompanied by boron-rich phases (Hf1-xZrxB50 (3��)). For 

the other compositions of (Y1-x-zHfxGdz) : 20B (Figure 3b, Table 1), secondary phases 

(hexaborides, Gd1-xYxB6) form, resulting from the excess amount of gadolinium over the 

solubility limit in the ternary dodecaboride phases. The main boride phases are also accompanied 

by boron-rich phases (HfB50 (3��) and Gd1-xYxB66 (��3��)). Only in the case of the alloy with a 

nominal composition of (Y0.25Hf0.25Gd0.50) : 20B, the main phase is a solid solution Gd1-xYxB6, 

resulting from a low amount of yttrium which is not enough to stabilize the ternary dodecaboride 

phase. 

In the case of alloys with a nominal composition of (Zr1-x-zHfxYz) : 20B and (Zr1-x-

zYxGdz) : 20B (Figure 4, Table 1), the ternary metal dodecaboride is present at all compositions. 

Both zirconium and yttrium form stable dodecaborides (ZrB12 and YB12) at ambient pressure, 

and thus, are completely soluble in each other, forming the Zr1-xYxB12 solid solution at all 

compositions.17 In both of these cases, the formation of ternary dodecaborides is highly favorable 

since for two out of three pairings of metals, the phases are either completely soluble (Zr1-
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xYxB12) or can be stabilized at ambient pressure (Y1-xHfxB12 and Zr1-xGdxB12, respectively). The 

secondary phases formed are diboride (Hf1-xZrxB2) for an alloy with a nominal composition of 

(Zr0.25Hf0.50Y0.25) : 20B and hexaboride (Gd1-xYxB6) for an alloy with a nominal composition of 

(Zr0.25Y0.25Gd0.50) : 20B. 

Figure 5 shows the SEM and EDS elemental maps for alloys with a nominal composition 

of (Zr0.25Hf0.50Gd0.25) : 20B, (Y0.50Hf0.25Gd0.25) : 20B, (Zr0.50Hf0.25Y0.25) : 20B, (Zr0.25Y0.25Gd0.50) : 

20B. For (Y0.50Hf0.25Gd0.25) : 20B and (Zr0.50Hf0.25Y0.25) : 20B a ternary metal dodecaboride 

phase can be observed, while for (Zr0.25Hf0.50Gd0.25) : 20B and (Zr0.25Y0.25Gd0.50) : 20B, lower 

boride phases (diborides and hexaborides, respectively) can be observed. 

Based on the combined information from PXRD and EDS, one can construct limited 

composition pseudo-ternary (boron content is kept at a constant level of 20Boron equivalents) 

phase diagrams (Figure 6). (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-

x-zYxGdz) : 20B, (Hf1-xGdx) : 20B and (Y1-xGdx) : 20B were analyzed in this manuscript, while 

data for other compositions were taken from previous publications: (Zr1-xGdx) : 20B18, (Zr1-

xHfx) : 20B, (Y1-xHfx) : 20B19 and (Zr1-xYx) : 20B17. Although there are known phase diagrams 

for binary systems: B-Zr35, B-Y36, B-Gd37 and B-Hf38, and some ternary systems: B-Zr-Gd, B-

Hf-Gd39 and B-Zr-Hf40, they do not currently exist for some other systems: B-Zr-Y, B-Y-Hf and 

B-Y-Gd. Therefore, although there is only a limited number of data points for the ternary boride 

compositions, we feel that these pseudo-ternary phase diagrams might be a helpful starting point 

for a complete investigation of these systems (at a constant boron level) and elucidation of more 

precise phase boundaries.  

Figure S3 shows the optical images of the polished surfaces for: (a) (Zr1-x-zHfxGdz) : 

20B; (b) (Y1-x-zHfxGdz) : 20B; (c) (Zr1-x-zHfxYz) : 20B; (d) (Zr1-x-zYxGdz) : 20B, where x and z = 
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0.25, 0.33 and 0.50. In all cases, the dodecaboride MB12 phases exhibit a color in the blue-violet 

range, while hexaboride MB6 phases exhibit deep blue colors, diboride phases (white streaks) are 

colorless, whereas other areas correspond to the boron rich (also colorless) phases: MB50 (for Zr 

and Hf) and MB66 (for Y and Gd). For hexa- and dodecaborides the blue color is due to the 

metals in +3 oxidation states (Y and Gd), while the violet color is due to the metals in +4 

oxidation states (Zr and Hf).41 The color range can be used as another proof of the formation of 

ternary dodecaboride solid solutions for most of the aformentioned alloys. 

The mechanical properties of the alloys were investigated using Vickers hardness testing 

(Table 1), in hopes that the varying metal radii will result in significant solid solution hardening. 

In most cases of the ternary boride alloys, the hardest compositions correspond to the samples 

which are majority Zr or Y or at the point in the middle of the ternary metal “phase field”: 

Zr0.50Hf0.25Gd0.25 : 20B, Y0.50Hf0.25Gd0.25 : 20B, Zr0.50Y0.25Gd0.25 : 20B; Zr0.33Hf0.33Gd0.33 : 20B, 

Y0.33Hf0.33Gd0.33 : 20B, Zr0.33Hf0.33Y0.33 : 20B, Zr0.33Y0.33Gd0.33 : 20B. In all of these cases, the 

phases are harder than their “pure parent” phases. The hardest compound is Zr0.50Y0.25Gd0.25 : 

20B nominal alloy composition having a hardness of 46.9 ± 2.4 GPa compared to 41.3 ± 1.1 and 

41.6 ± 1.3 GPa for alloy compositions of 1.0 Zr : 20B and 1.0 Y : 20B, respectively, at 0.49 N of 

applied load. It can be speculated that in all of these cases the hardness increase is due to a 

combination of solid-solution hardening and the differences in metal valence and atomic size.17–

19 

CONCLUSIONS 

In this manuscript, we report the successful synthesis of ternary metal alloys with nominal 

compositions of (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-zYxGdz) : 

20B (x and z = 0.25, 0.33 and 0.5). It was discovered that for most of the compositions, a ternary 
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metal dodecaboride phase (MB12) forms. The hardness of all the compounds was measured, with 

the hardest composition being Zr0.50Y0.25Gd0.25 : 20B nominal alloy composition having a 

hardness of 46.9 ± 2.4 GPa at 0.49 N of applied load. This value is 10% higher than it two 

parents 1.0 Zr : 20B and 1.0 Y : 20B. Using the data from this manuscript and previous research, 

pseudo-ternary phase diagrams (with a constant boron content) have been created. Although, 

there is a limited amount of data points for the ternary boride compositions, these pseudo-ternary 

phase diagrams might be a helpful starting point for a complete investigation of these systems (at 

a constant boron level) and elucidation of more precise phase boundaries.  

SUPPORTING INFORMATION AVAILABLE 

Full PXRD patterns for (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-

zYxGdz) : 20B (x and z = 0.25, 0.33 and 0.5), Hf1-xGdx : 20B, (x = 0.05, 0.25, 0.50, 0.75 and 

0.95), and Y1-zGdz : 20B (z = 0.05, 0.25, 0.50, 0.70, 0.75 and 0.95) 
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Table 1. Unit Cell Data and Compositions for (Zr1-x-zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-zYxGdz) : 20B 

Nominal Composition 
MB12 Cubic 

Cell (Å) 

Metal 
Concentration 

(EDS)c (at.% metal) 

Vickers Hardness (GPa)d 

0.49 N 0.98 N 1.96 N 2.98 N 4.9 N 
anom

a aXRD
b aEDS

a M1 M2 M3 
Zr0.33Hf0.33Gd0.33 : 20B 7.362 7.458(2) 7.446 47.78 15.54 36.68 42.1 2.3 35.4 1.1 33.3 0.7 32.0 0.9 29.4 1.0 
Zr0.50Hf0.25Gd0.25 : 20B 7.429 7.448(3) 7.434 64.29 10.38 25.33 43.7 1.8 36.9 1.2 34.3 1.6 31.8 0.9 29.4 1.2 
Zr0.25Hf0.50Gd0.25 : 20B 7.422 7.454(2) 7.448 49.94 12.35 37.71 41.9 1.6 33.9 1.2 31.5 1.5 30.2 0.8 28.1 0.7 
Zr0.25Hf0.25Gd0.50 : 20B 7.458 7.453(5) 7.445 41.08 21.17 37.74 42.4 3.5 36.5 1.4 33.7 1.9 32.3 1.6 30.2 1.4 
Y0.33Hf0.33Gd0.33 : 20B 7.394 7.484(4) 7.488 57.04 16.79 26.17 44.8 2.0 34.6 1.3 32.0 1.8 30.9 1.3 28.5 1.8 
Y0.50Hf0.25Gd0.25 : 20B 7.478 7.488(3) 7.480 64.85 21.73 13.42 43.2 2.0 37.4 1.5 33.8 1.5 31.9 1.7 30.8 0.7 
Y0.25Hf0.50Gd0.25 : 20B 7.446 7.472(3) 7.474 44.62 28.13 27.25 43.2 2.8 35.9 2.1 33.3 2.1 31.8 1.9 28.6 1.2 
Y0.25Hf0.25Gd0.50 : 20B 7.483 N/A N/A N/A N/A N/A 37.6 4.0 30.9 1.8 27.1 1.0 25.7 1.8 25.4 1.8 
Zr0.33Hf0.33Y0.33 : 20B 7.357 7.442(1) 7.445 43.88 14.61 41.51 45.2 2.6 35.0 1.6 32.3 1.3 30.9 1.3 29.9 0.5 
Zr0.50Hf0.25Y0.25 : 20B 7.427 7.460(1) 7.437 59.35 10.01 30.63 42.0 2.8 36.4 2.1 31.6 1.4 29.6 1.6 29.5 0.8 
Zr0.25Hf0.50Y0.25 : 20B 7.418 7.435(3) 7.460 32.19 11.48 56.33 44.2 2.8 35.5 1.7 33.0 1.7 31.9 1.6 29.3 1.3 
Zr0.25Hf0.25Y0.50 : 20B 7.450 7.436(4) 7.450 32.52 19.35 48.12 41.9 2.9 33.8 1.4 30.4 1.3 29.9 1.2 29.2 1.0 
Zr0.33Y0.33Gd0.33 : 20B 7.406 7.480(6) 7.472 40.83 35.21 23.97 42.1 2.6 33.4 1.8 31.9 1.2 30.2 1.0 27.5 0.4 
Zr0.50Y0.25Gd0.25 : 20B 7.463 7.460(2) 7.453 59.48 24.26 16.27 46.9 2.4 35.1 1.0 32.2 1.7 30.6 1.3 28.7 1.3 
Zr0.25Y0.50Gd0.25 : 20B 7.487 7.486(3) 7.477 33.72 50.18 16.09 41.1 1.9 33.5 1.7 30.8 1.1 29.3 0.8 28.0 0.7 
Zr0.25Y0.25Gd0.50 : 20B 7.491 7.480(3) 7.465 49.16 20.17 30.67 42.1 2.5 36.0 1.9 32.9 1.6 31.1 1.5 29.3 1.5 

1.0 Zr : 20B 7.408 7.412(2) - - - - 41.3 1.1 34.9 0.5 33.6 0.7 31.3 0.6 29.6 0.7 
1.0 Y : 20B 7.500 7.505(4) - - - - 41.6 1.3 34.4 1.3 32.7 1.1 30.5 0.8 28.5 0.7 

Y0.25Hf0.75 : 20Be 7.409 7.458(3) 7.463 66.99 33.01 - 44.1 1.7 36.5 1.2 34.6 0.8 31.9 0.7 30.8 0.7 
Zr0.50Gd0.50 : 20Be 7.468 7.464(2) 7.469 49.17 50.83 - 42.1 1.9 34.7 1.1 32.6 0.7 31.9 0.6 29.1 0.5 

acalculated from nominal and EDS metal compositions using Vegard’s Law42
; bfrom Maud

30–34, errors are given in brackets (a(ZrB12) = 7.408 Å, a(YB12) = 7.500 Å, 
a(GdB12) = 7.524 Å, a(HfB12) = 7.377 Å);16,25,28 cerrors for EDS values of metal compositions are within ±2.0 at.%, M1 = Zr or Y, M2 = Hf or Y, M3 = Y or Gd; derrors 
for hardness are given next to the hardness values; 

esince both HfB12 ad GdB12 are high pressure phases, these solid solutions are the closest representation of the 
properties of these high pressure phases.18,19 
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Figure 1. (Top left) Polyhedra model of the unit cell of a cubic-UB12 (ZrB12, ��3��, ICSD 409635)

43
 structural 

type metal dodecaboride; (top right) polyhedra model of the unit cell of a tetragonal-ScB12 (ScB12, I4/mmm, ICSD 

615424)
44

 structural type metal dodecaboride; (bottom left) polyhedra model of the unit cell of a rhombohedral-
MB50 (3��, ICSD 40396)

45
 structural type (solid solution of a metal in β-rhombohedral boron); (bottom right) 

polyhedra model of the unit cell of a cubic-YB66 (��3��, ICSD 23186)
20

 structural type metal boride. In the latter 

two cases boron atoms are arranged in B12 icosahedral units. "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 (Hf1-xGdx) : 20B, where x =  0.05, 0.25, 0.50, 0.75 and 0.95. The dodecaboride MB12 phase does not form for any composition 

of this alloy. The diboride (HfB2, P6/mmm, JCPDS 03-065-3387) phase forms at higher concentrations of hafnium, while the hexaboride (GdB6, ��3��, JCPDS 

03-065-1826) phase forms for higher concentrations of gadolinium. (*) indicates the boron rich phase - solid solution of hafnium in β-rhombohedral boron 

(HfB50, 3��, JCPDS 01-086-2400), while (+) indicates GdB66 (��3��, JCPDS 00-024-1256). The figure shows a 2θ range from 0 – 50
o
 (the full PXRD patterns 

are provided in the Supplemental Information section, Figure S1). 
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(a) 
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(b) 

Figure 3. Powder XRD patterns of: (a) (Zr1-x-zHfxGdz) : 20B, where x and z =  0.25, 0.33 and 0.50. The ternary dodecaboride MB12 phase can be observed for all 

4 compositions, the binary diboride MB2 phase (Hf1-xZrxB2 solid solution) can be observed for Zr0.25Hf0.50Gd0.25 : 20B, while the hexaboride MB6 phase (GdB6) 

can be observed for all phases except for Zr0.50Hf0.25Gd0.25 : 20B; (b) (Y1-x-zHfxGdz) : 20B, where x and z = 0.25, 0.33 and 0.50. The ternary dodecaboride MB12 

phase can be observed for all compositions, except for Y0.25Hf0.25Gd0.50 : 20B, while the binary hexaboride MB6 phase (Gd1-xYxB6 solid solution) can be observed 

for all compositions except for Y0.50Hf0.25Gd0.25 : 20B. The ternary dodecaboride MB12 phase can be observed for both compositions. For all cases: (*) indicates 

the boron rich phase - solid solution of hafnium-zirconium in β-rhombohedral boron (Hf1-xZrxB50), both 3�� , JCPDS 01-086-2400 and 03-065-2184, 

respectively); while (+) indicates GdB66 and YB66 or their solid solutions (both ��3��, JCPDS 00-024-1256 and 01-073-0759, respectively). The peaks were 

assigned using: HfB2, P6/mmm, JCPDS 03-065-3387, GdB6, ��3��, JCPDS 03-065-1826 and ZrB12, ��3��, JCPDS 03-065-3100. The figure shows a 2θ range 

from 0 – 50
o
 (the full PXRD patterns are provided in the Supplemental Information section, Figure S2). 
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(a) 
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(b) 

Figure 4. Powder XRD patterns of: (a)  (Zr1-x-zHfxYz) : 20B, where x and z =  0.25, 0.33 and 0.50. The ternary dodecaboride MB12 phase can be observed for all 

4 compositions, the binary diboride MB2 phase (Hf1-xZrxB2 solid solution) can be observed for Zr0.25Hf0.50Y0.25 : 20B, while the hexaboride MB6 phase (YB6) can 

be observed for all phases except for Zr0.50Hf0.25Y0.25 : 20B; (b) (Zr1-x-zYxGdz) : 20B, where x and z =  0.25, 0.33 and 0.50. The ternary dodecaboride MB12 phase 

can be observed for all 4 compositions, the binary hexaboride MB6 phase (Gd1-xYxB6 solid solution) can be observed for Zr0.25Y0.25Gd0.50 : 20B. For all cases: (*) 

indicates the boron rich phase - solid solution of hafnium-zirconium in β-rhombohedral boron (Hf1-xZrxB50), both 3��, JCPDS 01-086-2400 and 03-065-2184, 

respectively); while (+) indicates GdB66 and YB66 or their solid solutions (both ��3��, JCPDS 00-024-1256 and 01-073-0759, respectively). The peaks were 

assigned using: HfB2, P6/mmm, JCPDS 03-065-3387, GdB6, ��3��, JCPDS 03-065-1826 and ZrB12, ��3��, JCPDS 03-065-3100. The figure shows a 2θ range 

from 0 – 50
o
 (the full PXRD patterns are provided in the Supplemental Information section, Figure S2). 
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(d) 

Figure 5. Elemental maps for boron (K line), zirconium, yttrium, gadolinium (L lines) and hafnium (M line) of: (a) the Zr0.25Hf0.50Gd0.25 : 20B, dodecaboride 

MB12 as well as Zr1-xHfxB2 solid solution phases; (b) Y0.50Hf0.25Gd0.25 : 20B, dodecaboride MB12 phase; (c) Zr0.50Hf0.25Y0.25 : 20B, dodecaboride MB12 phase; (d) 

Zr0.25Y0.50Gd0.25 : 20B, dodecaboride MB12 as well as hexaboride GdB6 phases. The thick horizontal bars represent the intensity as a color legend. The SEM 

images were taken at a magnification of 1000x, while the EDS images at 500x, the scale bars are 100 µm in all cases. 
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                                               c)                                                                                                                    d)  
Figure 5. Pseudo-ternary phase diagrams (limited compositions, metal to boron ratio is kept constant at 1 : 20) for: (a) (Zr1-x-zHfxGdz) : 20B; (b) (Y1-x-zHfxGdz) : 

20B; (c) (Zr1-x-zHfxYz) : 20B; (d) (Zr1-x-zYxGdz) : 20B. In all cases x and z = 0.25, 0.33 and 0.50; black dots correspond to the analyzed compositions; the blue 

regions correspond to compositions with single boride phases, while yellow regions to compositions with two distinct boride phases. MB12 corresponds to ternary 

dodecaborides of Zr, Y, Hf and Gd; MB2 to binary diborides (Hf1-xZrxB2); and MB6 to binary hexaborides (Gd1-xYxB6). Due to the excess of boron in the samples, 

in all cases the main boride phases are accompanied by boron rich phases and their solid solutions: MB50 (for Zr and Hf) and MB66 (for Y and Gd). (Zr1-x-

zHfxGdz) : 20B, (Y1-x-zHfxGdz) : 20B, (Zr1-x-zHfxYz) : 20B, (Zr1-x-zYxGdz) : 20B, (Hf1-xGdx) : 20B and (Y1-xGdx) : 20B were analyzed in this manuscript, while data 

for other compositions were taken from previous publications: (Zr1-xGdx) : 20B
18

, (Zr1-xHfx) : 20B, (Y1-xHfx) : 20B
19

 and (Zr1-xYx) : 20B
17

. 
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For Table of Content Only 

 
Optical images of the surface patterns formed by hexaboride (MB6) and dodecaboride (MB12) 

phases. 
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Optical images of the surface patterns formed by hexaboride (MB6) and dodecaboride (MB12) 

phases. 
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