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Radial X-Ray Diffraction Study of Superhard Early Transition
Metal Dodecaborides under High Pressure

Jialin Lei, Georgiy Akopov, Michael T. Yeung, Jinyuan Yan, Richard B. Kaner,*

and Sarah H. Tolbert*

The deformation behavior of the three metal dodecaborides (YB;;, ZrB,,,

and Zry5Y5B;,) is investigated using radial X-ray diffraction under non-
hydrostatic compression up to =60 GPa with a goal of understanding how
bonding and metal composition control hardness. Zr, 5Yq 5B;,, which has the
highest Vickers hardness (Hv = 45.8 + 1.3 GPa at 0.49 N load), also shows
the highest bulk modulus (K, = 320 £ 5 GPa). The 0.49 N hardness for ZrB;,
and YB,, are both lower and very similar, and both show lower bulk moduli
(Ko =276 £ 7 GPa, and K, = 238 * 6 GPa, respectively). Differential stress is
then measured to study the strength and strength anisotropy. Zr;5Yg 5B1,
supports the highest differential stress, in agreement with its high hard-
ness, a fact that likely arises from atomic size mismatch between Zr and

Y combined with the rigid network of boron cages. The (200) plane for all
samples supports the largest differential strain, while the (111) plane sup-
ports the smallest, consistent with the theoretically predicted slip system of
{111} [172]. Strain softening is also observed for ZrB;,. Finally, the full elastic

1. Introduction

With the rapid development of modern
structural materials grows a pressing need
for new tools that shape and form them.
Modern forming requires long-lasting cut-
ting, grinding, and polishing tools, mate-
rials with high hardness, and excellent
toughness. Superhard materials, with their
Vickers hardness greater than 40 GPa,
meet these stringent requirements.!!]
Diamond, as one of the most well-known
superhard materials, possesses an extreme
hardness of 70-110 GPa! in its single
crystal form and a bulk modulus (K) of
442 GPa;Bl however, it is not suitable for
machining ferrous metals due to the for-
mation of brittle carbides which shortens

stiffness tensors for ZrB,, and YB;, are solved. ZrB,, is the most isotropic,
but the extent of elastic anisotropy for all dodecaborides studied is relatively

low due to the highly symmetric boron cage network.

Dr. |. Lei, Dr. G. Akopov,l Dr. M. T. Yeung,*] Prof. R. B. Kaner,
Prof. S. H. Tolbert

Department of Chemistry and Biochemistry

University of California, Los Angeles (UCLA)

Los Angeles, CA 90095, USA

E-mail: kaner@chem.ucla.edu; tolbert@chem.ucla.edu

Dr. ). Yan

Advanced Light Source

Lawrence Berkeley National Lab

Berkeley, CA 94720 USA

Prof. R. B. Kaner, Prof. S. H. Tolbert

Department of Materials Science and Engineering
University of California, Los Angeles (UCLA)

Los Angeles, CA 90095 USA

Prof. R. B. Kaner, Prof. S. H. Tolbert

California Nano Systems Institute (CNSI)
University of California, Los Angeles (UCLA)

Los Angeles, CA 90095 USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.201900293.

MPresent address: Department of Chemistry, lowa State University,
Ames, A 50011, USA and Ames Laboratory, U.S. Department of Energy,
Ames, IA 50011, USA

lPresent address: Department of Chemistry, Northwestern University,
Evanston, IL 60208, USA

DOI: 10.1002/adfm.201900293

Adv. Funct. Mater. 2019, 29, 1900293

1900293 (1 0f9)

its lifetime.[*>] Moreover, because of its
poor oxidative stability, diamond cannot be
used in air at high temperatures.[%l

Despite these drawbacks, exploration
into the origin of superhardness in dia-
mond still provides valuable insights into
what makes diamond superhard, and guides the development of
new superhard materials. It is believed that the high shear mod-
ulus of diamond stems from the 3D network of strong, short
carbon—carbon covalent bonds, while its high bulk modulus
arises from its high valence electron density (0.705 electrons A=3);
together, these make diamond superhard. Tungsten tetraboride
(WB,) exemplifies these design rules, with a high Vickers hard-
ness (Hv = 43.3 + 2.9 GPa under a load of 0.49 N),7#l relatively
easy synthesis at ambient pressure, as well as low cost and good
incompressibility (K = 324 + 3 GPa).’! The high valence elec-
tron density in tungsten mirrors the ultra-incompressibility of
diamond, and this, combined with a network of rigid boron
cages,' mimics the bonding motif in diamond, which trans-
forms the originally soft elemental W (Hv = 3.4-4.6 GPa)['!l into
superhard WB,.['213] As can be seen in Figure 1a, WB, consists
of alternating hexagonal layers of boron and tungsten with par-
tially occupied sites. The boron atoms sitting in the unoccupied
W sites and those in the hexagonal layers form distorted cuboc-
tahedral cages.l'l These rigid boron cages bind the boron sheets
together and thus help pin dislocation motion along the primary
basal slip system in the hexagonal lattice. Because of this 3D
boron network, WB, also shows less strength anisotropy, con-
firming the positive influence of cage structures in developing
next generation superhard materials.'! Moreover, dodecaboride
forming metals (Zr, Y, Er, Tb, Ho, and Dy) can be added to WB,,
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Figure 1. A polyhedral view of crystal structures of a) WB, and b) metal dodecaborides. Part (a) was reproduced with permission.'% Copyright 2015,

National Academy of Sciences.

generating remarkable surface morphologies, which enhance
the extrinsic hardness of this tetraboride.[°!

This finding inspired us to turn our attention to the metal
dodecaborides (MBy;) such as YBy,, ZrBy,, and their solid
solutions, which have the ultimate cage structure as shown
in Figure 1b. In MB;,, the metal atoms occupy octahedral
sites of this cubic structure at the corners and face centers
forming an FCC lattice (Fm3m). Each metal atom is located at
the center of a cuboctahedral cluster (blue in color) formed by
24 borons. Smaller clusters (black), formed by 12 borons, can
be found at the edge centers and body centers.!'”1®] Note that
the occurrence of cuboctahedral clusters in WB, is at most one
for every four metal atoms, whereas it is one per metal atom
in MBy, structures. Moreover, both the slightly longer red
boron-boron bond distances and the shorter green bond dis-
tances in Figure 1b for MBy, are shorter than those in WB,
and ReB,,["2U suggesting the potential for high hardness in
MB,,. Indeed, Akopov et al.?224 have recently synthesized
ZrBy,, YBy,, and Zr;_,Y,By, solid solutions at ambient pressure
by arc-melting. The micro-indention hardness tests show that
all these dodecaborides are superhard, as expected, with the
highest Vickers hardness of 45.8 + 1.3 GPa at an applied load
of 0.49 N achieved by Zr;5Y, 5B, The hardness for Y,Zr, B,
solid solutions at different loads can be found in Figure S1 in
the Supporting Information. In addition, Ma et al.?! found that
ZrBy, is not only superhard, but also highly electrically conduc-
tive with a resistivity of only 18 pnQ-cm at room temperature
resulting from the network of boron clusters. Their hardness
tests on ZrBy, single crystals suggests that, like diamond, it is
mechanically isotropic in the {100}, {110}, and {111} planes.

Interestingly, all metal dodecaborides stable at ambient pres-
sure have stringent requirements on the metal atom radii, with
zirconium (r, = 1.55 A, rey = 1, = 1.603 A) forming the dode-
caboride with the smallest lattice parameter, and yttrium (r,, =
1.80 A, rcy — 15 = 1.801 A) the largest.2*?7] As a result, the unit
cell volumes for ZrBy, (405.5 A% and YBy, (422.7 A% are the
lower and upper bounds necessary to meet the size require-
ment for stable dodecaborides, respectively. The Vickers hard-
ness and bulk modulus for ZrB;, have been measured,** but
only under hydrostatic conditions,?8! and nonhydrostatic condi-
tions more closely resembling those under an indenter’s tip in
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a micro-indentation hardness test’?l have not yet been exam-
ined. For YBy,, the volume compression behavior at high pres-
sure has yet to be studied in any form. Additionally, although
there are some theoretical calculations about the elastic stiff-
ness constants for transition metal dodecaborides,?*3%31 direct
experimental measurements have hitherto not been performed.
Finally, and perhaps most importantly, the mechanisms for the
hardness enhancement in ZrysY, 5By, and the solid-solution-
induced change in compressibility are also not clear.

Here, we have performed radial X-ray diffraction (RXRD)32-34
experiments under nonhydrostatic compression on ZrBy,, YB,,
and Zry5Y 5B, with the goal of determining their bulk moduli
and examining differential stress for each sample in a lattice
plane-specific manner up to =60 GPa. Note that the plateau
value of the differential stress has been considered as a good esti-
mate of yield strength for many materials,*>*? which in turn is
strongly related to the hardness. The lattice-specific differential
stress, which can only be measured from radial diffraction rather
than the traditional axial diffraction, can thus provide significant
insights into materials hardness. The nonhydrostatic stress also
needs to be taken into account even for axial diffraction when
determining bulk modulus, because a completely hydrostatic
environment cannot be maintained above 15 GPa due to the
freezing of all pressure-transmitting medium at room tempera-
ture.'3*] Diffraction in a radial geometry thus provides insight
into both the elastic and plastic behavior of these materials.

2. Results and Discussion

ZrBy,, YBy,, and Zr5Y( 5B, were individually compressed under
nonhydrostatic conditions in the diamond anvil cell (DAC) up to
~60 GPa. Radial diffraction patterns were recorded at steps of
=~4 GPa, and the pressure was derived from the equation of state
(EOS) of Au,1*l using its measured unit cell volume at ¢ = 54.7°,
which produces lattice deformations equivalent to those obtained
under hydrostatic conditions. Representative XRD patterns are
shown in Figure 2, and the experimental data are indexed and
compared to the stick reference patterns from the Joint Com-
mittee on Powder Diffraction Standards and by Akopov et al.l??
Each sample maintains their cubic structure up to the highest
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Figure 2. Representative synchrotron 1D XRD patterns and 2D azimuthally unrolled patterns with increasing pressure for a,b) ZrBs,, ¢,d) YB;,, and
e,f) Zrys5Yo5B12. Au was used for the in situ pressure calibration. Peaks marked with solid symbols at high pressure stem from the boron gasket. Peaks
marked with open symbols in (b) correspond to a YBgg impurity.
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pressure in our experiments, and a clear shift toward higher
angles can be observed with increasing pressure, indicating a
decrease in unit cell volume with increasing compression.

In addition to the dodecaboride phase, the peaks labeled with
solid star symbols stem from diffraction from the boron gaskets,
as indicated by the fact that they do not shift with pressure. This
can be confirmed from the azimuthally (0°-360°) unrolled cake
patterns where the diffraction lines for the dodecaboride phase
become curved at high pressure due to the nonhydrostatic com-
pression. Here the high stress direction and low stress directions
are labeled with red arrows. Any diffraction peaks that remain
straight during the compression are not under pressure. The
ambient pressure patterns were not collected in the DAC, and
therefore they do not contain diffraction signals from the boron
gasket, which is generally unavoidable for high-pressure radial
diffraction data. Fortunately, the diffraction from the boron
gasket does not affect the measurements, because these high-
pressure experiments are conducted in a lattice-specific manner.
Since the diffraction from the boron gasket does not overlap with
the phase of interest and they do not shift with the pressure as
shown in Figure 2, they can be clearly identified and introduce
no ambiguity to the results. Moreover, the fact that the diffrac-
tion lines for the boron gasket are all straight, rather than curved,
indicates that the majority of the gasket is not under pressure,
and that the specimen is indeed the load-bearing material.

In addition to the boron gasket, we found that the YBj,
sample contains an impurity phase of YBg that is labeled with
an open star symbol and is present across the studied pressure
range in Figure 2c. YBgs possesses a giant cubic unit cell con-
taining 1584 boron atoms and 24 Y atoms.??l Since it has no
overlapping diffraction peaks with the phase of interest, the
impurity phase can be recognized unambiguously and the data
analysis for YB,, is not affected. Given that the diffraction lines
(111), (200), and (311) have the highest intensity among the
observed patterns and can be detected at all pressures, we chose
these three peaks to define the volume deformation behavior
and strength anisotropy for each sample.

The pressure dependence of the d-spacings and lattice con-
stants for ZrB;,, YBi,, and Zr;sY,sB;, are summarized in
Figure 3 and Table S1 in the Supporting Information. Note that
all the d-spacings were measured at the hydrostatic equivalent
direction and that the data collected under decompression are
labeled with open symbols. The errors for the pressure at each
compression step are shown in Table S1 in the Supporting Infor-
mation and the values are typical of those obtained in other radial
diffraction experiments. The difference in atomic size between
Zr and Y is relatively small (<15%), but as shown in Figure 3,
because data are collected across a range of pressure, different
trends across the three materials can be easily distinguished.
As can be seen in the figure, the d-spacings show a continuous
linear decrease as a function of pressure without any abrupt vari-
ations, suggesting that the samples are able to maintain the cubic
structure upon compression and decompression up to =60 GPa.

Vegard’s law states that the lattice constant of a solid solution
should be a weighted average of the lattice constants of its two
constituents.[*”] The lattice constant for Zry Y, sB;, measured at
ambient pressure (7.454 A) is in good agreement with the pre-
dicted value calculated using Vegard's law (7.453 A), indicating
that ZrB,, and YB;, form a nearly ideal solid solution. For a
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Figure 3. Measured d-spacings for the (111), (200), and (311) lattice
planes as a function of pressure. Error bars that are smaller than the size
of the symbols have been omitted.

series of lower pressures shown in Figure 3, the d-spacings for
Z1y5Y(5B1, continue to lie essentially halfway between ZrB,,
and YB;,, suggesting it also follows Vegard’s law at modest
pressure. This is attributed to the fact that all materials have
the same cubic-UBy, (Fm3m) structure, similar electronegativi-
ties for the metals, and relatively small differences in their radii
(<15%). As the pressure increases, however, the d-spacings for
Z1y5Yo 5B, begin to deviate from the average value of ZrB,,
and YB, and approach the YB;, boundary, indicating deviation
from Vegard's law at higher pressure. Interestingly, the d-spac-
ings of the (200) lattice plane for Zry5Y,sB;, crosses YBy, at
=35 GPa, indicating significantly decreased compressibility for
the Zry5Y,5B1;, solid solution.

One possible explanation for this behavior is that the lattice
constant for Zr;sYosBy; is fundamentally too small for the Y
atoms even though it follows Vegard's law at ambient pressure.
As mentioned above, Zr and Y represent the lower and upper
bounds in size for metals that can coordinate with 12 boron
atoms. The fact that the d-spacings for Zr;5Y,sB;, are closer to
the YB, values implies that repulsion between the larger Y atom
and the boron cage limits the compressibility of this system at
higher pressures. In other words, the unit cell for the Zr;5Y 5B,
can be thought of as being partly precompressed at ambient
pressure to accommodate the conflicting energetic need to avoid
repulsion between Y and the boron cage and to optimize bonding
between Zr and the boron cage. Because of the rigid structure of
the material, which cannot distort to simultaneously satisfy both
demands, and because of the increasing energetic dominance
of the repulsive interactions at high pressure, the observed lat-
tice evolution occurs. The corollary is that the solid solution may
have greater capability to resist further compression.

The pressure-dependent peak position was then used to
calculate the fractional unit cell volume for each sample as a
function of pressure in the range from 0 to =60 GPa, as shown
in Figure 4. The compression data were fit to the third-order
Birch-Murnaghan EOS yielding a bulk modulus of 276 £ 7 GPa
(Kp = 2.0 % 0.4), 238 + 6 GPa (K, = 3.0 £ 0.1), and 320 + 5 GPa

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

1.05

un

1.00

095 ]
o - -
> L ]
> I ]
0.90 |- -
: [ ZrB12 :
085~ @ YBy, o
L ® ZrgsYosBip 1
[ —— 3rd order Birch-Murnaghan EOS fit ]
OBOH-3 o & ¢35 e ¢ 51w ey vessnwlssesrovesl e
0 20 40 60

Pressure (GPa)

Figure 4. Hydrostatic compression curves for ZrB;, (black), YB;, (red),
and Zry5Yo 5By, (blue) obtained from radial diffraction data at ¢ = 54.7°.
The solid lines are the best fits to the third-order Birch—Murnaghan EOS.

(Ko = 1.2 £ 0.1) for ZrBy,, YBy,, and Zry5Y, 5By, respectively.
The EOS in terms of normalized pressure and Eularian
strain® including the second-order fitting results can be
found in Figure S2 in the Supporting Information. Zry5Y,sB1,,
which is the hardest of the three compounds, also possesses
the highest incompressibility among the three samples, for the
reasons discussed above. It therefore supports our assumption
that incompressibility is a design parameter for high hardness.
The trends in the other materials can also be rationalized: bulk
modulus is directly related to the valence electron density.[*]
Zirconium has one electron more than yttrium and is also
smaller than yttrium in atomic size, suggesting that the valence
electron density for ZrB,, is higher than for YB,,. This is in
good agreement with the trends in bulk modulus.

To improve confidence in the use of nonhydrostatic data to
determine the bulk modulus, we also make comparisons to pre-
viously reported values for ZrB;,. Due to the lack of a previously
reported third-order value for bulk modulus, here we compare
only the second-order value. Our measured value for ZrB;,
(Ko = 245 = 5 GPa obtained from second-order fitting with fixed
K% = 4) is consistent with the theoretical value of 243.5 GPal*"
and previous experimental values of 234-249 GPal>®>! within
the uncertainty. It is, however, slightly higher than the value of
221 + 8 GPa reported by Ma et al.® The difference may arise
from the intrinsic difficulty in performing high-pressure X-ray
diffraction on compounds that have low metal contents such as
dodecaborides.

Bulk modulus is a measure of elastic deformation reflecting
the resistance to the volume change with respect to pressure.
It is not, however, directly related to the hardness which is the
resistance to plastic deformation. There are many factors that
contribute to hardness such as the strength and directionality
of interatomic bonds, defect density, micro- or nanostructuring,
and grain size. The yield strength is believed to be one of the
most significant determining factors for hardness. By running
radial diffraction, we are also able to measure the ratio of yield
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Figure 5. Dependence of observed d-spacings on (1 — 3cos?¢). The solid
lines are the best linear fit to the data.

strength to the shear modulus (¢/G), known as differential
strain, in a lattice-specific manner, in addition to measuring
bulk modulus.

Figure 5 shows the dependence of the d-spacings as a func-
tion of (1 — 3cos?g) for the selected planes at the highest pres-
sure, which presents the expected linear variation according
to Equation (2). Q(hkl) can be extracted from the slope of each
line and it is directly related to t/G, as indicated in Equation (3).
Values of t/G for selected planes are plotted as a function of
pressure for ZrB,, (black), YB, (red), and ZrysYosB, (blue)
in Figure 6. The t(111)/G, ¢(200)/G, and t(311)/G for the three
samples show similar behavior at the beginning of compres-
sion. They all increase almost linearly when the pressure is
lower than =40 GPa indicating the samples are still within the
elastic regime. Upon further compression, the rate slows and
eventually plateaus for YB;, and Zr;5Y, 5B, which indicates
the beginning of plastic deformation. This is the point where
t has reached its limiting value and should correspond to the
yield strength. Note that because yielding behavior occurs
across a range of pressure in the plateau region of the differ-
ential strain/stress curve, this value is an ideal way to compare
samples, because it is not affected by the pressure step size
or details of sample loading. Interestingly, the t/G ratios for
ZrB,, also exhibit a plateau at a pressure of 40-50 GPa. This
plateau is then followed by a decrease at pressures higher than
=50 GPa, indicating a strain softening phenomenon. This may
due to the grain boundary sliding or grain rotation at such
high pressures.’>% Alternatively, the stress may be released
through a new slip system enabled by pressure-induced bond
rearrangement, a phenomenon previously observed by our
group for WB,.) Additional investigations using simulations or
texture analysis would be needed to verify the dominant mecha-
nisms for plastic deformation at high pressure. Given that the
(111) plane for the three samples always supports the lowest
t/G ratio, it is very likely to be a slip plane, which is consistent
with the slip system of {111} [112] reported for ZrB,.?’]

We note that materials with high differential strain (t/G)
are not necessarily hard, since a very low shear modulus like

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Ratio of differential stress t to aggregate shear modulus G as
a function of pressure for three different lattice planes of the three dode-
caborides studied in this work. Keys on the figure indicates material and
lattice plane.

that found in a soft elastic material can also produce a high
strain. Because of this, it is important to calculate ¢ in addition
to t/G, something that is often hampered by a lack of meas-
ured values of G. Here, we use the theoretical shear modulus
of 204 GPa for ZrB;, and 220 GPa for YB;,.3% Since neither a
computational nor experimental shear modulus for Zry5Y, 5B,
has been reported, we used the average of the values for the
two end members as an approximation. We acknowledge that
this choice of a shear modulus is not ideal because the shear
modulus is influenced by variations in composition for solid
solutions. For hard materials and especially for transition metal
borides, however, the shear modulus does not generally change
very much across a family of compounds, and so the average
value has been shown to be a reasonable approximation of the
solid-solution value.’”) The shear moduli at elevated pressures
were approximated by extrapolating the zero-pressure values
using the pressure derivative dG/dP of 1.5, which is typical for
ceramics,’® and is also used for transition metal borides such
as WB,P% WB,,[*] and boron-rich superhard materials such as
B0.4%

To look at trends in the differential stress, we looked at the
average value of t for each material, as shown in Figure 7.
Because the trends in each lattice plane are so similar up to
50 GPa, we use an average value obtained by taking the average
of the t(111), #(200), and t(311) values, and compared these
curves with ReB, and WB, in Figure 7. A remarkably good cor-
relation between the trends in hardness and the trends in the
plateau values of the differential stress can be found across all
five samples. As can be seen in the figure, Z1;5Y 5B, supports
the highest differential stress with a plateau value of 17.5 GPa
followed by YB;, and ZrBy,. This is indeed consistent with our
hardness test where the solid solution shows the highest hard-
ness. Both the hardness and plateau stress of WB, approach
that of Zr,5Y(5B1,, while ReB, is more similar to ZrB;, in both
hardness and plateau stress. Note that the hardness values for
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Figure 7. Evolution of the average differential stress for the three dodeca-
borides studied here, along with selected other representative superhard
materials,l'? all as a function of pressure. A strong correlation between
hardness (indicated in the key) and average value of ¢ is observed.

ZrB;, and YB,, are very close, while YB,;, supports a higher
differential stress. This is potentially because the indentation
hardness is affected by both intrinsic (i.e., strength and direc-
tionality of bonding, composition, and crystal structure) and
extrinsic factors (i.e., grain size and nanotwinned structures).l!
In radial diffraction, we measured the deformation behavior
for the lattice, which only reflects the intrinsic strength of the
material;®%% allowing us to distinguish these two factors. The
fact that ZrB,, supports a lower differential stress than YBj,
could suggest that some extrinsic hardening effects may be
active in ZrBy,.

Knowing ¢t and K, we can then determine the elastic stiff-
ness constants using Equations (8)—(10). These calculations are
performed only for the two end members because of the lack
of an accurate shear modulus for the solid solution which may
induce errors in the value of t. The dependence of Q(hkl) on
3 I'(hkl) at representative pressures is plotted in Figure S3 in
the Supporting Information and shows the expected linear vari-
ation. The pressure-dependent elastic constants for ZrB,, and
YB;, are shown in Figure 8. Note that the moduli at low pres-
sures are not plotted because the error in t is higher at low pres-
sure, and so these low-pressure values are unreliable. The solid
line in the figure is the best fit to the third-order finite strain
equation yielding the ambient values of elastic moduli. The plot
of normalized elastic constants varying with Eularian strain
can be found in Figure S4 in the Supporting Information. The
larger value of ¢;; for ZrB,, suggests that it has a higher linear
incompressibility along the (100) direction. For cubic sym-
metry, the bulk modulus strongly depends on ¢;; and ¢;,, with
higher values of ¢;; and ¢y, resulting in a higher bulk modulus.
The high values of ¢,y for YB,, reflect greater capability to pre-
vent shearing along [100], implying better yield strength, which
is consistent with our differential stress data.

Given these [cy] values, we can then examine the Zener
ratio, 2c4/(c11—C13), to see if these materials are elastically
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Figure 8. Elastic moduli for ZrB,, and YB,, as a function of pressure.

isotropic. The Zener factors for ZrB;, and YB;, are 1.2 and
1.7, respectively, suggesting that neither of them is isotropic,
but the extent of anisotropy is quite weak, especially for ZrB;,
since its ratio is closer to unity. Most diborides such as OsB,
and ReB, consist of alternating metal and boron layers, which
lacks the constrained bonding between layers leading to much
higher anisotropy. The 3D covalent network of boron cages in
the dodecaborides should be more structurally isotropic. Like
diamond, dodecaborides belong to the isotropic face-centered
cubic Bravais Lattice. Their anisotropic nature can also be
observed qualitatively in Figure 6, where the difference in t/G
for the three planes for ZrB;, is smaller compared to the other
two samples.

Finally, the differential stress under the Reuss condition for
ZrB;, and YB;, was calculated using the elastic stiffness con-
stants according to Equation (5) and is plotted in Figure 9. We
note that the values under the Voigt condition are not included
because the elastic moduli were obtained using the assumption
of Reuss conditions. As can be seen in the figure, the trends are
very similar to those shown in Figure 6, with the (200) plane for
YB,, supporting the highest differential stress with a plateau
value of 16-18 GPa, while the (111) plane shows the lowest ¢
value. A similar trend in #(hkl) can be observed for ZrB,, but
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Figure 9. Differential stress as a function of pressure for selected lattice
planes in ZrB,, and YB;, under Reuss (iso-stress) conditions.

note that the yield strength of its strongest plane is still slightly
lower than that of the weakest plane for YB;, confirming that
YB,, is intrinsically harder than ZrB,.

3. Conclusions

ZrBy,, YBy,, and Zry5Y, 5B, were studied and compared using
synchrotron-based XRD under nonhydrostatic compression up
to =60 GPa. The hydrostatic compression curves were obtained
at @ = 54.7° and used to calculate bulk moduli by fitting to
the third-order Birch-Murnaghan EOS. Zr,5Y, 5B, was found
to be the least compressible, followed by ZrB;, and YB,. Lat-
tice-dependent strength anisotropy was further investigated.
We found that the (200) plane supports the greatest differen-
tial stress, while the (111) supports the least and is likely a slip
plane. The high differential stress measured for Zry5Y,sB;,
is in good agreement with its high hardness and likely arises
from solid solution hardening stemming from the atomic size
mismatch between Zr and Y and the rigidity of the boron cage
network. The data further indicate that YB;, may be intrinsi-
cally harder than ZrBy,, especially at high pressure, due to the
occurrence of strain softening for ZrB;, above =50 GPa. Finally,
three independent elastic constants, ¢;;, ¢15, and ¢4y, were deter-
mined for YB;, and ZrB;,, which enables us to deduce the
directional yield strength for each plane. Besides high harness
and bulk modulus, the extent of elastic anisotropy for these
materials was found to be low, making them desirable materials
for applications such as hard protective coatings. The study on
this family of metal dodecaborides allows us to understand the
role of cage structures and provides valuable insights into the
design rules for new superhard materials.

4. Experimental Section

ZrBy,, YByy and ZrgsYosBy, were synthesized by arc melting from
the elements of zirconium (99.5%, Strem Chemicals, USA), yttrium
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(99.9%, Strem Chemicals, USA), and amorphous boron (99+%, Strem
Chemicals, USA) powder. The molar ratio of metal to boron was kept
at 1:20 in order to suppress the formation of lower borides such as
diborides (MB,) or hexaborides (MBg). In the synthesis, all components
were thoroughly mixed together using an agate mortar and pestle.
Subsequently, each mixture was transferred to a stainless steel die and
was pressed into pellets using a hydraulic Carver press under =10 tons.
The pellets were then arc melted, under argon to avoid oxidation, with
an =100 Amp DC current for 1-2 min. The fused ingots were re-arced
multiple times to ensure homogeneity. The resultant ingots were then
ground to fine powders using a Plattner-style hardened tool-steel mortar
and pestle set (Humboldt Mfg., Model H-17270) followed by screening
with a No. 635 mesh (20 um) sieve (Humboldt Mfg.).

The in situ high-pressure RXRD measurements were performed using
a panoramic DAC with a culet size of 300 um at synchrotron beamline
12.2.2 at the Advanced Light Source (ALS, Lawrence Berkeley National
Lab). The boron gasket (=400 um in diameter and =70 pum in thickness)
was made of amorphous boron and epoxyl®! with a laser drilled hole
(=50 um in diameter) at the center as the sample chamber. Powders
were loaded individually into the sample chambers of separate DACs
and then a small piece of Au foil (=20 um) was placed on the top of the
sample as a pressure indicator. No pressure-transmitting medium was
used to ensure the existence of nonhydrostatic stress in the DAC. More
technical details for the DAC can be found in ref. [64].

In the radial diffraction experimental geometry, the incident
monochromatic X-ray beam (20 KeV in energy, 20 x 20 um in beam
size) was oriented perpendicular to the compression direction. The
diffracted intensity was recorded using an MAR-345 image plate and the
pressure was increased in steps of =4 GPa. Calibration of the sample-
to-detector distance, beam center, and detector tilt was carried out by
using a CeO, standard and the program FIT2D.®] Each diffraction line
from the azimuthally unrolled diffraction patterns, with 0° and 180°
corresponding to the low stress directions and 90° and 270° the high
stress directions as shown in Figure 2, was analyzed in program Igor Pro
(WaveMetrics, Inc.) using lattice strain theoryl®®%8 to study the stress
state of samples under nonhydrostatic compression.

In radial diffraction, the differential stress t is the difference between
0y, the radial stress component, and o3, the axial stress component, and
it can be considered as the lower bond of the material’s yield strength
according to Von Mises yield criterionl®]

t=G;—G1SZT=Gy m
where T is the shear strength and o, is the yield strength.
The observed d-spacing, dn (hkl) is a function of d,(hkl), the d-spacing

under the hydrostatic pressure, and ¢, the angle between the diamond
cell loading axis and diffraction plane normal,[66-%8] as given by

(K1) =, (kD) 1+ (1- 3cos2) O (ki) )

where Q(hkl) is the orientation-dependent lattice strain,’% which is
given by

Q(hkl)z(%) {a[zck(hk/)]*‘ +(1—a)(2Gv)—1} 3)

Here, Gy and Gg(hkl) are the Voigt shear modulus under iso-strainl’"l
conditions and Reuss shear modulus under iso-stress’? conditions,
respectively. For cubic symmetry, the Gy can be written as a function of
elastic stiffness modulil’?!

5CGy =c¢p—c1+3cu (4)
The expression for Gg(hkl) in terms of elastic compliances [S;], is

G (hkl) = 0.5 Sy; — Sy, = 3T (HkI) (S11 = S12— 055 45) | (5)

where T'(hkl) = (h*k* + k2 + Ph?)[(h? + K* + )28 As shown in
Equation (3), the actual shear modulus of a randomly oriented
polycrystalline sample is neither Gg(hkl) nor Gy, but a weighted
average of the two with an unknown weight given by a. Approximately,
the differential stress can be written as a function of aggregate shear
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modulus, and average lattice strain over observed diffraction peaks,
(Q(hkl)), as follows!®®]

t = 6G(Q (hkl)) ©6)

As indicated in Equation (2), d.,(hkl) shows a linear variation as a
function of (1 — 3cos?g) with a slope of d,,(hkl)Q(hkl) and an intercept
of d,(hkl) (with x = 0 corresponding to ¢ = 54.7°). The Q(hkl) resolved
from the slope can be used to evaluate and describe contributions
from both plastic and elastic deformation,’*7®l while the d,(hkl)
obtained from the zero intercept enables the study of its hydrostatic
volume compression behavior. The bulk modulus, Ko, and its pressure
derivative, Ky, can thus be determined by fitting the compression curve
derived from radial diffraction data at the magic angle (¢ = 54.7°) to
the third-order Birch-Murnaghan EOSI’®l

7 B
P=15K, (vlo) 3—(\/10) ’

Equations (3) and (5) suggest that a plot of Q(hkl) versus 3T"(hkl) should
show a straight line with an intercept of mg and a slope of m;, given by

1-0.75(4~Kq (vlo)%_] %)

mo = (t/3)(S11— S12) ®)

my =—(¢/3)(S11— S12— S4a/2) 9)

if the Reuss condition (o = 1) is taken. The third equation needed to
calculate all the three independent [S;] terms for a cubic system is thus
obtained from the bulk modulus and is given by

K=1/[3(S1+251)] (10)
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