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Refractory ceramic materials are critical for applications in extreme high-temperature environments.
Refractory high-entropy ceramics belong to this class of materials and show great potential due to
their remarkable combination of properties. Traditionally, increasing compositional complexity and
chemical diversity of high-entropy ceramics whilst maintaining a stable single-phase solid solution has
been a primary design strategy for developing new ceramics. Here, we unveil an alternative strategy
based on deviation from conventional equimolar composition towards non-equimolar composition
space, enabling tuning the metastability level of the supersaturated single-phase solid solution. By
employing high-temperature micromechanical testing and post-mortem microstructural
characterization of refractory metal-based high-entropy nitrides, we observed the activation of an
additional strengthening mechanism upon spinodal decomposition of the metastable phase into
coherent cubic-phase domains exhibiting compositional modulation. This process propels the yield
strength of a non-equimolar nitride at 1000 °C to a staggering 6.9 GPa, that is 43% higher than the

most robust equimolar nitride.

Refractory metal-based nitrides belong to the broad family of refractory
ceramic materials (a set of carbides, nitrides, and borides of the group IV and
V transition metals): because of their ultra-high melting temperatures (T},
above ~3000 °C) and phase stability they represent the only suitable class of
materials available for a diverse range of mechanically loaded applications
where components or tools are subjected to the most extreme of operating
environments"”. Delving into high-entropy ceramics’, the number of pos-
sibilities for exploring refractory nitrides is much greater. In such multi-
component systems composed of at least five principal unary ceramic
compounds, a high configurational entropy (set here by a disordered multi-
cation sublattice—assuming that the anion sublattice remains intact) is
expected to produce a preference for single-phase solid solutions with
simple crystal structures. The presence of many chemically distinct atoms
on the metal sublattice produces attractive effects, such as sluggish diffusion
and considerable lattice distortion, amongst others®, leading to properties
often highly surpassing those of the constituent conventional ceramic
components™~. However, although many studies focus on maximizing

configurational entropy (using equimolar ratios of metal elements), indeed
successfully achieving stabilization of single-phase solid solution in high-
entropy oxides®, the impact of configurational entropy on the solid solution
phase stability may have been overestimated in metallic alloys’™"' and
nitrides'*"*—configurational entropy may not even be a vital parameter for
the design of multi-component alloys and ceramics with superior
properties™" (Supplementary Note 1). The vast composition space of
metastable non-equiatomic high-entropy ceramics instead provides even
more ways for exploration of new ceramics featuring complex phase
transformation sequences upon metastable phase decomposition'’.
High-temperature mechanical properties are crucial for the operation
of ceramics in extreme environments'’, yet have been rarely studied thus far
in high-entropy ceramics'. Although the unique mechanical properties of
high-entropy ceramics are foremost determined by solid solution
strengthening, among other beneficial mechanisms (see Supplementary
Note 2), less attention has been placed on the stability of this mechanism at
high temperatures, limiting the potential impact of these materials in
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applications. Seminal and relatively limited literature reports show that
although mechanical properties of high-entropy ceramics are enhanced in
comparison to conventional ceramic compounds'’, they often deteriorate
with increasing temperature’ . This degradation is attributed to the
weakening of strengthening mechanisms, which are effective primarily at
low temperatures. As an alternative approach, we propose that engineering
the metastability of high-entropy phases can guide the design of novel
ceramic materials for high-temperature applications. Inherent metastability
of multi-component nitrides'’, in turn, can trigger different strengthening
mechanisms upon single-phase solid solution decomposition, particularly
when exposed to mechanical and thermal loads, leading to their higher
strength and damage tolerance. Such a design strategy has demonstrated
great success in developing high-entropy dual-phase alloys that overcome
the strength-ductility trade-off***. The remarkable improvement of
mechanical properties of conventional nitrides due to the formation of
three-dimensional nanostructure” or precipitation of two-dimensional
atomic-plane-thick Guinier-Preston (GP) zones™ upon decomposition of
single-phase solid solutions in conventional nitrides are proofs of the con-
cept of metastability tuning in high-entropy nitrides.

Here, we demonstrate that tuning the metastability of high-entropy
nitride ceramic thin films by deviating from equimolar metal ratios toward
non-equimolar composition space allows for decreasing the stability of the
solid solution, thus enabling its decomposition at elevated temperature. This
entails two key benefits: coherency strain strengthening due to dual-phase
isostructural nanodomains formed upon spinodal decomposition of the
solid solution and retained solid solution hardening of the high-entropy
nitride phase. This combination leads to good retention of high strength at
elevated temperatures. At the same time, we show that maximization of
configurational entropy and chemical diversity in equimolar high-entropy
nitrides does not maintain high strength at elevated temperatures. Due to
the relatively greater stability of all equimolar high-entropy nitrides at high
temperatures, strength-inducing phase transformations are absent or
insufficient to retain high yield strength in the studied temperature range.

Results

Microstructure and composition

Refractory-metal-based pentanary (TiHfNbVZr)N, hexanary
(TiHfNbVZrTa)N, and heptanary (TIHINbVZrTaW)N thin films are grown
by direct current magnetron sputtering (DCMS) in an industrial deposition
system on (0001) single crystalline sapphire substrates; low and high addi-
tions of Al to the pentanary system are enabled by a hybrid co-sputtering
process based on high-power impulse magnetron sputtering (HiPIMS) and
DCMS. All as-deposited films are single-phase, B1-NaCl-structured solid
solutions (Fig. 1A), as revealed by XRD analysis (Fig. 1B). The relative
positions of XRD peaks vary among the samples due to composition-
dependent differences in lattice constants. Using the hybrid method, we grew
6 um-thick films exhibiting dense columnar microstructures (Fig. 1C) and
mixed polycrystalline orientations (demonstrated in our previous report™)
for further fabrication of micropillars using FIB (Fig. 1D). The fraction of
metal elements on the cation sublattice was determined by X-ray photo-
electron spectroscopy (XPS) and time-of-flight elastic recoil detection ana-
lysis (ToF-ERDA): pentanary (Tip,3Hf;15Nbg17V21Z1024)N, hexanary
(Tip23Hfo15Nbg.13V0.14Z10.21Tag14)N,  heptanary  (Tig;7Hfo11Nbg14Vo.14
Zro.16T20.11Wo.17)N, hexanary ‘Al-low” (Tig 1 Hfo 13Nbo.14Vo.18Z10.20Al0.14)N
and hexanary ‘Al-high’ (Tip;3Hf;0,Nbg07V010Z10,12Aly51)N, see Supple-
mentary Table 1. Similarly, the anion sublattice is almost fully occupied with
N, with alow amount of vacancies; more details about the microstructure and
elemental composition of the as-deposited films are given in our previous
report”’. A representative energy-dispersive X-ray spectroscopy (EDS)
mapping for hexanary ‘Al-high’ (Tig13Hf.07Nboo7Vo.10Z10.12Al051)N
(Fig. 1E) shows a uniform elemental distribution across the thickness of the
film for all elements. No signs of segregation, clustering, or phase separation
are evident implying a homogeneous distribution of all elements and their
random distribution on the metal lattice sites.

Phase stability and hardness evolution after annealing

Annealing in vacuum show that all nitrides with equimolar metal ratios
retain the single-phase structure upon annealing up to ~1000-1200 °C,
demonstrating XRD patterns with peaks corresponding to the B1-NaCl-
type phase structure, with low-intensity broad shoulders to (111) and (200)
peaks developing upon annealing (Supplementary Fig. 1). Annealing at any
higher temperature results in the oxidation of the thin film surface (as
evident for heptanary thin films after annealing at 1200 °C), making
assessing high-entropy nitride hardness by nanoindentation impossible.
However, the hexanary Al-high single-phase solid solution undergoes
decomposition at 900 °C already, evident as strong left- and right-hand
shoulders to the (111) and (200) peaks, see Fig. 2A; this indicates the for-
mation of additional B1-NaCl phases with a slight difference in lattice
parameters compared to the original (matrix) phase. XRD patterns showing
this for two critical representative compositions are shown in Fig. 2A, B,
while the remainder of the cases are given in Supplementary Fig. 1. Apart
from shoulder formation, a distinct shift of the main (111) and (002)
peaks can be observed. While this peak shift may initially result from
defect annihilation and associated stress relaxation, it is primarily driven
by the continuous diffusion of Al out of the matrix phase at higher
annealing temperatures. As the smallest cation leaves the matrix,
lattice expansion occurs, leading to a shift of the peaks toward lower
Bragg angles. This behavior contrast with that of heptanary
(Tig.17Hf0.11Nbg 14Vo.14Zr0.16 Tag 11 Wo.17)N thin films, which exhibit greater
stability with respect to cation outward diffusion, showing no detectable any
peak shifts up to T, = 1200 °C (Fig. 2B). Density-functional theory (DFT)
calculations of formation energy for the pentanary system and hexanary
system with different fractions of Al on the metal sublattice predicts all
compositions to be metastable against decomposition to binary or ternary
compounds (Fig. 2C). Importantly, the decomposition driving force
increases as a function of Al fraction. All above confirms the targeted sta-
bility trend can be realized by designing a specific composition of the
nitrides, which is in agreement with DFT calculations—without yet con-
sidering the kinetics of the decomposition process that can be significantly
altered by Al content or upon the onset of decomposition. Evaluation of the
films by nanoindentation after anneals above the deposition temperature
aimed to capture changes in the resistance to room temperature crystal
plasticity mechanisms resulting from eventual microstructural changes.
This revealed, Fig. 2D, good retention of as-deposited hardness up to at least
1100 °C in all systems and retention of Young’s modulus (Supplementary
Table 2) up to at least 1200°C in all systems, with a minor (<10%)
improvement in hardness seen in the refractory pentanary and hexanary
nitrides. However, the Al-high and heptanary systems showed even greater
improvement with highest hardness after annealing at 1000°C
(42.6+2.3GPa) and 1100°C (44.6 + 1.9 GPa), respectively. Scanning
transmission electron microscopy (STEM) of the highest hardness condi-
tions is carried out to understand the microstructural evolution generating
such performance improvements—the as-deposited conditions have been
previously characterized and reported in ref. 27. Whilst the pentanary
nitride annealed at 1000 °C displays an unchanged columnar micro-
structure common to many sputter-deposited hard coatings™, Supple-
mentary Fig. 2a, local chemical segregation across the metal sublattice is
evidenced by atomic resolution high-angle annular dark field (HAADF)
imaging, Fig. 3A. The heptanary nitride annealed at 1100 °C exhibits grain-
scale segregation, in particular of W (Supplementary Figs. 2b, 3), a con-
siderable density of grown-in twin boundaries, Fig. 3B, as well as atomic-
scale segregation inside the grain, Fig. 3B insert, but no evidence of W-rich
Guinier-Preston zones previously reported for W-doped ternary nitride
(TLALW)N®. Finally, both Al-containing nitrides displayed significant
nano-scale chemical segregation after annealing at 1200 °C, Fig. 3C-F and
Supplementary Figs. 4, 5, despite the selected area electron diffraction
(SAED) patterns showing only reflections matching the B1-NaCl structure
phase (Supplementary Fig. 6). EDS mapping (Supplementary Fig. 5) and
EDS line scans (Supplementary Fig. 7, Fig. 3D, F inserts) reveal the

Communications Materials | (2026)7:35


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-01047-z

Article

A Conventional
B1-NaCl nitrides

High entropy
B1-NaCl nitrides

C io.zHo.15N30.10.211-3)

(111)

(00

PETTTS ERTTT EERTTTS RERTTTS RRRTITS ERRTTT EERTTT Wt

(Tig 25Hfg 15Nbyg 47V 21Zrg 24)N

PRI R ERTTT T

Offset log. intensity (a.u.)

35 40 45
20 (deg.)

w
o

50

(Tig.13Hf 07NDBg 07V 10200 12Alg 51)N

Fig. 1| Synthesis of refractory-metal-based high-entropy nitrides and fabrication
of corresponding micro-pillars. A Schematic representation of an ideal lattice
structure of conventional B1-NaCl-structured refractory nitrides and a disordered
lattice structure of a refractory-metal-based high-entropy nitride. B X-ray diffrac-
tion patterns of the as-deposited refractory-metal-based high-entropy nitride films
contain only reflection from (111) and (200) planes of a NaCl-structure phase,
indicating a single NaCl-structured solid-solution phase. C Cross-sectional SEM

image of representative thin film showing columnar microstructure. D SEM image
of a representative set of FIB-milled micro-pillars fabricated for high-temperature
microcompression, viewed at 45° tilt angle, and a high-magnification SEM image of a
selected pillar as an inset. E A representative EDS mapping for hexanary ‘Al-high’
(Tig.13Hf0,07Nbg 07 Vo.10Z10.12Alp 51)N demonstrating homogenous and random
distribution of all elements in a large length scale. Scale bars in (C) is 1 um; in (D) itis
10 pm (500 nm in the inset) and in (E) - 100 nm.
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Fig. 2 | X-ray diffraction analysis, DFT calculations and post-annealing
mechanical properties. XRD patterns for A hexanary ‘Al-high’ (Tig 13Hfo0;Nbyg o7
V0.10Z10.12Alp51)N and B heptanary (Tip.,7Hfo.11Nbo.14V0.14Z10.16 T20.11Wo.17)N
thin films before and after annealing in vacuum at 900, 1000, 1100, 1200, 1300,
1400 °C. C Calculated Gibbs formation energies, AGy (x,T), of B1-NaCl structured
pentanary system and hexanary system with varying Al fractions, shown as a
function of temperature. AGs for systems with metal ratios on the cation sublattice
similar to experimental samples is calculated relative to competing decomposition
products taken as either binary nitrides (solid lines, full symbols) or ternary nitrides
(dashed line, empty symbols). The decomposition potential, i.e., decomposition

Annealing temperature (°C)

driving force, is determined as the energy difference between the Gibbs formation
energies obtained with these two sets of reference phases; arrows with rotated labels
give this decomposition potential for each composition in eV/atom, at 0 K. The
thermodynamic decomposition driving force increases with Al content in the solid
solution. This trend suggests that the solid solutions with higher Al content possess
the highest driving force for the decomposition into less complex phases or solid
solutions, even at high temperatures. D Nanoindentation hardness of all films
performed before and after annealing in a vacuum at different temperatures of
900-1200 °C.

separation of all refractory metals from Al between the two contrasting
isostructural domains with a modulation wavelength of the order
3.5+ 0.4 nm for hexanary ‘Al-low’ and 12.2 + 2.2 nm hexanary ‘Al-high’
films. Such decomposition of supersaturated solid solution into coherent
cubic nanodomains via spinodal mechanism is typical for Al-containing
refractory metal nitrides”. The non-equimolar solid solution decomposes at
elevated temperature due to the high thermodynamic driving force to
decomposition (Fig. 2C) while all equimolar solid solutions are relatively
more stable (see XRD above, Fig. 2A, B, Supplementary Fig. 1).
High-temperature microcompression is carried out to capture
mechanical performance and assess the effectiveness of these nitride
microstructure strategies in conditions approximating extreme applica-
tions. Micro-pillars ~1.8 pm in diameter, Supplementary Fig. 8, produced
by focused ion beam (FIB) milling, where the height is less than the coating

thickness, are compressed in vacuo in a scanning electron microscope
(SEM) at six temperatures, changing from the room temperature (~25 °C)
to 1000 °C, using a flat conductive diamond punch. The micro-pillar failure
is classified as ductile or brittle. We use the yield strength or ultimate
strength, determined using a 1% strain offset criterion (o, and o, respec-
tively), to characterize these behaviors. The failure mode is identified by
inspecting the stress-strain curves and post-mortem SEM images of the
pillars (Supplementary Fig. 9). Brittle failure, characterized by o, corre-
sponds to pillars exhibiting climb-and-crash stress-strain curves (sudden or
progressive) after the initial stress maximum. In contrast, ductile failure,
characterized by o, corresponds to pillars that do not show a sudden crash
in the stress-strain curves after the initial stress maximum. Compressive
yield strengths and ultimate strengths determined using a 1% strain offset
criterion, o, and o,, respectively, Fig. 4A, indicate initially greater room
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Fig. 3 | STEM and EDS studies describing the microstructure evolution upon borders of the high contrast (high atomic number, Z) areas, and red dashed circles
annealing. A Cross-sectional STEM-HAADF acquired along [110] zone axis from  mark the local chemical segregation across the metal sublattice enlarged in the upper
pentanary nitride annealed at 1000 °C and B heptanary nitride annealed at 1100°C.  right insets in (A-C). Fast Fourier transform (FFT) patterns of (A-C, E) are pre-
Cross-sectional STEM-HAADF images taken along [110] zone axis and STEM-EDS  sented in bottom right inserts. Scale bars in (A-C, E) are 2 nm; in (D) it is 10 nm and
color-coded combined maps of Ti-Al acquired from C, D the hexanary ‘Al-low’and  in (F) - 20 nm.

E, F hexanary ‘Al-high’ films after annealing at 1200 °C. Red dashed lines show the
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Fig. 4 | High-temperature microcompression A B (Tig.43Hfg 07Nbyg 07V0.10Z0.12Al0 54)N
results for the micro-pillars fabricated from 13 1 T T T T T
the films. A Yield strength o, (full symbols) at 1% 12 7 12+
strain offset and ultimate strength o,, (open symbols) T 1 =

, , ~10F 1 ‘w104
at 1% strain offset measured at different tempera- © 918 1 o
tures and B corresponding representative stress- ?D- g I n g 8-
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500 °C, 700 °C, 800 °C, 900 °C, and 1000 °C. For L 6+ 1 9@ 6+
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are shown here. To account for initially more com- 1 (Ti 15HFo.67NDg 67V, 10Z"0.12Al0.5)N i
pliant contact due to locally variable surface 0 @~ O (Tig.17Hfo41NDBG14Vo 1aZM046Ta0,1Wo.17N | 0 . ) .
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roughness of the real coatings, the loading curves RT 200 400 600 800 1000 0 10 20 30 40 50
have been shifted along the abscissa to intersect the Temperature (°C) Eng. Strain

linear elastic region with the origin for simpler
strain-offset yield stress extraction.

temperature strength of the pentanary and hexanary Al-high systems
(0, ~ 11-12 GPa), while all other equimolar systems have g, ~ 8-9 GPa.
Nevertheless, all such pillars fail by catastrophic brittle fracture; this is seen
in stress-strain curves, Fig. 4B, and post-mortem SEM images, see Supple-
mentary Fig. 9, which also include all other test temperatures. In the
500-800 °C range, all systems are softer than at 25 °C, yet broadly show
strength stability across this range, with the pentanary nitride showing the
most significant strength loss from 25 °C, to match the other equimolar
systems in this temperature range closely. Deformability, through cohesive
plasticity, over several percent strain, is now observed before eventual
cracking-induced rapid strength loss. However, the hexanary Al-high sys-
tem has at least 32% higher strength in this range. From 800 to 1000 °C, the
best-performing system among equimolar compositions is the pentanary
high-entropy nitride, whilst the heptanary and hexanary Al-low systems
show the most rapid decrease of o, with temperature. Again, the non-
equimolar Al-high system demonstrates 42-43% higher oy in this range
than the best-performing equimolar system, with o, =6.9+0.5GPa at
1000 °C. Deformation above 900 °C is predominantly cohesive, with local
buckling of the upper sections of the pillars or shear plane formation (see
TEM below).

High-temperature strength

It can be seen from the exemplary microcompression loading curves for
hexanary ‘Al-high’ pillars in Fig. 4B and the complete set of material systems
and test temperatures in Supplementary Fig. 10, that there is a noticeable
reduction in measured elastic loading modulus, from either 800 or 900 °C
depending on composition, with 1000 °C showing the lowest modulus. This
could be associated with chemical reactivity between pillar and punch
producing additional interface reaction phases, as well as plastic deforma-
tion of the diamond itself, as detailed in Supplementary Note 3, Supple-
mentary Figs. 11-15. Despite this, we consider the yield points of the loading
curves to remain sufficiently distinctive for useful interpretation.

TEM imaging and analysis following microcompression at 1000 °C
revealed the spinodally decomposed microstructure in the Al-rich hexanary
nitride is retained as previously in the annealed film, Fig. 5, with a mod-
ulation wavelength ~10 nm, and preferential alignment of the Al-rich
nanodomains along the film growth direction - i.e., the [001] axis, con-
sidering the predominant (002) film texture here. The bending-over of the
Al-rich and refractory-metal-rich nanodomains is evident from localized
plastic buckling upon compression in the upper half of the pillar
(Fig. 5A-C). Yet, the pillar remains dense: no evidence of cracking or
decohesion of the columnar grains at boundaries is seen. Despite the high
vacuum environment, multiple oxidation layers surround the Al-high
hexanary nitride pillar compressed at 1000 °C: an inner (Ti, V)Oy, an
intermediate ZrO, and finally, an outer AlO; (Supplementary Figs. 16, 17).
The AlO, outer oxide layer acts as an oxygen diffusion barrier, preventing
oxygen inward diffusion®, hence avoiding grain boundary oxide decoration

in the pillar bulk. In stark contrast, extensive oxygen inward diffusion is
observed for the W-containing heptanary nitride, see Supplementary
Note 4, Supplementary Figs. 18, 19.

Discussion

Deformation at room temperature remains brittle for all high-entropy
nitride systems, but with a higher g: lacking in effective dislocation plasticity
because highly directional covalent bonding, the majority constituent of
such nitrides™, leads to a high lattice resistance’’. The high-entropy nitrides
display initially ductile plasticity from 500 °C, which is consistent with
expectation that thermal activation of bending and turning of interatomic
bonds and annihilation of ion-induced point defects decrease the lattice
resistance (Peierls stress) and activate the motion of dislocations in the
0.1-0.3 Ty, range"’. All test temperatures are within the latter range, con-
sidering the melting point of the studied high-entropy nitrides can be in the
3200-3400K* range if predicted by the rule-of-mixture. Commonly in B1-
NaCl structured refractory nitrides, thermalization of electrons into less
localized and less directional metallic states leads to the activation of addi-
tional slip systems, now occurring also on {111} < 110>, in addition to
{110} < 110>, thereby inducing additional ductility™. The micro-
compression trends in deformability and o, observed here are consistent
with previous high-temperature mechanics work™ on simpler B1-NaCl
structured multi-component nitrides, where characterization was limited to
500 °C—the exact compositions, equimolar or otherwise, not being reported
therein hindering fruitful comparison.

Amongst the equimolar compositions, the pentanary system
(Tig23Hfo 15Nbg 17Vo.21Zr924)N is the strongest in microcompression over
almost the entire temperature range from 25 to 1000 °C, particularly at the
extremes. Strengthening in all equimolar cases can be attributed to the lattice
resistance of the solid solution—consistently improved neither by greater
chemical complexity nor by the addition of higher melting point nitride
formers. The sluggish diffusion characteristic of multi-principle component
alloys or high-entropy metal sub-lattice nitrides'’, combined with a rela-
tively low driving force for decomposition, means equimolar systems retain
their single-phase structure. Hence, o, decreases at high temperatures,
which is primarily associated with the decline of the lattice resistance and
absence of other obstacles for dislocation motion'”. An essential feature of
the annealing study is that hardness increases in all the analyzed systems
upon annealing above the deposition temperature (450 °C); this is sur-
prising, as commonly hard coatings without an additional microstructural
strengthening mechanism would hence lose the strength benefit of a high
density of ion-bombardment-induced crystal defects formed during
synthesis™. As no modification to the 100-nm-scale columnar grain struc-
ture upon annealing is evident, a potential strengthening effect needs to be
attributed to chemical segregations at the atomic-scale and/or short-range
ordering observed in the metal sub-lattice, Fig. 3A, which may alter local
lattice resistance.
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Fig. 5| STEM and EDS analysis of a pillar compressed at 1000 °C. Overview cross-
sectional A BF-TEM (red dotted line serves as a guide to buckling of the columnar
grains) and B Z-contrast STEM image from the hexanary ‘Al-high’ pillar after

compression at 1000 °C with corresponding SAED pattern as an inset, and electron
and ion-deposited Pt protective straps (e-Pt & i-Pt, respect.) indicated. C EDS color-

coded maps of Al and Ti acquired from the white square in B with insets demon-
strating EDS maps with a higher magnification. EDS color-coded maps of D Ti-Al,
EV,FZr, GHf, HNb,I AL,J Ti,and KN. Scale bar in (A) and (B) is 1 pm, in (C) it is
200 nm (20 nm in the insets), and in (D)-(K) they are 20 nm.

The case of the W-containing heptanary nitride is particularly thought-
provoking, as the high nanohardness performance in the annealing study is
not borne out in high-temperature microcompression. The Tabor factor,
that is, hardness to yield strength ratio, at room temperature of 4.6 for the
heptanary nitride is indicative of brittleness-limited behavior*—compared
to the pentanary and hexanary Al-high nitrides, where cohesive plasticity
carries a theoretical Tabor factor of ~3". This reflects a certain degree of
deformability of the latter two even at room temperature, as observed
elsewhere in chemically simpler nitrides™, compared with the brittleness of
this heptanary nitride. It is also important to note the considerably longer
thermal holds at each test temperature experienced by the thin films during
microcompression testing, lasting 4 h at least, Supplementary Fig. 13, as
compared with 10 min for the annealing study, which justifies oxidation-
induced strength loss. Moreover, the prolonged time for diffusion in
microcompression tests may favor annihilation of the ion-bombardment-
induced point defects, which results in weakening of this strengthening
effect, starting from 500 °C. On the other hand, the cause of hardness
improvement between annealing at 1000 and 1100 °C remains unclear—
only grain-scale W segregations (Supplementary Figs. 2b, 3) and suggestions
of short-range ordering, Fig. 3B, are identified here. Surprisingly, the pre-
sence of grown-in twin boundaries distinguishes the W-containing hep-
tanary system from the other equimolar compositions; twin boundaries are
uncommon for many refractory nitrides due to high stacking fault energies™

and may contribute to high hardness. Since the system contains refractory
metal nitrides with both low (NbN, VN, and TaN) and high (HfN, TiN,
ZrN) stacking fault energies™, the presence of twins in this heptanary high-
entropy nitride may be energetically favored”. Such twin boundaries may
be further exploitable if better understood. Moreover, any possible devia-
tions from ideal randomness, i.e. short-range ordering or clustering, at high
annealing temperature can significantly alter the Peierls stress and related
strengthening®.

The greatest relative hardness increase is, however, achieved by the
hexanary Al-high system (Tiy3Hf; 0;Nbgo7Vo10Zr0124l051)N, which
undergoes microstructural decomposition most rapidly — consistent with
the higher thermodynamic driving force (Fig. 2A, C) compared with
equimolar compositions. The observed XRD peak shoulders, compositional
modulation, and retention of B1-NaCl structure are consistent with
spinodal-type decomposition typical for Al-rich refractory metal nitrides*'.
Decomposition of the Al-high solid solution into isostructural
(TiHfVNbZr)N- and AIN-rich coherent nanodomains results in spatially
fluctuating strain fields between the domains due to the negligible difference
in their lattice parameters*. These coherency strains can also be accom-
modated by partial dislocations, stacking faults, and misfit dislocation
depending on the stage of decomposition***'. Hence, its here-unmatched
high-temperature strength is provided by coherency strain between
decomposed nano-domains® as well as solid solution strengthening of the
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Fig. 6 | Metastability tuning to optimize micro-
structural strengthening mechanisms of high-
entropy nitrides for application at specific tem-
peratures. A The schematics of strength evolution
for all systems studied as a function of annealing
temperature and related relative changes in con-
stituent elemental composition and phase fractions.
The black solid line represents the behavior of all
equimolar refractory metal-based high-entropy
nitrides, the red solid line represents the hexanary
‘Al-low’ system, and the green line stands for the
hexanary ‘Al-high’ system. In (A), areas of circles

>

Strength

0.07
0.06
0.05
0.04
0.03
0.02

0.01
0.007

represent the elemental compositions and phase
proportions, where the fcc-NaCl structured cubic
phase is denoted by circles and the hexagonal AIN
phase is denoted by hexagons. The dashed lines
show further hypothetical evolution of the strength
and phase composition after annealing at tempera-
tures beyond 1200 °C. Contributions to total shear
strength 7g,m depicted in (B) for the hexanary ‘Al-
high’ system are: lattice resistance 7*, solid solution
strengthening of the metallic sub-lattice, 7gs, Taylor
(dislocation) hardening, 7g, pillar-size strengthen-
ing, Ts, grain-size strengthening, ;,_p, short-range
ordering, 7, and spinodal decomposition, 7.4. Aa’A>
controls spinodal strengthening based on the lattice
parameter change Aa across the decomposed phases
with spatial wavelength, A, whereby the axis limit
here is the extreme of fcc-NaCl structured pure AIN
grown to A = 15 nm. The arrow in (B) highlights a
route for effective use of microstructure control by
spinodal decomposition to offset the thermal soft-
ening of the lattice resistance.

Annealing temperature

spinodal phase with a composition part-way between the pentanary and
hexanary Al-low nitrides. Stacking faults and partial dislocations should
enable good ductility, and activate different slip systems, although the results
presented here indicate that the pentanary nitride itself nevertheless pre-
sents equally cohesive room temperature plasticity. Preferential alignment
of the spinodal dual-skeleton of percolating phases likely leads to additional
strength retention along the growth direction at high temperature®. The
hexanary ‘Al-low” system also decomposes through this mechanism after
annealing at 1200 °C, but the high-temperature strength up to 1000 °C of
this system is in the range of all other equimolar systems—likely due to
delayed onset of decomposition of the hexanary ‘Al-low’ compared to the
‘Al-high’ system, given the lower thermodynamic decomposition driving
force (Fig. 2C).

Moreover, the high-temperature strength of the Al-high system can be
explained by a larger amplitude of the composition modulation* compared
to the Al-low system (Fig. 3D, F, Supplementary Fig. 7). The hexanary ‘Al-
low’ system, annealed 1200 °C, shows the highest hardness (Fig. 2D),
implying that the transformation of c-AIN nanodomains into thermo-
dynamically preferred yet softer hexagonal AIN is delayed in the Al-low
system in comparison to the Al-high system'>* as evident from XRD results
(hexagonal AIN phase precipitation starts at 1300 °C in ‘Al-high’ films,
Fig. 2A, and at 1400 °C in ‘Al-low’ films, Supplementary Fig. 1C). Such a
trend in the evolution of microstructure and phase composition of the ‘Al-
low’ system may provide a more beneficial strengthening effect as compared
to the ‘Al-high’ condition, at temperatures above 1100 °C, Fig. 6A. A clas-
sical summative strengthening model of the shear modulus-normalized
shear strength, /G, plotted component-wise in Fig. 6B for ‘Al-high’ system,
features theoretical contributions from the solution-strengthened lattice,
dislocation arrays, grain and test-piece sizes, coherency strains due to
decomposition, as well as the less-understood short-range ordering***, all
detailed further in Supplementary Note 5. It is worth nothing that this plot
does not account a potential decrease of the Hall-Petch slope (k) as

temperature increases, typically leading to reduced grain boundary
strengthening. However, under first approximation, we neglect this con-
tribution because under studied conditions the spinodal domains are
coherent in the films and the grain size remains unchanged in all samples.
The opportunity to offset thermal softening by forming decomposed iso-
structural phases with higher compositional segregation at a greater spatial
length scale is demonstrated in Fig. 6B, which may be achievable through a
tailored composition design strategy that aims for the optimal synthesis of
metastable phases highly prone to decomposition at specific application
temperatures.

The excellent high-temperature strength-deformability combination
of the ‘Al-high’ hexanary system, due to a synergy of several hardening
mechanisms accessible upon decomposition of the solid solution via a
spinodal mechanism and sufficient to deform the diamond punch itself
(Supplementary Fig. 11), reflects its serious contendership as a next-
generation ultrastrong high-temperature ceramics. A simple Tabor factor of
3 predicts a hot hardness of ~20 GPa at 1000 °C. It also highlights the
experimental difficulty in investigating such high-entropy ceramics—only
B,C has been suggested as mechanically superior at high temperatures so
far®, yet it is unlikely to resolve the chemical reactivity issues. Given that
high-entropy nitrides can be synthesized in a bulk form®', ceramic materials
demonstrating such high-temperature properties can find a range of
applications in extreme high-temperature environments beyond the field of
hard protective coating">'".

Conclusions

In summary, the current findings show that rather than focusing on equi-
molar compositions and single-phase formation and stabilization in high-
entropy ceramics, the unexplored realm of non-equimolar composition
space can offer a pathway to impressively tune phase metastability and
related complex phase transformation sequences upon metastable phase
decomposition to achieve different strengthening mechanisms at high
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temperatures. We show that the inherent metastability triggers the
decomposition of the high-entropy nitride studied here via a spinodal
mechanism. This results in a chemically modulated microstructure that
generates coherency strains, which, combined with the lattice resistance of
the resulting solid solution phase, lead to an ultrahigh yield strength at
1000 °C. Future technological developments in such high-entropy nitrides
may aim to optimize the refractory metal chemistry for greater strength and
microstructural stability beyond 1000 °C while retaining the benefits of the
early decomposing solid solution bringing spinodally-modulated micro-
structure and oxidation resistance here and even exploit additional
mechanisms such as high twin densities and atomic-scale segregations and
re-arrangements. The strategy of metastability tuning demonstrated here
for high-entropy nitrides may pave a route towards tailoring high-
temperature mechanical properties in other high-entropy ceramics, like
carbides, oxides, and borides. We anticipate that a mesmerizing world of
ultrastrong high-temperature ceramic materials can be unraveled by delving
into the metamorphosis of metastable high-entropy nitride phases,
employing, amongst others, spinodal decomposition.

Methods

Thin film growth

Refractory-metal-based pentanary (TiHfNbVZr)N, hexanary
(TiHENDVZrTa)N, and heptanary (TiHfNbVZrTaW)N thin films are
grown by direct current (DC) magnetron sputtering in an industrial
CemeCon AG CC800/9 magnetron sputtering system. The hexanary Al-
low and Al-rich (TiHfNbVZrAI)N are grown by a hybrid high-power
impulse and DC magnetron co-sputtering HIPIMS/DCMS. The pentanary,
hexanary, and heptanary films are grown at a floating potential of ~20 V. All
films are deposited at a substrate temperature of 450 °C. The films are grown
using Al, W, TiHfZrNbV and TiHfZrNbVTa targets. For the growth of Al-
containing films, the compound targets are powered by a DC power supply,
while the Al target is powered by a HiPIMS power supply. HiPIMS pulse
length is set to 100 us and the pulsing frequency is varied from 200 to 600 Hz
at different HIPIMS power. This variation is implemented to obtain dif-
ferent Al content in the films while maintaining the target current density in
the range 0.51-0.57 A/cm’. A pulsed substrate bias of —60V is applied
synchronously with the Al-HiPIMS pulses, using a pulse length of 100 ps
and an offset of 30 ps, in order to act on the metal-rich portion of the ion flux
arriving at the substrate. The films are grown with 6 pm thickness on (0001)
single-crystalline sapphire substrates. See previous publication for details”.

Micro-pillar fabrication

The micro-pillars are produced with the equivalent diameter of ~1.8 um
and the final taper angle not exceeding 3° by focused ion beam (FIB) milling
in a Tescan Lyra 3 instrument. The micro-pillars are milled with heights of
~4-4.5um to avoid sample/pillar penetration into the substrate during
compression and to avoid pillar-on-pedestal effects.

Mechanical properties

Micro-pillar compression is performed in situ in a Zeiss DSM 962 scanning
electron microscope (SEM, base pressure 1.3 x 10~*Pa) using an Alemnis
SEM indenter extensively modified for operation at temperatures up to
1000 °C, with pyrolytic graphite-on-pyrolytic boron nitride heaters to
achieve independent heating of both sample and indenter”. The com-
pression is performed using a 5 um diameter diamond flat punch manu-
factured for high-temperature experiments by Synton-MDP. To minimize
the effect of thermal drift during compression at elevated temperatures,
matching the sample temperature and indenter temperature follows the
procedure described elsewhere™ to ensure thermal equilibrium at contact,
considering the impact of substantial mutual radiative heating above
~600 °C*. Initial tip temperature calibration is achieved by indentation of
the molybdenum holder adjacent to a spot-welded reference thermocouple.
The calibration of the compliance of the loading frame is performed at test
temperatures by indentation of the (0001) single crystalline sapphire sub-
strate material using a diamond Berkovich indenter, according to the

method in ref. 54. To achieve stabilization of the system at high tempera-
tures, the heating rate is set to 5 °C/min. Prior to the test, the holding time for
complete equilibration of tip/sample temperature and the rest of the loading
frame and sensors is set to ~4-5h at each test temperature—see Supple-
mentary Fig. S13 for an exemplary heating schedule. For statistical accuracy,
at least 4-5 pillars are compressed for each film composition at each test
temperature. The compression is conducted at room temperature (RT),
500 °C, 700 °C, 800 °C, 900 °C, and 1000 °C, once the isothermal conditions
for the sample and punch are achieved. The micro-pillars are compressed in
displacement control mode with a strain rate of 1 x 107>s ™" at temperatures
from RT to 900 °C and with a strain rate of 1x 107*s™" at 1000 °C for
practical reasons. The temperature-dependent compliance of the sapphire
substrate™** and the pillar geometry is considered by applying Sneddon’s
and Zhang’s corrections” during yield strength calculations using the
associated MicroMechanics Data Analyzer (MMDA) software.

The NanoTester Vantage Alpha by Micro Materials, Ltd. (Wrexham,
Wales) equipped with a diamond Berkovich probe is used to measure
nanoindentation hardness H and reduced Young’s moduli for refractory-
metal-based thin film nitrides. Depth sensing indentations are acquired with
a constant load of 30 mN during a dwell period of 5 s, yielding indentation
depths <10% of the film thicknesses. H values are calculated following the
Oliver and Pharr rule, considering the elastic unloading part of the gener-
ated load-displacement curve. The standard deviation errors are extracted
from the corresponding 20 indents (each separated by 25 um within the
boundaries of square grids).

Structural characterization

Film and micro-pillar cross-sectional lift-out for scanning and transmission
electron microscopy (STEM) and selected area electron diffraction (SAED)
are performed by FIB in a FEI Helios NanoLab G3 UC Dual Beam SEM/Ga*
FIB system. TEM investigations are performed using a probe-corrected
Thermo Fisher Scientific Titan Themis 200 G3 operated at 200 kV. Energy
dispersive X-ray spectroscopy (EDS) is acquired with the integrated SuperX
detector. The annealing is performed in a vacuum with the heating rate of
10°C/min to the annealing temperature T,, which is in the range
900-1200 °C, and then kept at T, for 10 min. Following anneals, the furnace
is allowed to naturally cool to room temperature. The phase composition of
the films before and after annealing is determined using Bragg-Brentano X-
ray diffraction (XRD) using a PANalytical Empyrean X-ray diffractometer.
To avoid reflections from the sapphire substrate, the XRD scans are
recorded using a 1° offset along w. The composition and stoichiometry of the
films are determined by X-ray photoelectron spectroscopy (XPS) and time-
of-flight elastic recoil detection analysis (ToF-ERDA). More details about
the measurements and analyses are given in the reference”.

Computational details
The formation enthalpy AH, for compositions (TiHINbVZr), (ALN was
calculated as

AH{(x) = E,, (compound) — inEiw, (1)

where E, ,(compound) is a total DFT energy of the B1-NaCl-structured solid
solution modeled as quasi-randomly arranged atoms™, E' . is the total
energies of the reference parent phases (binary or ternary decomposition
products™), each weighted by the corresponding atomic fraction x;. DFT
calculations were performed using the same level of approximations as in
refs. 60,61: plane-wave cutoff E,,,; = 650 eV, Brillouin zone k-point spacing
is 0.5 A", electronic convergence threshold 10~*eV, and ionic relaxation
until the forces were below 10 eV.

To account for temperature effects arising from configurational dis-
order, the Gibbs formation energy was approximated as:

AG(x, T) = AH(x) — TS, )
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where

Seonf = kg Z xnx; 3)

is the ideal configurational entropy, assuming all cationic sites in B1-NaCl
structure are equally accessible for all atomic species.

Data availability

All data are available from the corresponding authors on reasonable request.
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