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ABSTRACT: The thermodynamics and kinetics of the solid-
state alloying of Zr—B, underlying a variety of synthesis
processes of the ultrahigh-temperature ceramic ZrB,, are
widely unknown. We investigate the energetics, diffusion
kinetics, and structural evolution of this system using first-
principles computational methods. We identify the diffusion
pathways in the interpenetrating network of interstitial sites for
a single B atom and demonstrate a dominant rate-controlling
step from the octahedral to the crowdion site that is distinct
from the conventional mechanism of octahedral—tetrahedral
transition in hexagonal close-packed structures. In the
intermediate compounds ZrB,, 0 < x < 2, the diffusivity of
B is highly dependent on the composition while reaching a
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minimum for ZrB. The activation barrier of diffusion in ZrB, is in good agreement with nanocalorimetry measurements

performed on Zr/B reactive nanolaminates.
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Zirconium diboride (ZrB,) exhibits a unique combination
of properties including extremely high melting temper-
ature, corrosion resistance, and mechanical hardness that make
it an ideal structural material for extreme environments.' ™
ZrB, is also a promising candidate in optoelectronic and
microelectronic applications due to its excellent electrical and
thermal conductivities, metal-like optical properties, and the
similarity of in-plane lattice constants and thermal expansion
coefficients between ZrB, and GaN.*"® Large scale processing
of dense structures of ZrB, is, however, challenging, which
makes implementation in practical systems difficult.

Z1B, is generally synthesized via reduction processes,'
chemical routes,””'" or reactive processes.“’12 Solid-state
alloying of Zr—B is the intrinsic process underlying nearly all
the fabrication routes. However, a fundamental understanding
of the thermodynamics and kinetics in the intermediate
compounds of zirconium boride is critically missing. Exper-
imental measurements of the activation energy for Zr—B
diffusion show a large variation of 0.47—1.99 eV.'>'* A few
related theoretical studies are available including research on
point defects and self-diffusion of 76,71 structures and
physical properties of ZrB,,'" " and phase stability of Zr—B
compounds.”**

To reach a comprehensive understanding of the solid-state
alloying process of Zr—B, we investigate the energetics and
diffusion kinetics as well as the structural evolution with
systematic variation of the B concentration in the Zr host. First-
principles computational methods within the framework of
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density functional theory (DFT) are employed. We identify the
diffusion pathways in the interpenetrating network of interstitial
sites for a single B atom and demonstrate the anisotropic nature
of B transport in Zr. The dominant hopping step is the hop
from the octahedral to the crowdion site, which is distinct from
the conventional mechanism of octahedral—tetrahedral tran-
sition in hexagonal close-packed (hcp) structures. In the
intermediate compounds ZrB,, 0 < x < 2, the B diffusivity
varies by a few orders of magnitude depending on the B
concentration and the temperature of interest. It reaches a
minimum for ZrB that originates from the lowest energy
landscape at the rational stoichiometry of ZrB and from the
drastic structural transition beyond this composition. We
further perform nanocalorimetry measurements on Zr/B
reactive nanolaminates to extract the kinetic parameters of
the solid-state reaction. The diffusion barrier of ZrB, in
atomistic modeling is in good agreement with the experimental
values.

We first study the energetics of B insertion into the
crystalline Zr host. We begin this investigation by determining
the stable positions of a single B atom in a-Zr, which has a hcp
structure with a space group of P6;/mmc and lattice parameters
a=b=323A and ¢ = 517 A."*'° A single B atom is placed
into a supercell at nonequivalent sites, shown in Figure Ia,
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Figure 1. (a) Positions and local environments of the interstitial sites in Zr. (b) The formation energy of the interstitial B at each site versus

volumetric strain/coordination number.

including the octahedral site (Oct), the crowdion site (C), the
basal bond center (Bc), the hexagonal site (Hex), the plane
center (Pc), the tetrahedral site (Tet), and the substitutional
site. We calculate the formation energy to compare the
thermodynamic stability of B at the various sites. We take the
energies of a Zr atom (E;,) and a B atom (Ej) in bulk form as
reference energies, with E 3, being the total energy of the
system containing #B atoms in a cell that contains (54 — m) Zr
atoms (m = 0, except when B is on the substitutional site, in
which case m = 1). The formation energy per B atom Eg(n) is

EfB(n) = I:EnB—Zr - (54 - m)EZr - nEB]/n (1)

Table 1 lists calculated formation energies at various sites and
associated structural parameters, where &y is the volumetric

Table 1. Structural and Energetic Features of a Single B
Atom at Various Sites in the Zr Lattice

Ep
boron sites position (eVv CN &y (%) stability
octahedral (Oct)  (0.33, 0.67, —0.53 6 0.732 stable
0.25)
crowdion (C) (0.83, 0.17, 0.59 6 0435  metastable
0.25)
basal bond center (0.67, 0.83, 0.82 6 0.840 metastable
(Bo) 0.50)
hexahedral (Hex) (0.00, 0.00, 1.45 S 1.021  metastable
0.50)
plane center (Pc) (0.33, 0.67, 2.18 3 0.807  metastable
0.50)
tetrahedral (Tet) (0.67, 0.33, 2.03 4 1.134  unstable
017)
substitutional (0,0,0) 1.86 12 —1.605  metastable
(Sub)

strain and CN represents the coordination number, which is
calculated by a cutoff of 10% elongation of the Zr—B bond in
crystalline ZrB, (P6/mmm, a, b = 3.17 A, ¢ = 3.53 A)." The
formation energies at the different positions indicate that B
insertion at the Oct site results in the only energetically
favorable structure. The C, Bc, Hex, and Pc sites are defined as
metastable positions because the B atom would be stabilized at
the initial insertion site upon relaxation, but the formation
energies show positive values. Interestingly, the Tet site is
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unstable in that a B atom placed at this site will slide to the
nearby hexahedral site during relaxation. The Tet site has also
been found unstable for O, N, and C impurities in hep Ti.”»**
As a reference, we also calculate the formation energy for
substitutional B in Zr. The large formation energy indicates that
substitution of Zr by B is energetically costly and may occur
only at high temperatures. We note that B insertion at
interstitial sites with lower formation energies results in
relatively small volumetric strains (¢y) and large coordination
numbers representing a less repulsive and more cooperative
local environment. This correlation is plotted in Figure 1b,
which shows a nearly monotonic increase of Eg as a function of
&y /CN. The static energy barrier (AE;) for B transport can be
estimated by subtracting Eg; for each interstitial site from that of
the most stable site (Oct). This procedure suggests a preferred
diffusion path, Oct-C-Oct with AE, = 1.12 eV, which occurs
between the basal planes of the Zr lattice. The next favorable
path is Oct-Bc-Oct with AE; = 1.35 eV, which corresponds to
diffusion along the c-axis.

In order to determine the diffusion pathway of B, we
calculate the activation energies along various diffusion
trajectories using the nudged elastic band (NEB) method. In
the NEB calculations, all atoms in the initial and final states are
first relaxed in a supercell with fixed volume and shape. We
then sample the diffusion pathway consisting of three
intermediate configurations. The NEB path is constructed by
linear interpolation of the atomic coordinates. Then, the path is
relaxed until the force on each atom is smaller than 0.02 eV/ A.
The activation energy versus the reaction coordinate is
illustrated in Figure 2 for several diffusion paths. Table 2 lists
the calculated energy barrier (AEyg) and the energy
corresponding to the occupancy probability of B at the initial
position of the diffusion path (AE,). When the initial position is
Oct, AE, is set to zero. The actual diffusion barrier AE, is then
AE; + AEygg. Even though the NEB calculations show that the
Bc-Hex and the C-Hex paths have relatively small energy
barriers (0.46 and 0.73 eV, respectively), the actual activation
energies of diffusion (AE,) are approximately 2.1 eV if the
energy penalties for the initial sites are taken into account.
Consistent with the earlier calculations of the static energy
barrier (AE,), the NEB simulations confirm that the Oct-C-Oct
transition has the smallest diffusion energy barrier (1.39 V).
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Figure 2. Activation energies of a single B atom along different
diffusion trajectories calculated by the NEB method. The energy
profile at the starting point takes into account the probability of B
being filled at the initial position of the each path.

Table 2. Activation Energies Calculated by the NEB Method
for a Single B Atom along Various Diffusion Trajectories

diffusion paths AEygs (eV) AE; (eV) AE, (eV)
Oct-C 1.39 0 1.39
Oct-Be 1.64 0 1.64
Oct-Hex 2.07 0 2.07
Oct-Pc 2.80 0 2.8
Bc-Hex 0.46 1.6 2.06
C-Hex 0.73 1.39 2.12

The Oct-Bc-Oct transition is the next preferred path with an
energy barrier of 1.64 eV. Although the difference in the energy
barrier between the two favorable paths is not large (0.25 eV),
the corresponding Boltzmann factor, exp(—0.25/kzT), where
kg is the Boltzmann constant and T is the temperature,
indicates that diffusion along the second favorable path is
approximately 18 times less likely than along the first path at
1000 K, the temperature where the intermixing between B and
Zr actively occurs.'” Other transition paths do not contribute to
the diffusion kinetics much as they have higher energy barriers.
It is clear that B transport in crystalline Zr is highly anisotropic
and that the hopping step from the octahedral to the crowdion
site in the basal planes dominates the diffusion kinetics of B in
Zr.

We next examine the energetics, structural features, and
diffusion kinetics in the intermediate compounds ZrB,, 0.25 <
x < 2. We incrementally increase the B concentration in the Zr
host. At each B concentration, we perform a Delaunay
triangulation analysis to identify the largest void size in the
lattice to accommodate insertion of B. Those void spaces are
generally regarded as energetically favorable for B insertion.”
In crystalline Zr, the centers of the largest voids correspond to
the octahedral sites. B insertion drastically disorders the Zr
lattice. We show in Figure 3a four representative structures,
ZrBys, ZrB, ZrB,,, and ZrB,. More details of the structural
evolution upon B insertion can be found in Figure S1. For each
configuration, we calculate the enthalpy of formation from E; =
[E,ize—ns — MEz, — nEg]/(m + n), where m and n represent the
number of Zr and B atoms, respectively. The dependence of E¢
on the composition is plotted in Figure 3b. Note that the Oct
site, the only stable site with a negative value of the formation
energy shown in Table 1, has an equivalent number of Zr host
atoms. Therefore, the ZrB phase represents the case where all
Oct sites are filled by B. This structure has the lowest enthalpy
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Figure 3. Structural and energetic features of ZrB,s<,<,. (2) Representative geometries of the ZrB, structures. (b) Enthalpy of formation of ZrB, in
this work (circles) and the values of crystalline references (squares). (c) Volumetric strain (d) Coordination numbers of Zr—Zr, B—Zr, Zr—B, and
B—B pairs in the ZrB, structures. (e, f) RDF of ZrB and ZrB, for the Zr—Zr pairs. RDFs of crystalline references are included for comparison (blue).
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Figure 4. AIMD simulations and nanocalorimetry measurement to quantify the diffusion kinetics in ZrB,. (a) B diffusivity vs composition at different
temperatures of 1000, 1500, and 2000 K obtained from the MD simulations. (b) Red circles show the activation energies of B diffusion calculated
from MD simulations. The error bars are calculated by linear fitting the MSD in different time ranges as detailed in Figure S2. Blue squares represent
the experimental value by nanocalorimetry measurements. (c) Heat flow as a function of temperature obtained from a nanocalorimetry measurement
on a Zr/B nanolaminate with a bilayer period of 16.5 nm. (d) A plot to obtain the activation energy of the diffusion in the Zr/B nanolaminate. The

schematic of the nanocalorimetry sensor is depicted in the inset.

of formation and is the most energetically favorable among the
metastable compounds. We also include for comparison
reference data points that correspond to experimentally found
or theoretically predicted Zr—B crystalline phases.””*® As
expected, most of the crystalline phases have a smaller E;
compared to the metastable structures at the same concen-
tration. One exception is that the ZrB phase in this study has a
smaller E; than the rock-salt phase reported in experiments.
Figure 3c shows the evolution of the volumetric strain as a
function of the B concentration. The slope of the volumetric
strain remains very nearly constant throughout the entire range.
We fit the dependence of the volumetric strain on the B
concentration using a linear function and obtain the partial
molar volume of B in Zr, Qy_5, = 0.51 X 107’ m® The large
volumetric deformation during Zr—B alloying is accommodated
by the amorphization of the Zr lattice and the gradual
rearrangement of the structure through Zr—Zr bond breaking
and Zr—B cluster formation. To examine the bonding
mechanism, we measure the evolution of the atomic
coordination at various concentrations. A physically meaningful
measure of atomic coordination is needed to define the atomic
bonds. We define Zr—Zr atoms to be bonded if their distance is
within 10% of the Zr—Zr bond length in bulk crystalline ZrB,,
which corresponds to a largest bond distance of 3.50 A.
Likewise, we define that a Zr atom is bonded with a B atom if

their distance is smaller than 2.81 A and that two B atoms are
bonded to each other if their bond length is <2.02 A. Figure 3d
shows the average values of the coordination numbers. The
Zr—Zr coordination steadily decreases, indicating a constant
breaking of the bonds between the host atoms. Interestingly,
the rates of bond breaking and formation change discontinu-
ously at the ZrB composition, indicative of the more drastic
structural change that occurs beyond this composition. More
specifically, the CN for the B—Zr pairs stays nearly 6 for ZrB,,
which is the same as the CN for the Oct site (Table 1). When
the B concentration increases, the CN starts to decrease,
indicating that metastable sites are now being filled. We find
that most of the additional B atoms in ZrB,,, occupy Hex-like
sites, which facilitates amorphization of the structure. This
feature is also evident in the plot of the radial distribution
function (RDF) for the Zr—Zr pairs; the structure remains
largely crystalline up to the composition of ZrB (Figure 3e), but
amorphization proceeds quickly beyond this point (Figure 3f).

We then quantify the diffusivity of B in various Zr—B
compounds. We perform ab initio molecular dynamics (AIMD)
simulations based on DFT using the eight relaxed structures
with different B concentrations (ZrBg,s<.<;). Molecular
dynamics (MD) calculations are carried out at temperatures
of 1500, 1625, 1750, 1875, 2000, and 2500 K. The supercells
are allowed to dynamically equilibrate at each temperature for
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10,000 time steps; each step corresponding to 2 fs. We calculate
the mean square displacement (MSD) of B using MSD = (Ir,(t)
— r,(0)I*), where r,(t) is the position of atom i at time ¢, r,(0)is
the position of atom i in the initial configuration, and (-)
represents an average over the ensemble of atoms. The
calculated MSD of B in eight zirconium borides is shown in
Figure S2. Here we only consider the MSDs of B because B are
much more mobile in the mixing process compared to Zr. The
diffusivity of B can be derived from the MSD using Einstein’s
relationship, D = lim,_,.(1/6t){Ir,(t) — r,(0)*). We calculate
the diffusivity of B at different temperatures and fit the data
using the standard expression for diffusivity, D = D, exp(—E,/
kgT), where E, is the energy barrier. Logarithmic plots of the B
diffusivity versus 1000/T are shown in Figure S2 for eight
representative compositions. Figure 4a shows the B diffusivity
for each concentration at temperatures of 1000, 1500, and 2000
K. For all temperatures, the diffusivity is minimum at ZrB. The
B concentration effect is striking at the lowest temperature
(1000 K), with a difference of 4 orders of magnitude between
the largest value for ZrB,s and the smallest for ZrB. This is a
consequence of the large activation energy for diffusion in the
ZrB structure (Figure 4b); B fills all Oct sites in the structure
making B transport through the structure very difficult.
Effective transport of B would probably require a vacancy
mechanism in this case.

Nanocalorimetry experiments using a special sensor (Figure
4d inset) have been performed on a Zr/B reactive nano-
laminate with a bilayer period of 16.5 nm and a specific atomic
ratio of Zr:2B. The results are shown in Figure 4c,d. The
principle of the nanocalorimetry technique is reported in our
previous work,""*”** and experimental details are included in
the methodology section. Zr/B reactive nanolaminates are of
technological interest as a means of synthesizing highly textured
ZrB, coatings at relatively low temperatures.'> As illustrated in
Figure 4c, the exothermic reaction starts at 470 K and is
completed at 1050 K, peaking around 910 K. The exothermic
reaction in this temperature range is caused by the
interdiffusion of B and Zr, yielding an amorphous Zr—B
alloy."> The peak temperature observed here is higher than
previous nanocalorimetry measurements'> on Zr/B nano-
laminates with smaller bilayer periods because of the increased
diffusion distance in these nanolaminates.

With the formation of amorphous structures observed in
both the Zr/B nanolaminate sample and in the AIMD
simulations, it is possible to directly compare the results to
cross validate experiments and simulations. Figure 4d shows a
graph of In[(H + H,)dH/dt] versus 1/kgT for the temperature
range of 500—930 K, where H is the enthalpy released during
the exothermic reaction and H, is the enthalpy that
corresponds to the mixed Zr/B interface layers (1.5 nm,
approximately)'” formed during the nanolaminate deposition
process. The slope of this curve has been shown to be the
diffusion activation energy for a number of multilayered
nanolaminate systems.'”>””° The graph is nearly linear with a
slope of 0.52 eV, a value that is marked in Figure 4b and that
agrees well with the AIMD simulations for the same
concentration.

In conclusion, we have studied the thermodynamics and
kinetics of the solid-state alloying process of Zr—B for the
synthesis of ZrB,. In the limit of low B concentration, B
transport in crystalline Zr is highly anisotropic and is
dominated by the Oct-C transition between the Zr basal
planes. With increasing B concentration, the Zr structure is
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gradually amorphized as a result of the rupture of host atom
bonds and the formation of Zr—B clusters. The ZrB phase
maintains the lowest enthalpy of formation among all the
metastable compounds. The ZrB energy landscape has the
highest energy barrier for B transport, yielding the lowest B
diftusivity, consistent with the results obtained in the MD
simulations. Nanocalorimetry measurements on Zr/B reactive
nanolaminates allow experimental determination of the
diffusion energy barrier and are in good agreement with the
atomistic simulations for ZrB,. The fundamental understanding
of the Zr and B interdiffusion process arising from the
combination of atomistic modeling and experimentation
provides valuable insight that can be used to optimize the
fabrication of ZrB, coatings for a range of practical applications.

Methods. The first-principles calculations based on the
DFT are carried out using the Vienna ab initio simulation
package (VASP).*>' The projected-augmented-waves (PAW)*?
with the Perdew—Burke—Ernzerhof (PBE)** exchange—
correlation potentials are adopted. For Zr and B,
45*4p®35s?4d* and 2s™2p valence states are treated, respectively.
The cutoft energy for plane waves is set to 400 eV, and the
forces are converged to within 0.02 eV/A. We use a 54-atom Zr
supercell (3 X 3 X 3) and one B atom for the simulations to
identify the interstitial sites and for the NEB***° calculations.
For the relaxations of the eight structures with different B
concentrations (ZrBg,s<.<,) and for the AIMD simulations,
supercells with 36 Zr atoms (3 X 3 X 2) and the number of B
atoms corresponding to each concentration are utilized. For
Brillouin zone sampling, 6 X 6 X 4,3 X 3X2,3X 3 X 3,and 1
X 1 X 1 k-point meshes in the Monkhorst—Pack scheme are
employed for the simulations of the interstitial sites, the NEB
calculations, the relaxations of the ZrB,s<,<, structures, and
the AIMD simulations, respectively.

Nanocalorimetry sensors are fabricated using conventional
Si-based microfabrication techniques. Details of sensor
fabrication and working principle can be found else-
where.'”””** A nanolaminate with alternating Zr and B layers
(molar ratio = 1:2, bilayer period = 16.5 nm, total thickness =
82.5 nm) is magnetron sputter deposited using 99.99% Zr and
99.95% B targets inside a chamber with a base pressure better
than 2 X 107 Torr. A scanning nanocalorimetry measurement
is performed in vacuum at a heating rate of 4000 K/s, during
which both the power supplied to and the temperature of the
calorimetry sensor are measured. The raw power and
temperature data are utilized to determine the reactive heat
flow of the nanolaminate sample following the procedure
developed in our previous work.''
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