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ARTICLE INFO ABSTRACT

Handling Editor: Dr P Colombo In this paper, we utilize density functional theory to explore how alloying the carbide and nitride of a group IVB

transition metal affects the phase stability and mechanical properties; we place an emphasis on elastic and

Keywords: dislocation properties, taking the HfC-HfN system as an example. An evolutionary algorithm is used to identify
Ultr?{high temperature ceramics the ordered carbonitrides and the enthalpies of formation are compared with special quasi-random structures to
;?trzgjezs identify this system’s tendency to order and form a solid solution. The variation of elastic constants with
Modeling composition is examined, and the computed elastic constants are used to predict the theoretical hardness. The
Theory GSF curves for various compositions are computed to determine how alloying would affect dislocation behavior.

These results show that while there may be a modest peak in elastic response, the resistance to dislocation motion
does not particularly show a peak. Furthermore, the alloying of HfC with HfN reduces the resistance to slip
almost universally, and helps stabilize dislocations on {111} planes through the stabilization of an intrinsic
stacking fault. These results are compared to previous in-depth analysis of the HfC-TaC system, allowing for
comparisons between metal and non-metal alloying strategies.

Mechanical properties

1. Introduction

Transition metal carbides (TMCs) and transition metal nitrides
(TMNs) belong to a class of ultra-high-temperature ceramic materials,
and are often studied for their extremely high melting temperatures and
good low-temperature hardness [1-3]. These properties make TMCs and
TMNs well-suited for wear-resistant hard coatings as well as
heat-shielding materials for aerospace applications [1,4-7]. Due to the
complex mixture of covalent, metallic, and ionic bonding within these
materials, many properties are highly composition-dependent; this has
led to significant interest in creating solid solutions or alloys of these
materials. For example, while HfC and TaC are reported to have the
highest melting temperatures of any binary compounds, some reports
have shown that Tag gHf 2C has an even higher melting temperature
[8-10] and the lowest vaporization rate [11]. More recently, Hong and
de Walle [12] predicted that some hafnium carbonitrides have melting
temperatures significantly (~200 K) higher than the highest seen in the
Hf-Ta-C system.
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There is also significant interest in using mixing or alloying to
improve the mechanical properties of these materials, with a particular
emphasis on increasing hardness [13]. Holleck showed that the hardness
peaked in rocksalt (B1) structured TMC/Ns near compounds that have
valence electron concentrations (VEC) of 8.3-8.6 electrons per formula
unit, suggesting that this represented some optimal bonding state.
Following this work, a theoretical study by Balasubramanian et al.
predicted a maximum value in both hardness and elastic stiffness for an
HfC-HfN alloy with a VEC of approximately 8.25 electrons per formula
unit (f.u.) [14]. Other ab-initio research into carbide-nitride mixing,
performed by Jhi et al., predicted bulk moduli for TiC-TiN mixtures that
were greater than the expected linear interpolation between the bulk
moduli of the binary compound s [15]. Furthermore, Yang et al.
demonstrated that there may be a maximum hardness—both for
microindentation and nanoindentation—in the HfC-HfN system at an
intermediate composition [16]. Buinevich et al. also experimentally
concluded that a hafnium carbonitride mixture had a higher melting
temperature and possibly higher hardness than the binary compound
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HfC, though no comparison with HfN was made [17]. These ideas of
tailoring hardness through mixing, and specifically VEC optimization,
has been revived with the development of high entropy ceramics,
wherein the mixing of many elements has been used to change me-
chanical properties [18-22]. While the development of high entropy
carbides and nitrides has the potential to increase the design space of
TMCs/TMNs, this new design space emphasizes the question of how the
different chemical species affect mechanical properties—collectively as
well as individually—creating further need for fundamental studies of
alloying and mechanical properties in the TMCs/TMNs.

While there are theoretical studies [14,23-25] of how composition
affects mechanical properties, they often do not investigate the funda-
mental carriers of plastic deformation: dislocations. The notable
exception is the work by Smith et al. [26], who specifically examined
how the mixing would affect elastic constants, hardness, and the slip
plane choice of dislocations in mixed TaC-HfC compounds. They found
that as the composition varies from HfC to TaC, there is a peak in the
computed theoretical hardness at about Hfj 75Tag 25¢ and that a meta-
stable intrinsic stacking-fault (ISF) forms on the {111} plane at a similar
composition. This can be interpreted to occur at a VEC of 8.25 elec-
trons/f.u., which is within the range of postulated optimal VEC in these
materials [13,14,27].

The goal of this work is to examine how mixing the non-metal spe-
cies, e.g. carbon and nitrogen, affects similar properties of these mate-
rials. If the VEC is the most important predictor, we should see similar
trends between the HfC-TaC system and the HfC-HfN system and thus
pick the HfC-HfN system for this detailed study. Previous experimental
investigations into the plastic deformation in HfC and HfN relatively
limited, but prior work has demonstrated that HfC primarily cracks
under indents with limited dislocation slip associated with the (110)
{110} slip system [28]. On the other hand, HfN (under four-point
bending at room temperature) slips via the (110){111} system [29].
The differences in the dislocations and amount of plasticity has been
attributed to the presence of an ISF in the group IVB nitrides and group
VB carbides (e.g. HfN and TaC), and its absence in the group IVB car-
bides (e.g. HfC) [28-30]. Thus, the existence of the ISF in these materials
is thought to be very important in regulating slip [30] and it is critical to
how the ISF energy varies as the ratio of non-metal species is varied from
pure HfC (with no ISF) to pure HfN (with an ISF).

Thus, in this work we will directly compare the enthalpies of for-
mation, ordering-disordering energetics, elastic constant trends, theo-
retically predicted hardness, stacking fault energies and dislocation
property trends as a function of composition and valence electron con-
centration in the HfC-HfN system. We then compare the theoretically
predicted hardness to experimental measurements to ascertain the
relative accuracy of the computational predictions. This will address an
important fundamental question regarding how similar are metal- and
nonmetal-atom mixing (via substitution on the metal and nonmetal
rocksalt sublattices) in the Bl-structured transition metal carbides.

2. Materials and methods
2.1. Computational methodology

We predicted the stoichiometric compounds and their crystal struc-
tures using the evolutionary algorithm implemented in the USPEX code
[31-33]; this approach features global optimization with real-space
representation and flexible physically motivated variation operators.
For each candidate structure generated by USPEX, we performed
density-functional theory (DFT) simulations using the Vienna Ab-Initio
Simulation Package (VASP) [34-36]. The details of the VASP simula-
tions, including reciprocal space integration, pseudopotentials, and ex-
change correlations can be found in the description of the DFT
parameters below. The evolutionary algorithm is based on generations
where the first generation consists of 50 randomly-generated structures,
with unit cells containing up to 30 atoms. Each subsequent generation
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contained 40 structures; these were produced via the following mech-
anisms: 40% by heredity, 20% by soft mutation, 20% by transmutation,
and 20% by random generation. During heredity, selected section planes
of multiple ‘parent’ structures are combined to produce a new structure;
soft mutation involves swapping the positions of unlike atoms (C and N,
in this case), and transmutation involves the application of a strain to the
lattice vectors. These structures were produced from 70% of the
lowest-energy structures of the previous generation, the other 30%
being discarded. We determined the thermodynamically stable struc-
tures using a convex-hull construction, wherein a structure is deemed
stable if its enthalpy of decomposition into any other compound is
positive. We continued these calculations until the stable structures
remained unchanged for 10 generations. This method has proven suc-
cessful in the study of the transition metal carbides for determining
vacancy and metal atom ordering in previous studies [26,37-41].
Further details about the algorithm can be found in Refs. [31,32,42]. In
addition to these ordered phases, we modeled ‘disordered’ phases using
special quasi-random structures (SQSs) generated via the Alloy Theo-
retic Automated Toolkit (ATAT) [43]. Our SQSs were based ona 2 x 2x
2 conventional cell of the rocksalt (B1) structure, and thus contained 64
atoms. This choice of simulation cell shape and size allowed us to esti-
mate both the formation enthalpy and the elastic stiffnesses of each
quasi-random phase, more details can be found in the Supplemental
Material.

For the DFT calculations in VASP, we used the projector augmented
wave (PAW) method [44] in conjunction with the generalized-gradient
approximation (GGA), parameterized by Perdew, Burke and Ernzerhof
(PBE) [45]. In the case of Hf, we selected the 4-electron (6s25d?) pseu-
dopotential; for C and N, we used the 4-electron (2s22p?) and 5-electron
(2s22p®) pseudopotentials, respectively. For the elastic constants and
formation enthalpies, the plane-wave cutoff energy was set to 600 eV
and an automatically-generated K-point mesh with a resolution of
20100.0182 A~! was used to integrate the reciprocal space [46]. For the
GSF energy curves, a vacuum gap of 15 A was created normal to the
shear plane in order to prevent the stacking-fault from having a
non-negligible interaction energy with its periodically-reproduced
multiples above and below the simulation cell. Additionally, the recip-
rocal space was integrated with an automatically-generated N x N x 1
mesh (where N is an integer chosen for the appropriate K-point spacing,
depending on the cell size) to further limit the effect of defect in-
teractions away from the shear plane. All structural relaxations were
considered fully converged when the change in total energy between
two ionic relaxation steps was less than 1 x 107> eV.

2.2. Experimental details

Using HfC and HfN powders, we prepared ceramic billets with
nominal compositions of HfC, 75HfC:25HfN (HfsC3N), 25HfC:75HfN
(Hf4CN3), and HfN. For the hafnium carbonitride compositions, we
mixed the starting powders at the nominal C/N ratio by rotatory
blending; the blending was performed for 4 h to achieve a homogeneous
mixture prior to consolidation. We encapsulated all powders into Ta
cans, which were hermetically sealed by tungsten inert gas (TIG)
welding inside a glove box. The cans were then hot isostatically pressed
(HIP) at a temperature of 2200 K and a pressure of 2 x 10°Pafor1hina
graphite filament furnace within an argon atmosphere.

After consolidation, the samples were cut and mounted into bake-lite
polishing pucks whereupon they were metallographically polished to
1200 grit SiC paper followed a Vibromet® polish for 24 h in an aqueous
0.05 pm silica slurry until a mirror finish was achieved. The samples
where then imaged in a Thermo Fisher Apreo S Scanning Electron Mi-
croscope (SEM) at 20 keV where the image contrast from the pores and
consolidated grains was analyzed using the Image J® freeware platform.
The computed porosity, Table 1, was calculated based on the area
fraction of pores to the total image size. All samples achieved near full
density.
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Table 1
Porosity measurements extracted from area fraction measurements.

Relative Density (%) 95% Confidence Interval

Hf4CoN; 99.98 0.04
Hf4C1Ny 99.07 0.3

HfC 99.33 0.05
HfN 99.75 0.12

Fig. 1 is a representative SEM X-ray Energy Dispersive Spectroscopy
of Hf4CyN sample taken at 20 keV accelerating voltage, confirming the
compositional uniformity of the samples where the indents were taken.
A more detailed microstructure characterization study of these samples
was previously reported in Ref. [47]. In the present work, we have now
collected hardness values from these samples using an array of 10 x 10
indents separated by 50 pm in a G200 KLA Agilent nanoindenter with a
Berkovich diamond tip. These indentations were performed at a strain
rate of 0.05 s 1, to a final indentation depth of 1500 nm. The analysis of
the hardness followed the Oliver and Pharr method [48] with the
hardness values tabulated in Table 2.

3. Results and discussion
3.1. Phase stability & formation enthalpy

The computed enthalpies of formation for mixed hafnium carbo-
nitrides, HfC;.,N,, can be seen in Fig. 2(a) with the reported stable
crystal structures listed in Table S2. These values are plotted with
respect to the composition coordinate x = N/(C + N), or the number
fraction of N atoms on the nonmetal sublattice. All of the structures
shown are based on the Bl structure, as expected, with the crystal
structures being defined by the ordering of the carbon and nitrogen
atoms on the non-metal sublattice. These crystal structures are shown
illustrated in Fig. 3. We also computed formation enthalpies for the 64-
atom SQSs [49], which can be considered to have a disordered nonmetal
sublattice. Unsurprisingly, the convex hull consists entirely of ordered
phases and the formation enthalpies for the ordered structures are larger
in magnitude (more negative) than those of the SQS hafnium carboni-
trides by about 0.01 eV/atom. This ordering effect is comparable to that
seen in the pseudo-binary HfC-TaC system investigated by Smith et al.
[26], so the HfC-HfN system exhibits a similarly weak tendency to order.
The low thermodynamic driving force for ordering indicates that long

C K-line

N K-line

100pm

Fig. 1. Representative SEM image of an indent array and XEDS chemical maps
for the Hf4C;N sample.
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Table 2
The experimental hardness measurements in HfC, HfN, and the two hafnium
carbonitrides.

Sample HfC HfCo.67No.33 HfCo.33No.67 HIN

Hardness (GPa) 322+ 1.4 33.5 £ 4.2 31.8 £4.7 26.6 £ 1.5

annealing times would be required to produce significant long-range
ordering; thus, we expect nonmetal-atom ordering to be difficult,
meaning that most synthesized hafnium carbo-nitrides would be random
solid solutions. Accordingly, the remainder of our investigation into
mechanical properties is done under the assumption of negligible long
range ordering effects.

The HfC-HfN solution appears to be a regular solution with a small
negative enthalpy of formation. This is a common feature in of solutions
of the pseudo-binary transition metal carbides [50-52]. The maximum
difference in lattice constants is about 0.12 A, which according to Tang
et al. [51] would indicate either a very small positive or negative
enthalpy of formation, as observed in our simulations. The as-computed
lattice constants of HfN and HfC, as well as several
intermediate-composition SQSs, are shown in Fig. 2(b); the variation in
lattice constant is essentially linear with respect to composition, indi-
cating an adherence to Vegard’s law [53]. This further corroborates a
high solubility of the two pseudo-binary solutions.

3.2. Elastic constants

The most frequently studied mechanical property of TMC/Ns theo-
retically is the elastic stiffness of the material due to its ease of calcu-
lation and the ability to estimate hardness from stiffness variations.
Thus, we computed the elastic constants for both the ordered and
disordered structures, in VASP; the results of which can be seen in
Table 3 and Table S3. As previously reported by Jhi et al. [25], the cubic
shear modulus C44 has a maximum at a composition of x = 0.25 (i.e.
HfCp 75N 25) which is illustrated in Fig. 4(a). However, this modulus
alone is not representative of the material’s resistance to elastic defor-
mation during a hardness test; instead, it is reasonable to compute the
average value of the shear modulus for a polycrystalline aggregate.
Accordingly, over our range of C/N ratios, we computed the Hill average
shear modulus [25]:

G==(Gy +Gy)

1
2
where Gy and Gg are the Voigt and Reuss shear moduli [54], respectively
given by

1
GV :§(C11 - C12 +3C44)

Gp= Cu(Cn — Cna)

[4Cus +3(Ciy — Cio)]
for a crystal with cubic symmetry. Fig. 4(b) shows the Voigt, Reuss and
Hill shear moduli for various compositions. Like the C44 modulus, these
averaged shear moduli exhibit maxima at an intermediate composition;
however, unlike Cy4, the shear moduli suggest that a HfC;.,N, poly-
crystal will have a maximum resistance to elastic shear deformation at a
VEC of approximately 8.4 electrons per formula unit. While this does
confirm the observations of Jhi et al. regarding this maximum, it is
unclear if this is really important in terms of tailoring material proper-
ties. These elastic constant variations amount from our calculations to
less than a 10% increase in stiffness. Thus, while there exists a peak in
elastic stiffness, it is doubtful that this type of compositional engineering
will produce superior stiff or hard materials.

Furthermore, to examine how these elastic constant variations would
result in hardness variation, from previous theoretical predictions, as
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Fig. 3. Visualization of stable HfC;_,N, phases found on the convex hull. In order of increasing HfN concentration, we have (a)Fm3m HfC, (b) Cmmm HfgC;N, (c) C2/
m Hf,CgN, (d) 14/m HfsC4N, (e) I4/mmm Hf,C3N, (f) C2/m Hf;CsNs, (g) C2/c Hf3CoN, (h) C222 HfgCsNg, (i) C2/m Hf,C4N3, (j) I41/amd Hf,CN, (k) C222 HfgC3Ns,
(1) C2/c HfgCyNy,, (m) I4/mmm Hf,CN3, (n) C2/m HfsCNs, and (0) Fm3m HfN.

well as compare with experiments we computed theoretical hardness

values using the method developed by Chen et al. [55]:

H,

y=2(KG

)0.585 -3

where B is the bulk modulus, given by

B

(C11+2C12)

W=

and k is Pugh’s modulus, equal to the ratio G/B.

Fig. 5 shows the theoretical hardness predicted by this model as a
function of C/N ratio and VEC. For comparison, we also plotted our
experimentally-determined hardness, from Table 2, for the four hafnium
carbonitride compounds, the experimental data of Holleck [13] and
Yang et al. [16]. The theoretical hardness trends match the trends of the
shear modulus showing a maximum near x = 0.4 or a VEC of 8.4.
Collectively, the experimental results show similar trends to the model
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Table 3
Computed and derived parameters for various hafnium carbonitrides. These quantities may serve as indicators of slip plane preference in these materials.
HfC HfsCsN; HfsC4N, HfsCsN3 HfsCoNy4 HfsC;Ns HfN

VEC 8.00 8.17 8.33 8.50 8.67 8.83 9.00
ap (A) 4.651 4.629 4.612 4.590 4.568 4.552 4.533
ISF (J/m?) 2.787 2.506 2.382 2.002 1.627 1.276 1.045
USF (J/m?) 2.787 2.506 2.412 2.109 1.898 1.704 1.524
ISF/USF 1.000 1.000 0.988 0.949 0.857 0.749 0.686
85 25.0 24.5 26.4 25.0 24.6 24.8 23.5
=% 10, 34.2 321 33.4 321 32.8 32,6 30.0
8101 24.5 21.6 18.8 21.8 27.5 27.3 26.2
dg, 0.342 0.400 0.428 0.496 0.579 0.669 0.791
ds. 0.410 0.480 0.513 0.595 0.695 0.804 0.949
dys. 0.487 0.560 0.599 0.694 0.810 0.938 1.107
dg. 0.547 0.640 0.684 0.793 0.926 1.071 1.265
dgo. 0.615 0.720 0.769 0.892 1.042 1.205 1.424

Note that the reported ISF and USF energies are respectively sampled from the local minimum and local maximum of the {111} (112) GSF energy curve, where
applicable. These local extrema converge to form an inflection point with decreasing VEC, as can be seen in Fig. 8 (a). For GSF energy curves without defined local
extrema in the region of interest, the inflection point is taken to be the location of both the ISF and the USF. For the analytically computed equilibrium separation
distances, dj, = dy/ao is the separation distance of the Shockley partials, scaled by the lattice constant, for a dislocation with some angle 0 separating the line direction
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Fig. 4. (a) The variation of C44 with respect to HfN fraction x. The peak observed is consistent with the work of Jhi et al. [25] demonstrating a maximum around
0.25. (b) The Hill, Voigt, and Reuss shear moduli, also plotted with respect to HfN fraction x, illustrating a similar but delayed peak.
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Fig. 5. Comparison of the theoretical Vickers hardness and experimental
measurements of hardness plotted as a function of composition for HfC; ,N,
compounds. This includes the nanoindentation hardness reported here, the
Vickers hardness trend claimed by Holleck [13], indicated by the dashed line,
as well as the nanoindentation hardness (black triangle markers) and micro-
indentation hardness (black circle markers) values obtained by Yang et al. [16].

without concrete evidence of a peak in hardness. The differences in
experimental values can be attributed to the differences in indentation
techniques (micro. vs. nano) and indentation loads/depths used in the
measurements. The hardness trends are similar to those reported by
Smith et al. in the HfC-TaC system, where theory predicted small en-
hancements near a VEC of 8.25 but similar experimental limitations
could not definitively resolve this peak [26]. While collectively these
results cannot rule out a hardness peak, they do confirm the point made
above that any enhancement in elastic or hardness properties with
composition is very small and cannot be exploited by composition
engineering.

3.3. Dislocations and GSF curves

While the predictions of hardness from elastic constants is expedient,
one should not expect the hardness to necessarily trend with elastic
constants as strictly as precited by the equations used here. There are
many reasons why this is true. First, the equations are fit for materials
with large ranges in elastic constants and have large error for materials
with similar elastic constants, like our hafnium carbonitrides. Second,
hardness is a measurement that represents a materials resistance to local
plastic flow, not elastic deformation. Thus, to understand how the
hardness and the inelastic response of the hafnium carbonitrides could
change with composition, it is critical to evaluate the behavior of dis-
locations, which are the fundamental carrier of plastic deformation in
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TMCs/Ns subjected to indentation and low temperature creep. Fig. 6 is a
representative SEM image of an indent taken from the HfCy 7No.33
sample, where cracking as well as slip traces can be seen around the
indent. These slip traces demonstrate that plasticity is active under the
indents.

The as-computed GSF curves are shown in Fig. 7(a)-(c) for the
(112){111}, (110){111}, and (110){110} slip systems. Fig. 7(a) shows
that as the HfN concentration is increased, the ISF stabilizes and
deepens, similar to the Ta,Hf;,C system. All of the GSF curves decrease
in magnitude as the HfN content is increased, making slip easier and
thus likely enhancing plasticity. This matches the observations in pre-
vious experiments that seem to suggest that there is more localized
plasticity in HfN than HfC and agrees with the experimental trends of
hardness shown in Fig. 5.

As discussed by Yu et al., the unstable and intrinsic stacking faults as
well as the rigid ideal shear strength are important for controlling on
which plane the dislocations slip [30]. This is because the existence of an
intrinsic stacking fault allows perfect dislocation on the {111} planes to
split into Shockley partials separated by a stacking fault, e.g.:

1, - 1, 1. -
S 10T](111) = (2TT](111) + £ [112](111)

The unstable stacking fault resists the motion of dislocations on the
slip systems, and the rigid ideal shear strength also approximates the
resistance to dislocation motion. Thus, they all relate to the intrinsic
resistance to dislocation motion in these materials, which likely gives
them strength.

The rigid ideal shear strength (RISS) is defined as:

_ 9
Tpfmax{aa}

where y(6) is the misfit energy associated with a uniform disregistry &
across the shear plane. By sampling known disregistries, we can
approximate y(5) with a GSF energy curve and thereby obtain estimates
of dy/d5 ~ Ay/AS. The ISF and the unstable stacking-fault (USF) are easy
to obtain for most compositions because they are the local minimum and
maximum on the right half of the curve in Fig. 7(a). However, for very
HfC-rich solutions, the ISF begins to disappear and eventually does. The
same happens with the USF, because the USF and ISF collapse into an

Fig. 6. SEM secondary electron image of an indent impression in the
HfCo 67No 33 sample. Note the apparent formation slip lines near the indent and
the formation of linear microcracks along the rocksalt cleavage planes.
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inflection point, which in this case is a monkey saddle [30,56]. Thus, we
can approximate the ISF and USF as a single point where the curvature
changes sign (or the slope reaches a minimum) in Fig. 7(a); we report
these values in Table 3.

The RISS on the (112){111} system is relatively constant with x
(VEC) as can be seen in Table 3 and in Fig. 7(a). This is because while the
USF decreases with increasing x, the maximum slope occurs well before
the USF and does not appear to change appreciably. The RISS on the (
110){111} is similarly constant for the same reasons. The RISS for the (
110){110} system actually does change, showing a dramatic decrease
with intermediate concentrations. The reason for this is with initial
increasing x, the peak drops and the slope goes down. However, past x =
0.5, the curves start to flatten out, which pushes the slopes up and causes
the RISS to rise. If we use the RISS to determine the active slip systems,
we would expect that HfC would slip on {110} while HfN would slip on
{111} agreeing with experiments, with the transition occurring near the
50% composition when the ideal shear strength on the (112){111} and
(110){110} cross. Thus, we can state based on the RISS that {111} slip is
preferred for x > 0.5.

Another potential determining factor in the choice of slip planes is
the existence of an ISF on the {111} planes which would stabilize the
partial dislocations and the ability of the dislocations to split on the
{111} planes. We can see that the ISF starts to stabilize for compositions
x > 0.33. However, the splitting width of the partial dislocations is
equally important because the wider the dislocations split, the easier
they are to move. Therefore, we computed the splitting widths using the
isotropic elasticity approximation:

_ G (b
 2myg (1 -V

+b§b§)

where G is the shear modulus, yg is the ISF energy, v is Poisson’s ratio,
and b¢ and b are respectively the edge and screw components of the i
partial dislocation. The calculated separation distances, scaled by the
lattice constants of the various compositions, are shown in Table 3. For
any character of perfect dislocation, the equilibrium separation can be
seen to increase dramatically with increasing x (VEC). This suggests that
dislocations on the {111} surfaces are increasingly mobile as VEC in-
creases, making {111} slip available and eventually reducing the Peierls
stress on {111} enough to change the slip system preference from (110)
{110} to (110){111}.

It should be noted that the depression of the ISF energy in the HfC-
HfN system appears to be a much weaker effect than that observed in
the HfC-TaC system by Smith et al. [26]. To demonstrate this, Fig. 8(a)
shows the ISF plotted versus x (VEC) for our data and that of Smith et al.
It is apparent that the rate of change of the ISF is stronger in the HfC-TaC
system than the HfC-HfN system which allows the dislocations to split
further apart in the HfC-TaC system as shown in Fig. 8(b). The rate of
change of the ISF for the HfC-TaC system is 2.2 J/m?/VEC as compared
to the rate of change of 2.0 J/m?/VEC per change in concentration
(computed only for those value that have a stable ISF, 1.8 if inflection
points are included). Given that Fig. 8(a) generally shows a linear
variation ISF with composition (VEC) for each system, the difference
largely lies in the ISF values of the end compounds. Thus, because HfN
has a higher ISF value than TaC, adding HfN to HfC is less effective in
reducing the ISF than adding TaC. Thus, the ISF transitions in these
materials follow a simple rule of mixtures for the ISF energies. These
results also point out that the VEC is not the only thing that controls the
change in properties and that mixing metal atoms and non-metal atoms
do not have the same effect. This is perhaps not surprising, but it means
that if control over the properties of these materials is desired, the choice
of which elements are mixed is important, not just the number of valence
electrons.

The existence of an ISF in the group IVB nitrides — and the lack
thereof in the group VB carbides — arises from subtle differences in
bonding that exist between the two compounds despite their shared
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Fig. 8. (a) The ISF plotted as a function of x (VEC) for the HfC-TaC and HfC-HfN systems. The left two values for HfC; N, are the inflection points. (b) The partial
dislocation splitting widths as a function of x = Ta/(Hf + Ta), or the concentration of TaC in the HfC-TaC system. The different curves illustrate the behavior of

dislocations with different edge and screw components.

crystal structure [28,30]. The extra electron in HfN presumably allows
for more delocalized electrons and thus a more metallic bonding as
argued by De Leon et al. [28]. To examine this in the HfC-HfN system,
we computed the charge densities of the ideal compounds and those
with stacking faults. The results, shown in Fig. 9, demonstrate that the
electrons appear more delocalized in HfN than HfC. However, the iso-
charge surfaces shown for HfN, Fig. 9(b), have more directional char-
acter than those observed for TaC (see Fig. 3 in Ref. [28]). Thus, it would
appear that the bonds are moderately more directional in HfN than TaC,
making the ISF less energetically favorable in HfN that TaC. Addition-
ally, we included the computed electron localization function (ELF) [57,
58] values in Fig. 10; these results suggest that additional bonding is

present around the stacking-fault in HfN, Fig. 10(b), while there is no
additional bonding visible in HfC, Fig. 10(a). This likely represents a
stabilization of the B (WC) crystal structure with increasing VEC, since
an ISF in the B1 structure is essentially a local phase transition to By. As
VEC increases, then, the energy preference for the B1 structure over the
By structure is diminished, and the ISF configuration becomes
metastable.

We can postulate that the reason for TaC being the most metallic-like
arises not only from more electrons than HfC, but a balance of the ions
themselves as compared to HfN. Since the non-metal atoms are more
electronegative, they should attract the electrons more strongly in the
covalent bond. However, in the HfN system, the difference in
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Fig. 9. Electron charge density in (a) HfC and (b) HfN. The additional electron present in HfN appears to facilitate charge delocalization, likely contributing to the

stability of the ISF.
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Fig. 10. Electron localization function (ELF) of (a) HfC and (b) HfN. An isosurface value of 0.30 is shown for all ELF figures. Note the regions of relatively high ELF

between neighboring close-packed {111} planes of N atoms in HfN.

electronegativity is larger than the TaC system, so the bond is more
directional in HfN than TaC. We note that these arguments are used to
help explain the formation of intermetallics versus solid solutions in
metals via the Hume-Rothery rules.

4. Conclusions

In this paper, we investigated how mixing, or alloying, a group IVB
carbide with a group VB nitride affects the thermodynamics and me-
chanical properties of these materials. Specifically, this was done to
investigate how changing the number of valence electrons via substation
on the non-metal sublattice alters these properties and compare them
with previous results of mixing group IVB carbides and VB carbides,
where the same change in valence electrons occurred by missing the
transition metals.

The evolutionary algorithm found a wide range of compounds on the
convex hull, all of which are based on the rocksalt structure where the

non-metal atoms ordered on their sublattice. The computed enthalpies
of mixing suggest that HfC and HfN are completely miscible with a
symmetric formation enthalpy curve and thus can be modeled as a
subregular solution with a negative regular solution mixing parameter
and that there is a very small energetic preference for ordering, sug-
gesting that the solid solutions will usually be disordered.

The computed elastic constants and theoretical Vickers hardness do
show a peak near the HfN composition of x = 0.3-0.4. However, the
peak is modest—less than 10%—and experiments do not concretely
show a peak, with the error of the measurements being larger than the
variation with concentration near the maximum nominal value. These
results are very similar to those observed in the HfC-TaC system with
similar variations in VEC. Thus, the reported optimal VEC likely does not
represent a promising avenue for hardness optimization in these
materials.

The formation of solid solutions also changes the plastic response of
these materials by altering dislocation behavior. The addition of HfN to
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HfC lowers all GSF curves, generally decreasing the resistance to slip and
making localized plasticity easier, which would likely compete with the
enhanced stiffness due to small additions of nitrogen. The addition of
HfC to HfN also starts to stabilize the ISF, similar to the addition of TaC
to HfC. However, since HfN has a higher ISF than TaC, the amount of ISF
reduction is lower per additional VEC. This has to do with electron
sharing in the compounds of similar VEC, TaC as a lower electronega-
tivity difference than HfN additions, making the bonds more metallic
like in TaC than HfN. Thus, the addition of TaC is likely to make local-
ized plasticity easier in HfC than HfN, but not substantially more. This
indicates that, while VEC has a pronounced effect, electronegativity
differences are important for understanding how metal and nonmetal
mixing influences the mechanical properties of the Bl-structured
carbonitrides.
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