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Inherent toughness and fracture mechanisms of refractory transition-metal nitrides via
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Hard refractory transition-metal nitrides possess unique combinations of outstanding mechanical and
physical properties, but are typically brittle. Recent experimental results demonstrated that single-
crystal NaCl-structure (B1) VosMoosN pseudobinary solid solutions are both hard (~20 GPa) and
ductile; that is, they exhibit toughness, which is unusual for ceramics. However, key atomic-scale
mechanisms underlying this inherent toughness are unknown. Here, | carry out density-functional ab
initio molecular dynamics (AIMD) simulations at room temperature to identify atomistic processes
and associated changes in the electronic structure which control strength, plasticity, and fracture in
VosMoosN, as well as reference B1 TiN, subject to <001> and <110> tensile deformation. AIMD
simulations reveal that VosMoosN is considerably tougher than TiN owing to its ability to (i)
isotropically redistribute mechanical stresses within the elastic regime, (ii) dissipate the accumulated
strain energy by activating local structural transformations beyond the yield point. In direct contrast,
TiN breaks in brittle manner when applied stresses reach its tensile strength. Charge transfer maps
show that the adaptive mechanical response of VosMoosN originates from highly populated d-d
metallic-states, which allow for counterbalancing the destabilization induced via tensile deformation
by enabling formation of new chemical bonds. The high ionic character and electron-localization in
TiN precludes the possibility of modifying bonding geometries to accommodate the accumulated
stresses, thus suddenly causing material’s fracture for relatively low strain values.
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1. Introduction



Refractory transition-metal (TM) nitrides, a class of technologically important materials
characterized by unique combinations of properties [1-5], are widely employed as protective coatings
for industrial machining [6, 7], diffusion-barrier layers in electronic devices [8-12], and
biocompatible coatings [13-15]. More recently, it has also been shown that these materials are
promising candidates for applications in catalysis [16], energy storage and conversion [17, 18], and
plasmonics [19]. As most ceramics, however, TM nitrides are generally brittle: thermally- or
mechanically-induced stresses rapidly lead to fracture, thus limiting their potential use. Toughness in
TM nitrides is typically enhanced in extrinsic manner, e.g., by nanoengineering superlattice or
nanocomposite structures, which block or deflect propagating cracks at grain boundaries or interfaces
to prevent brittle failure [20-22]. Recent experiments [23, 24], motivated by ab initio theoretical
predictions [25], demonstrated that single-crystal NaCl-structure (B1) VosMoosN solid solutions
(denoted below as VMoN) are inherently both hard and ductile (i.e. tough). This surprising finding
addressed a long-standing question in materials science on whether high hardness/strength and good
ductility/plasticity are necessarily mutually exclusive properties in a single-crystal ceramic phase.

Density-functional theory (DFT) investigations have indicated that the intrinsic ductility of
VMOoN, as well as of nearly isoelectronic TM nitride solid solutions, is primarily an effect of
optimized occupation of bonding metallic d-d states near the Fermi energy, which renders the material
more compliant to shearing [25-27]. Recently, it has also been suggested that metastable B1 TM
nitride alloys formed upon mixing cubic and hexagonal binary phases possess enhanced ductility due

to energetically-favored formation of stacking faults that allows for dissipating accumulated stresses

during {111}(1T0> slip [28]. However, previous theoretical investigations were carried out at 0

Kelvin. The explicit inclusion of temperature in ab initio modeling is necessary to reveal atomistic
processes with associated changes in electronic structures that govern the ductile vs. brittle
mechanical behavior of single-crystal TM nitrides.

In this work, | carry out density-functional ab initio molecular dynamics (AIMD) simulations

to clarify the synergistic effects of lattice vibrations and electronic structures on the onset of plastic



deformation, as well as of crack formation in bulk VosMoo.sN and TiN (here considered as reference
hard but brittle nitride system [23]) subject to tensile strain. I identify atomistic pathways leading to
materials’ structural transformation and fracture, thus providing novel insights into the modalities by
which mechanical yielding, plastic deformation, and bond rupture take place in intrinsically brittle

(TiN) vs. inherently ductile (VMOoN) transition metal nitride ceramics.

2. Computational details and methods

Density-functional ab initio molecular dynamics (AIMD) [29] simulations are carried out
using the VASP code [30] implemented with the projector augmented wave method [31]. The
electronic exchange and correlation effects are treated with the Armiento-Mattsson approximation
[32]. The Newton’s equations of motion are integrated at 1-fs timesteps by sampling the NVT
canonical phase space. At each time-step, the total energy is evaluated to an accuracy of 10~° eV/atom,
employing I'-point sampling of the Brillouin-zone and a plane-wave cutoff energy of 300 eV.

AIMD tensile-deformation testing is performed by sequentially elongating [001]- and [110]-
oriented defect-free cubic-B1 TiN and VosMoosN supercell boxes [denoted below as TMN(001) and
TMN(110)] along their vertical axis (z) at strain steps of 1.5%, while maintaining unvaried lateral
supercell sizes. All simulation supercells are formed of 24 atomic layers for a total of 192 nitrogen

and 192 metal atoms, applying periodic boundary conditions in x, y, and z directions. The relationship

between simulation-box vs. crystallographic in-plane directions are x = [TIOJ and y = [110] for

structures of vertical [001]-orientation, whereas x = [l T0:| and y = [001] for [110]-oriented

supercells. Short- and long-range CuPt-like 111 cation ordering has been observed in B1 VosWosN
[33] and rhombohedral (111-distortion of the B1 structure) TiosWosN [34] solid solutions. On the
contrary, lattice ordering has not been reported for B1 VosMoosN samples [23, 24, 35, 36]. Thus, the
special quasirandom structure approach [37] is used to minimize the degree of short-range ordering
on the VosMoosN cation sublattice. At each strain step, the supercells are first (i) rapidly equilibrated

at 300 K via an isokinetic thermostat (velocity rescaling for 300 time steps) to efficiently dissipate

3



the excess energy caused by volume changes, then (ii) maintained at room temperature for additional
2.7 ps using the Nosé-Hoover thermostat. The model systems are elongated up to materials’ fracture.
Fracture, identified in AIMD runs as abrupt variations in atomic velocities and stresses, is
characterized by a rapid sequence of bond snapping. AIMD videos are created with the software
Visual Molecular Dynamics [38] and can be found in the supplemental material [39]. The normal and
shear stresses induced in the materials by tensile deformation are directly extracted from VASP
output. Integration of the area underlying vertical-stress (o) vs. strain curves allows evaluating the
ideal tensile toughness of defect-free B1 TiN and B1 VosMoosN ceramics.

The use of defect-free bulk structures provides qualitative comparisons between the ideal
resistances to fracture in different TM nitrides; a fundamental step for subsequent investigations of
the mechanical behavior in defective structures. Below, the following notations are used: tensile
toughness = Ut, moduli of resilience = Uy, strain along [h k 1] crystallographic direction = 8"k 1,
elongation at fracture points = d¢, yield strengths = vy, and stress components: lateral (cx and oy),
vertical (o), and shearing (oxy, oyz, and ox;) stresses. All stresses are given in absolute values. Bond-
angle analyses, based on the approach described in Ref. [40], are used to identify the changes in local
atomic coordination induced by tensile strain. The percentage of fcc, bcc, and hcp local atomic
environments are calculated at each timestep by using the software Ovito [41]. The percentages are
separately determined for the anion and cation sublattices, and then averaged. The bond-angle
analysis is performed on fractional atomic coordinates in order to eliminate the effects of uniaxial
supercell stretching on local lattice symmetries.

Electron transfer maps, determined via DFT for lattice configurations extracted directly from
AIMD trajectories, are obtained by subtracting the superposition of non-interacting atomic electron
densities from self-consistent charge densities. For these calculations, the Brillouin zone is integrated

on 3 x 3 x 3 k-point grids while the cutoff energy is set to 400 eV.

3. Results and discussion



Ductility, materials’ ability to deform plastically, can be assessed as the elongation at the
fracture point (8¢) during tensile deformation. Good ductility combined with high mechanical
strength (y) equates to high toughness, a measure of the energy (per unit volume) required to deform
a material up to rupture.

Materials’ toughness corresponds to the area underlying tensile stress o, vs. strain curves.
Fig. 1a illustrates stress/strain curves obtained by applying [001] deformation to TiN(001) and
VMOoN(001) structures. The results demonstrate that the pseudobinary alloy is considerably tougher
than the binary nitride phase (UtYMON©D = 843 GPa vs. Ut"N = 284 GPa). The plot in Fig. 1b
confirms that VMOoN is tougher than TiN also with respect to [110] tensile strain (UtYMN(10 = 608
GPa vs. UT"TN(0) = 515 GPa). The present theoretical findings are consistent with previous fracture
toughness experiments which evidence opposite mechanical behaviors for single-crystal B1 TiN vs.
VMoN: TiN samples crack in all nanoindentation tests while VMoN films dissipate the internal
stresses by plastic flow leading to material pile-up adjacent to the indented area [23].

TiN(001) subject to [001] tensile strain maintains octahedral NaCl-type coordination up to
fracture. Fig. 2 illustrates a sequence of AIMD snapshots of TiN(001) strained up to its maximum
[001]-elongation (9%). At this strain, AIMD videos show frequent Ti—N bond snapping events, which
cause continuous changes in bonding configurations and formation of voids. During 1.9 ps, the voids
grow until TiN cracks forming two surfaces orthogonal to the applied strain. Mechanical failure
occurs via cleavage of (001) planes.

Analogous to the behavior described for TiN(001), also TiN(110) cracks in brittle manner,
with atoms maintaining rocksalt-like octahedral coordination up to structural failure. Nevertheless,
TiN(110) supercells sustain extensions up to 13.5% (Fig. 3), that is, superior to the strain at fracture
of TiN(001). Moreover, bond snapping in TiN(110) is initiated relatively more slowly than in
TiN(001). The material withstands the stress (all Ti—-N bonds remaining intact) at maximum
elongation during two ps. However, AIMD videos show a progressive increase in lattice vibrational

amplitudes along the [110] direction which, after 2 ps, lead to a rapid concatenation of bond breakage



and ultimately cause material’s brittle failure. The nearest-neighbor bonds in unbroken lattice regions
(indicated by square red brackets in Fig. 3) elastically recover their optimal 90° angles after fracture.
This demonstrates that single-crystal B1 TiN cracks because unable to dissipate the elastic energy
accumulated during tensile deformation.

TiN does not undergo any structural transformation during both [001] or [110] tensile strain.
Thus, within the defect-free model considered in this work, the TiN mechanical response to uniaxial
deformation exhibits elastic behavior up to brittle failure. This also implies that the values of external
pressures at maximum TiN elongation are good estimates of TiN yield strengths (y"™% ~ 48 GPa
for &¢ TN = 0,090 and y"™N10 = 53 GPa for §; N1 = 0,135) and that moduli of resilience U,
account for the total toughness Ut of the material (U, ™% = 284 GPa and U,"N®10) = 515 GPa),
see Fig. 1. It should be noted that mechanical strength values calculated for defect-free crystals (of
the order of tens of GPa in the case of TM nitrides and carbides [42]) are ideal upper bounds — often
largely exceeding experimentally-determined values — for the strength attainable in real systems.

Unstrained Bl VosMoosN supercells exhibit buckled bonding geometries at room
temperature (see Fig. 4a). This is due to strongly anharmonic energy landscapes — also characteristic
of rocksalt Group-VB mononitrides — with potential energy minima offset from ideal B1 lattice sites
(see figure 5 in [43] and figure 1 in [44]) which cause dynamical instability of the cubic binary phases
at 0 Kelvin [45]. In the case of VN, the formation of V4 tetrahedral clusters [46] at temperatures lower
than =~ 250 K reduces the lattice symmetry from B1 to tetragonal [47]. At room temperature, the
thermal energy is sufficient [48] to enable diffusionless tetragonal — B1 lattice transformations via
randomization (shuffling) of atomic displacements along <111> B1 crystallographic directions [49].
This stabilizes the rocksalt structure both dynamically and thermodynamically owing to a significant
contribution of the vibrational entropy to the Gibbs free energy [47]. Analogous to VN, VosMoosN
random solid solutions also exhibit clustering of metal atoms due to strong d-d orbital constructive
interactions (note, for example, electron accumulation between metal/metal pairs in SQS VMoN in

figure 4e of Ref. [27]). In the case of VosMoosN, however, the shuffling of atomic displacements



around B1 positions at finite-temperatures is further promoted by the lattice configurational disorder.
This is important because it allows the ternary alloy to distribute stresses in an isotropic manner, thus
alleviating the burden caused by uniaxial deformation (see below).

AIMD simulations reveal that VMoN alloys subject to tensile deformation undergo several
structural changes that prevent brittle fracture. For relatively small tensile deformations (< 12%),
metal and N atoms in VMoN(001) primarily maintain their octahedral coordination as in the
unstrained B1 structure (see Fig. 4a). For 5%t > 12%, however, a significant portion of the lattice
becomes much less densely packed in comparison with the unstrained crystal. Fig. 4b illustrates
VMOoN(001) elongated by 21%. The high stresses induce local bending of several metal-N bonds,
with bond angles which increase from ~90° to 120-140°, causing a decrease from 6 to 4 — 5 (more
details below) in the average atomic coordination number (see lattice portion indicated by a red square
bracket in Fig. 4b). Although already considerably deformed, VMoN(001) sustains an additional 6%
tensile strain before breakage (Fig. 4c). This evidences the fact that the cage-like structure itself
(marked with red square brackets in Fig. 4b and 4c) is highly mechanically resistant. The maximum
tensile strain reached by VMoN(001) in AIMD simulations, [18:VMoNO = 0.270, is three times
greater than the value, 8¢ = 0,090, determined for TiN(001) (see Fig. 1a).

Consistent with the results described above for VMoN(100) systems, AIMD simulations of
VMOoN(110) subject to [110] tensile strain confirm the excellent ability of the ternary alloy structure
to withstand elongation by undergoing several local transformations. In addition, the results obtained
for [110]-oriented supercells facilitate the understanding of other important aspects regarding the
inherent toughness and plasticity of B1 VMOoN crystals.

Fig. 5a illustrates a series of AIMD snapshots taken for VMoN(110) strained along [110] by
6, 12, 13.5, 15, 16.5, and 18%. The sixfold octahedral atomic coordination is fully preserved up to
strains of ~6%. For vertical [110] elongations increasing from 6 to 12%, AIMD videos show a

progressive bond strengthening between V-V and, to a lower extent, V-Mo pairs along the [110]

direction (i.e., normal to the applied tensile deformation). The effect can be seen in the magnification



of 12%-strained structures in the lower left panel of Fig. 5a and is indicated by blue-color horizontal
V-V bonds. The considerable reinforcement of lateral metal/metal interactions observed in 12%-
extended lattices is demonstrated by the fact that the bond lengths (< 2.4 A) in metal/metal pairs
formed during deformation are approximately 20% shorter than the average metal/metal interatomic
spacing (= 3 A) in unstrained VMOoN.

Due to configurational disorder on the cation sublattice, the distribution of shortened/stretched
[110] —oriented metal/metal bonds is not homogeneous throughout the material. Domains
characterized by higher concentrations of VV atoms exhibit the largest density of metal/metal pairs
with strengthened bonds (primarily V=V pairs). The fact that V-V pairs form more frequently than
V-Mo or Mo—Mo pairs is likely due to the vibrational amplitudes of V atoms being larger than those

of heavier Mo atoms. The formation of metal/metal pairs produces [110] normal stresses ox

orthogonal to the applied tensile deformation. Moreover, the random spatial arrangement of metal
pairs induces a modulation in strain fields, which varies among different (110) lattice layers
depending on the local density of shortened/stretched interatomic bonds. The inhomogeneity of
internal strains generates shear stresses (ox;) that cause bond bending within (001) crystallographic
planes. The effect is indicated with a red dashed line in the bottom-left panel of Fig. 5a.

Fig. 5¢c shows that the intensity of o, as well as of oy, stresses increases with the vertical
elongation of VMoN(110) crystals up toJ8[°U = 0.09. For 8% > 0.09, the ox, shear stress is
sufficiently strong to twist the bonding network, thus causing local partial rotations of (001) atomic
layers about the [001] crystallographic axis, similar to nucleation of a disclination (see schematic
clarification in Fig. 5b). The green solid ellipse in the lower-left panel (81°! = 0.12) of Fig. 5a shows
a VMoN distorted lattice region after the rotation of different (001) lattice planes relative to each
other. The mechanism of relative rotation of (001) lattice planes had been detected by selected-area
electron diffraction patterns acquired for plastically-deformed regions of B1 VosMoosN films (see

figure 6 in Ref. [24]).



For vertical tensile strains 8™'% > 0.09, VMoN(110) is able to partially dissipate ox and cx.
stresses upon activating the relative rotation of lattice layers (Fig. 5¢), as anticipated above. Both
lateral ox and shearing ox. stress values remain approximately constant for 5[**% > 0.12. For tensile
extensions 81*1% greater than 0.12, the mechanical energy introduced in the system is continuously
converted into small additional relative rotations of (001) lattice planes. This causes a significant
distortion of the bonding network and changes in local atomic coordination, as illustrated in the lower-
center panel of Fig. 5a for 8™1% = 0.15. Further torsions lead to interatomic-bond fraying. VIMoN(110)
fractures in ductile manner at a tensile strain of &¢VMoN(10) = 0,18 (see lower-right panel in Fig. 5a).
As a reference, TiN(110) cracks in brittle manner at a smaller relative elongation of 13.5%. The
results obtained for [001] and [110] tensile deformation are consistent with the experimental
observations, which demonstrated that VMoN pseudobinary alloys are considerably more ductile and
tougher than the binary nitride [23, 24, 36].

The findings described so far clarify the dynamics of atomistic mechanisms that confer single-
crystal B1 VMOoN alloys with intrinsic ductility. However, experiments demonstrated that VMOoN is
not only ductile, but also very hard (=20 GPa [23, 24]). Hardness, materials resistance to plastic
deformation, is largely controlled by the mobility of dislocations. Ab initio calculations of dislocation
core structures and energetics in ceramic materials, such as B1 MgO [50], are practically limited by
the large supercell sizes required to embed the linear defect, and are thus beyond the scope of this
work. Nevertheless, mechanical strength and hardness are generally well-correlated materials’
properties [51, 52]. The plots presented in Fig. 1 show that single-crystal B1 VMoN and TiN possess
similar ideal tensile strengths (yYMONOD = 37 GPa and yYMONUO) = 44 GPa vs. y"NOD = 48 GPa and
yTIN(10) ~ 53 GPa), in agreement with the fact that the two materials exhibit comparable hardness
(HYMoN %20 GPa [23, 24] vs. H"N =18 — 23 GPa [23, 53, 54]). The model employed here provides
novel insights into atomic-scale processes responsible for the inherent mechanical strength and
hardness of monolithic cubic VMoN and TiN crystals.

AIMD results suggest different mechanisms at the origin of the elevated strength/hardness in



VMOoN vs. TiN. The simulations reveal that VMoN alloys subject to tensile strain are able to distribute
internal stresses in an isotropic manner. Lateral ox and oy, and vertical (i.e. parallel to the tensile
deformation) o, stresses are nearly equivalent up to material fracture (see Fig. 6a and 6b). This
phenomenon may explain the high hardness measured for B1 VMoN single-crystals [23, 24]. During
nanoindentation testing, the load applied by the tip is partially stored in elastic strain-energy and
partially dissipated via plastic deformation. VMOoN partitions the accumulated strain energy in bonds
both orthogonal and parallel to the tensile strain, thus alleviating the burden produced by deformation
on individual bonds. For external loads confined to the elastic-response regime, the material recovers
(to a large extent) its original structure, thus resulting in elevated hardness. In contrast, high strength
and hardness in TiN derive primarily from uniaxial resistance to deformation, as evidenced by the
fact that o, stress values show a much steeper increase with strain in comparison with lateral stresses
ox and oy (Fig. 6¢ and 6d). The much higher directionality in mechanical response to stresses reflects
the fact that TiN exhibits larger uniaxial and shear elastic constants [C11 = 640 GPa and Css = 159
GPa [27]], as well as a lower elastic constant C12 = 115 GPa, Poisson’s ratio v = 0.3, and anisotropy
factor A = 0.6 [27] than SQS VMOoN [C11 = 465 GPa, Cas =90 GPa, C12 =212 GPa, v~ 0.4, and A
~ 0.7 [27]]. Hence, TiN mechanical failure occurs at the material yield point via cleavage of lattice
planes because the highly anisotropic distribution of stresses produces an overloading on bonds
parallel to the strain direction.

The transformations observed within plastically-deformed domains of VMoN(001) and
VMOoN(110) are associated with a progressive alteration of the potential energy landscape and
chemical environment surrounding the nuclei. Local changes in lattice symmetry can be quantified
via bond-angle (see Sec. 2) and average coordination-number analyses. The results illustrated in Fig.
7 demonstrate the ability of VMOoN to gradually modify its structure in order to accommodate external
stresses and prevent fracture.

For both (001)- and (110)-oriented supercells (Fig. 7a and 7b), the percentage in local lattice

symmetry progressively changes from pure fcc (unstrained VMoN) to 40% fcc + =10% bec +~10%
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hcp + other configurations (VMOoN at fracture point). The reduction in lattice symmetry presents an
approximately quadratic dependence on strain, with atomic environments that essentially remain B1-
like from O up to ~9% supercell elongation. This is also reflected by the variation in first-neighbor
atomic-coordination. For both VMoN(001) and VMoN(110), the average coordination number,
calculated over the entire supercell, decreases from 6 to ~5.4 (filled black dots in the insets of Fig. 7a
and 7b). However, as illustrated by cyan filled dots in the insets of Fig. 7a and 7b, the average
coordination number within strongly-modified VMOoN regions slowly decreases from 5 (for 81°°Y and
51101 ~10%) to ~4.5 (at facture points). In direct contrast, TiN maintains octahedral fcc-like
coordination, while subject to uniaxial strain: the coordination number remains approximately equal
to 6 up to fracture (black dots in the insets of Fig. 7c and 7d). The material undergoes a sudden
mechanical failure at its yield point (see drop in percentage of fcc symmetry, Fig. 7c and 7d). The
average coordination number of atoms at cleaved TiN surfaces (cyan dots in the insets of Fig. 7c and
7d) is ~4.5.

The results of this work evidence the remarkable selective mechanical behavior of VMoN
ceramics. Within the elastic regime, the alloy responds in a hard manner to external solicitations
owing to its ability to isotropically distribute stresses. However, when external loads approach or
overcome the material’s yield strength, VMoN activates local structural transformations that allow
dissipation of accumulated stress. Electron-density analyses of tensile-deformed structures obtained
during AIMD simulations demonstrate that the outstanding inherent toughness of VMoN solid
solutions originates from high valence electron concentration (VEC = 10.5 e~ per formula unit) and
high metallic character. These enable electron reorganization and formation of new bonds which
energetically counterbalances the destabilization caused by deformation, as also suggested by DFT
results at 0 Kelvin [25, 26].

DFT electron transfer maps show that the chemical bonds in TiN remain primarily ionic
during elongation, as indicated by spherical charge distributions centered at the nuclei positions in

unstrained vs. 7.5%-strained TiN(001) (Fig. 8). The localization of electrons near nuclear sites limits
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the material’s ability to form new bonds during deformation and favors crack nucleation and
propagation. Analogous observations would be made by plotting TiN charge densities on
crystallographic planes other than the one shown in Fig. 8.

The effects induced on VMoN(001) electron reorganization by [001] deformation are

conveniently visualized by different cross-sectional views parallel to the strain direction: (1 10) plane

in Fig. 8 and (100) plane in Fig. 9. Both plots illustrate electron transfer in unstrained and 21%-
strained VMoN(001). Opposite to TiN behavior, in pseudobinary VMoN solid solutions, some of the
electrons gradually transfer from bonds parallel (metal/N) to bonds normal to the deformation
(primarily metal/metal in Fig. 8 and metal/N in Fig. 9), thus allowing for storing the strain energy
(high hardness) while internally redistributing stresses (resistance to breakage) within the elastic
regime. However, when the external load exceeds the VMoN yield strength, electrons delocalize also
along other crystallographic directions in order to enable structural transformations and allow the

alloy to reach a much greater elongation without breaking.

4. Conclusions
Density-functional ab initio molecular dynamics (AIMD) simulations at room temperature
are used to identify atomistic processes and associated changes in the electronic structure which
control strength, plasticity, and rupture in B1 VosMoosN, as well as reference brittle B1 TiN binaries,
subject to <001> and <110> tensile deformation. AIMD simulations reveal that VosMoosN is
considerably tougher than TiN owing to its ability to:

— Elastic regime: Store the elastic energy induced by the deformation via isotropic stress-
redistribution, thus preventing brittle fracture while conferring high
strength/hardness;

— Near/beyond yield point: Dissipate the accumulated strain energy by activating local structural

transformations that significantly improve ductility.
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The adaptive hard/ductile mechanical response of cubic VosMoosN pseudobinary alloys stems from
highly populated d-d electronic states that enhance metallic-like behavior without affecting the high
strength characteristic of ceramics. Facile electron-transfer enables bond strengthening, that
counterbalances the destabilization induced by tensile deformation, as well as modifications in the
lattice structure to comply with excessive loads. In contrast, TiN is unable to redistribute stresses and
activate structural transformations due to interatomic bonds remaining primarily ionic up to fracture.
The stresses accumulate along the strain direction and lead, at the yield point, to sudden bond

snapping and brittle failure via cleavage of lattice planes.
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Fig. 1. Tensile stresses as a function of tensile strain obtained for (a) [001]-oriented and (b) [110]-
oriented TiN and VMOoN supercells during AIMD simulations at 300 K. U, y, and &+ indicate tensile
toughness, yield strengths, and maximum elongations, respectively. Stresses are given in absolute
values.
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oy tto] 1.6 ps
Fig. 2. AIMD snapshots of fracture dynamics in TiN(001) strained up to its maximum elongation
(9%) at room temperature. The snapshots are taken at simulation times between 0.2 and 1.9 ps. The

pictures’ focus is on atoms surrounding the fractured region of the lattice. The cutoff length of bonds
visualized in the figure is 2.6 A. Ti (N) atoms are indicated by silver (black) spheres.
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Fig. 3. AIMD snapshots of fracture dynamics in TiN(110) strained up to its maximum elongation
(13.5%) at room temperature. The snapshots are taken at simulation times between 0.3 and 3.0 ps.
The cutoff length of bonds visualized in the figure is 2.4 A. The supercell regions enclosed by red
square brackets [for 0.3 and 3.0 ps snapshots show the relaxation of bond angles to 90 degrees, and
consequent shortening of (110) interlayer distances from ~3.35 to =3 A, after brittle failure at 3.0 ps.
Ti (N) atoms are indicated by silver (black) spheres.
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Fig. 4. Orthographic view of VMOoN(001) supercells subject to [001] tensile deformation as
determined via AIMD simulations at 300 K. The cutoff length of bonds visualized in the figure is 2.4
A. N = Dblack, Mo = orange, and V = blue spheres.
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Fig. 5. (a) Orthographic view of VMoN(110) supercells subject to [110] tensile deformation (strains
between 6 and 18%) as determined via AIMD simulations at 300 K. The cutoff length of bonds
visualized in the figure is 2.4 A. N = black, Mo = orange, and V = blue spheres. (b) Schematic
representation of the generation of lateral ox and shear ox; stresses [associated with metal/metal bond
strengthening within the (110) plane] induced by [110] tensile deformation. (c) Lateral ox (square
symbols) and shear oy, (triangular symbols) stresses plotted as a function of vertical tensile strain, as
determined during AIMD simulations. Stresses are given in absolute values.
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Fig. 6. Lateral ox and oy, and vertical o, stresses in VMoN and TiN subject to [001] and [110]
(vertical supercell orientation) tensile deformation, as determined by averaging over stress values
obtained for approximately 100 different AIMD configurations at each strain. For [001]-oriented
supercells, the lateral directions x and y are equivalent by symmetry. Thus, the data represented by
red solid curves in panels (a) and (c) are calculated as (ox + oy)/2. All stresses are given in absolute
values.
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Fig. 7. Percentage of local lattice symmetries (fcc, bce, and hep) plotted as a function of tensile strain
in VMoN and TiN (computational details are provided in Sec. 2). The insets show the variations in
nearest-neighbor atomic coordination numbers averaged over all atoms (black circles) and only for
atoms within strongly deformed regions (cyan circles). TiN maintains octahedral fcc-like
coordination up to mechanical failure. In contrast, VMoN undergoes gradual structural
transformations, which prevent brittle fracture.
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Fig. 8. DFT electron transfer maps determined for AIMD configurations of unstrained TiN(001) and
VMOoN(001), as well as of [001]-strained TiN(001) and VMoN(001) structures near their breaking

points. No significant change is visible in the electronic structure of (primarily ionic) TiN before and
after deformation. In contrast, VMoN exhibits a pronounced metallic character, which produces

noticeable electron reorganization upon deformation.

23



/ )
B1 Vy5Mog 5N ;. 019 .1 ; ... , .. .
c ss ess / DOSS »
o % S -
brasl /| B .o: 1
TEE B . 208 8
Iesssnne o8 ®8gs ¢/ '." »
.8 _see et Bod L0 -
:00.0 e ;'.O. . ™ °
—Ie ses s [=f e e »
S lasa ece L (Segome y . -
ey L LB . - O A" .
DIeets e el - 5 o - ® »
o Iees 04 o oo DAY »
S PROLSIO) — [ OE® So.LY P - . w
:o L e R N #%s0r . LR
F #9ae» . '
ol B ek ad. Lk I B R ™
'. L Bl » 1 ~ '
bedons » 8 \=Xe . ® »
b a0e *%s 2% \P 2 '
a8y S . ",
R e o R I ][ [ [T
Pe sed » e
Lt et L L 4 PRORBICSS 2R B8NS3
_ e ser » ST R ) PN e 2 P = DS = P= R iy
SA) #8080 se 1 LA AL
alg TR LT Y Lo..,o.:

ooy [010]

Fig. 9. DFT electron transfer maps [(100) cross section] of unstrained and 21%-strained VMoN(001).
The color scale is expressed in e™-A=3. The figure provides an alternative view (in comparison to Fig.
8) of the modifications induced on VMoN chemical bonding by tensile strain.
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