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A B S T R A C T

Despite extensive studies on ceramic multilayers, combinations of nitrides with metals remain underexplored, 
particularly in the context of enhancing fracture resistance through interface design. In this study, we explore the 
mechanical and thermodynamic properties of 30 multilayered systems combining nitrides (XN) and carbides 
(XC) of group IV transition metals, X = {Ti, Zr, Hf}, with group V–VI high-temperature metals, M = {V, Nb, Ta, 
Mo, W}, using Density Functional Theory. Among them, TiN/Nb and TiN/V emerge as promising candidates 
based on formation energies, high interface strengths, and favorable elastic contrasts. Focusing on TiN/Nb—due 
to superior oxidation resistance—we fabricate multilayers via non-reactive sputtering and confirm the formation 
of distinct TiN and Nb layers. Compression tests on FIB-milled micropillars reveal that the deformation behavior 
is governed by bilayer period (Λ) and TiN:Nb layer-thickness ratio (Γ). Systems with lower Γ exhibit increased 
compressive strain-to-failure, while those with higher TiN content (Γ = 6) show a more brittle-like fracture. The 
observed plasticity aligns with confined layer slip (CLS) behavior, where dislocation motion is restricted to the 
metallic Nb layers. These findings demonstrate that TiN/Nb multilayers can be tailored for improved toughness 
and ductility, offering a pathway towards advanced coatings for extreme environments.

1. Introduction

The development of protective coatings through innovative alloying 
concepts and architectural design has been a central focus in materials 
science for decades. These coatings play a critical role in extending the 
service life and performance of high-stress components such as turbine 
blades, cutting tools, and pistons, with the overarching goals of 
enhancing hardness, wear resistance, and fracture toughness [1–3]. 
Among the most promising strategies, multilayer coatings—consisting 
of alternating layers of distinct materials—have demonstrated excep
tional potential. By tailoring individual layer thicknesses and material 
combinations, multilayers enable the optimization of mechanical and 
thermal properties such as hardness, toughness, oxidation resistance, 
and crack deflection, which are often unattainable in single-phase sys
tems [4–8].

Transition metal nitrides, carbides, and borides are particularly 
valued for their high hardness, thermal stability, and wear resistance, 
making them prime candidates for demanding applications. When 

combined with metallic layers in multilayer architectures, these ce
ramics offer new pathways for optimizing performance. Systems inte
grating nitrides or carbides (e.g., TiN, CrN) with metals (e.g., Ti, Cr, Cu, 
Al) leverage the individual strengths of each phase—yielding coatings 
with improved fracture toughness, ductility, and oxidation resistance 
beyond that of monolithic coatings [9–17]. Mechanical properties can 
be tuned via bilayer period (Λ) and individual layer thicknesses: ultra
thin layers often increase hardness via the Hall–Petch or superlattice 
effect [5,18], while thicker metallic layers enhance ductility and inhibit 
crack propagation. The atomic structure and quality of interfaces further 
govern the mechanical response, as dislocation motion and bonding 
strength across layer boundaries critically affect both strength and 
deformability.

Despite these advantages, combinations of nitrides or carbides with 
high-temperature metals remain comparatively underexplored 
[15–17,19–21]. This is especially true for multilayers involving group V 
and VI refractory metals, which offer excellent thermal and mechanical 
properties. One major challenge is the deposition of such materials 
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under reactive environments, where strong nitride or carbide formers 
can lead to gas intermixing and degradation of metallic layers. Using 
composite ceramic targets for physical vapor deposition (PVD) in inert 
atmospheres offers a promising route to overcome this issue, as it sup
presses gas-phase cross-contamination and ensures clean interface for
mation [22].

Selecting optimal ceramic–metal pairings remains a key challenge in 
designing high-performance multilayers. Recent advances in high- 
throughput modeling and density functional theory (DFT) enable sys
tematic screening of candidate materials by predicting their thermody
namic stability, elastic behavior, and interface energetics [23–25]. 
When combined with micromechanical testing techniques, such as 
focused ion beam (FIB) milled micropillar compression, this approach 
allows for direct correlation between atomic-scale predictions and 
deformation behavior at the submicron level [26–29]. These tests can 
elucidate the dominant deformation mechanisms—such as confined 
layer slip, grain boundary activity, and shear localization—guiding the 
development of coatings with tailored mechanical performance [30].

In this study, we investigate 30 ceramic–metal multilayer combina
tions based on group IV transition metal nitrides or carbides (XN/XC, X 
= Ti, Zr, Hf) with high-temperature metals (M = V, Nb, Ta, Mo, W), 
using DFT to evaluate formation energies, interface strength, and elastic 
properties. TiN/Nb and TiN/V multilayers emerge as the most promising 
systems. Due to its superior oxidation resistance, TiN/Nb is selected for 
experimental validation via non-reactive PVD. We systematically vary 
the bilayer period (Λ) and TiN:Nb thickness ratio (Γ) and study the 
deformation mechanisms using micropillar compression. Our results 
reveal that both parameters significantly influence plasticity and failure 
behavior, with trends that are consistent with confined layer slip within 
the Nb layers. These findings provide a foundation for designing tough, 
ductile ceramic–metal multilayers for extreme environments.

2. Methodology

DFT calculations on XN/M and XC/M [nitrides (XN) or carbides (XC) 
of the group IV transition metals, X = {Ti, Zr, Hf}, with the group V–VI 
high-temperature metals, M = {V, Nb, Ta, Mo, W}] multilayer structures 
were performed using the Vienna Ab initio Simulation Package (VASP) 
[31,32] together with plane-wave projector augmented wave (PAW) 
pseudopotentials [33] and the Perdew-Burke-Ernzerhof generalized 
gradient approximation (GGA) [34]. The plane-wave cutoff energy of 
600 eV and the reciprocal space sampling with Γ-centered Monkhorst- 
Pack meshes [35] ensured a total energy accuracy of at least 10− 3 eV/ 
at. Equilibrium lattice constants of these multilayer building compo
nents were evaluated by fitting the energy vs. volume curve, while the 
interfaces were fully optimized by relaxing their volume, cell shape, and 
atomic positions. Relative chemical stability was estimated by calcu
lating formation energy, Ef (Eq. (1) in Ref. [23]), while mechanical 
stability [36] and elastic moduli were assessed from the elastic con
stants, calculated using the stress–strain approach [37,38]. Interface 
strength was estimated by calculating cleavage energy, Ecl, and cleavage 
stress, σcl, according to Refs. [39,40]. The calculated Young’s modulus E 
of isotropic polycrystalline aggregates are obtained by Hill’s [41] 
averages.

Based on these DFT considerations, various TiN/Nb multilayer 
coatings were non-reactively sputtered using an AJA Orion 5 system 
equipped with a three-inch ceramic TiN target and a two-inch metallic 
Nb target (both from Plansee Composite Materials GmbH, 99.5 % pu
rity). The deposition chamber was evacuated to a base pressure of ≤0.1 
× 10− 3 Pa before being filled with high-purity Ar (99.999 %). The 
substrates, mounted on a rotatable holder (1 Hz rotation), were heated 
to Ts = 420 ◦C. Prior to deposition, they were Ar-ion-etched for 10 min at 
a total pressure of 6 Pa with a DC etching potential of –500 V.

For the deposition of the TiN/Nb multilayers, the Ar flow was 
reduced to 10 sccm, and the working gas pressure was maintained at 0.4 
Pa using a Baratron gauge. The substrates were biased with a DC 

potential of Ub = –80 V, while the TiN target was powered at 1 A DC and 
the Nb target at 0.6 A DC. Single-side polished (1 1 02)-oriented sap
phire platelets (10 × 10 × 0.53 mm3) served as substrates. The confocal- 
aligned cathodes were positioned 110 mm from the substrate holder.

Three series of multilayers with varying TiN:Nb layer-thickness ra
tios (Γ = ℓTiN:ℓNb) of 1:1, 3:1, and 6:1 were prepared, each featuring 
three different bilayer periods (Λ = ℓTiN+ℓNb) of 50, 100, and 450 nm. 
This resulted in 3 × 3 different multilayers containing 50, 25, and 5 
bilayers, respectively, with a total thickness of 2.1–2.8 µm. These 
desired architectures were achieved using computer-controlled shutters 
positioned above the TiN and Nb targets. During deposition, the shutters 
were alternately opened for specific time intervals, while the cathodes 
remained continuously powered behind closed shutters, to precisely 
control the individual layer thicknesses. The shutter timing was cali
brated based on pre-studies of monolithic TiN and Nb films to account 
for their respective deposition rates.

Structural analysis was performed using X-ray diffraction (XRD) on a 
Panalytical X’Pert II θ-θ diffractometer equipped with a Cu-Kα source in 
Bragg-Brentano geometry. The recorded diffraction patterns were 
analyzed using the HighScore Plus software.

For mechanical testing, micropillars with diameters of 485 ± 14 nm, 
875 ± 30 nm, and 1250 ± 6 nm, all featuring a shank-angle of 2.3 ±
0.4◦, were fabricated from six multilayers via focused ion beam (FIB) 
milling using an FEI Quanta™ 3D FEG FIB-SEM. Each pillar geometry 
was prepared in triplicate, resulting in three measurements per geom
etry. Thus, in total, 54 pillars (6 × 3 × 3) were tested. The pillars were 
aligned along the growth direction (perpendicular to the layer in
terfaces) and had a height of 2.1–2.8 µm, corresponding to the total 
multilayer thickness. Milling was carefully stopped at the coating- 
substrate interface. Coarse FIB milling was conducted at 7 nA, fol
lowed by finishing steps at 50 pA to minimize Ga ion damage.

The micropillars were compressed in-situ using a FemtoTools FT- 
NMT04 nanoindenter, equipped with a 5 µm flat punch diamond tip, 
inside an FEI Quanta 250 FEG-SEM. The system, capable of applying up 
to 200 mN, maintained a noise level below 5 µN (measured at 10 Hz). 
Compression tests were conducted at room temperature in 
displacement-controlled mode with a displacement rate of 5 nm/s. The 
engineering stresses and strains were calculated following the approach 
in [42].

Selected deformed pillars were further analyzed via transmission 
electron microscopy (TEM) using an FEI TECNAI F20 operated at 200 
kV. Following initial compression, site-specific TEM lamellae were 
prepared from the micropillars using an FEI Scios™ 2 DualBeam™ FIB/ 
SEM. A protective tungsten cap layer was first deposited to preserve the 
surface structure. The exposed sides were then shaped using a 500 pA 
Ga+ ion beam to define the lamella geometry. Material removal from the 
base and sidewalls enabled lift-out of the lamella, which was subse
quently attached to a copper TEM grid. Final polishing was carried out at 
a stage tilt of ±2◦, using a reduced ion beam current of 50 pA to achieve 
electron transparency and minimize ion-induced damage—a corre
sponding procedure was used for non-deformed material). TEM ana
lyses, including Fast Fourier Transform (FFT) evaluations, were 
performed using the Gatan Digital Micrograph 3 software package.

3. Results and discussion

3.1. Material selection based on ab initio screening

To identify the most promising material combinations for experi
ments, 30 multilayered systems were investigated with DFT calcula
tions. These XN/M and XC/M multilayers combined nitrides (XN) or 
carbides (XC) of the group IV transition metals, X = {Ti, Zr, Hf}, with the 
group V–VI high-temperature metals, M = {V, Nb, Ta, Mo, W}. While the 
nitrides and carbides preferentially crystallize in the face-centered cubic 
(fcc) lattice, the metals adopt the body-centered cubic (bcc) structure. 
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To form (semi-)coherent interfaces, the bcc lattice must be rotated by 
45◦ with respect to the fcc, i.e. [100]fcc ‖ [110]bcc. We selected material 
combinations based on their thermodynamic and mechanical stability, 
indicated by negative formation energy values (Ef, Fig. 1a) and elastic 
stability criteria.

Additionally, we considered their tendency to form sharp interfaces 
without intermixing (ΔEf, Fig. 1b), high interface strength (quantified by 
the difference in cleavage energy between the multilayer stack and the 
parent ceramic component ΔEcl, Fig. 1c), and significant differences in 
elastic moduli of the multilayer components (ΔE, Fig. 1d). Thus, Ef 
should be highly negative, ΔEf, should be minimally negative or even 
positive, ΔEcl should be large, and ΔE between the ceramic and metal 
should be high. Large differences in elastic moduli of the multilayer 
building blocks lead to variations of the stress/strain fields at the in
terfaces [5,43,44], which help dissipate energy during crack propaga
tion, especially when major propagation direction is perpendicular to 
the interfaces.

Although no formal weighting scheme was applied to the selection 
criteria, priority was given to identifying combinations with low for
mation energies and strong interfacial bonding, as these indicate 
favorable thermodynamic stability. Differences in elastic moduli be
tween the ceramic and metallic components were considered a 

secondary factor, potentially influencing stress partitioning at the 
interface, but not used as a primary design parameter. For instance, TiN 
exhibits a high polycrystalline Young’s modulus (~450 GPa) and a 
directional modulus along 〈100〉 (~520 GPa), whereas bcc-V (70.9 GPa) 
and bcc-Nb (83.6 GPa) are significantly more compliant. These pairings 
result in pronounced modulus mismatches (ΔE) for the TiN/V and TiN/ 
Nb systems (Fig. 1d), which may influence local mechanical response.

In terms of thermodynamic stability, the TiN/V and TiN/Nb in
terfaces exhibit low formation energies (Ef, Fig. 1a), and among the 
evaluated XN/M combinations, they also show the least negative dif
ferences in Ef (Fig. 1b). Moreover, both systems display relatively high 
interface strength, as approximated by the cleavage energy difference 
between the multilayer stack and the parent ceramic component 
(Fig. 1c). While TiN/V offers a slightly less negative ΔEf, TiN/Nb pro
vides a higher interfacial bonding energy (ΔEcl), suggesting stronger 
interfacial cohesion. Additionally, Nb provides superior oxidation 
resistance compared to V. Based on these combined consid
erations—thermodynamic favorability, interfacial strength, and envi
ronmental stability—the TiN/Nb system was selected for experimental 
investigation.

3.2. Thin film deposition

Titanium and niobium both have a strong tendency to form nitrides, 
as confirmed by DFT calculations predicting energy of formations Ef of 
− 1.966 eV/at for TiN [45] and − 0.998 eV/at for NbN [23,45,46]. 
Therefore, we selected a non-reactive deposition route, sputtering TiN 
layers from a ceramic TiN target and metallic Nb layers from an Nb 
target. This approach ensures that the chamber remains nitrogen-free 
during the Nb layer deposition. To enhance coating–substrate adhe
sion, the first layer was always Nb. As described in the methodology 
section, we prepared three series of multilayers, classified by their layer- 
thickness ratio Γ = ℓTiN:ℓNb = 1, 3, and 6. Within each series we aimed 
for bilayer periods of Λ = 50, 100, and 450 nm. Cross-sectional SEM and 
TEM analyses confirm that the individual layer-thickness ratios were 
achieved, while the bilayer periods slightly deviate from the target 
values. The measured bilayer periods fall within Λ = 51 ± 4 nm, 96 ±
17 nm, and 420 ± 11 nm. For accuracy, we refer to each of the nine 
distinct multilayers by its specific Γ–Λ combination: 1–420 nm, 1–108 
nm, 1–55 nm, 3–420 nm, 3–84 nm, 3–51 nm, 6–420 nm, 6–100 nm, and 
6–48 nm, with individual layer thicknesses determined by: 

l Nb =
Λ

Γ + 1 

l TiN = Λ −
Λ

Γ + 1
=

Λ⋅Γ
Γ + 1

(1) 

In addition, cross-sectional TEM investigations further confirm the 
excellent semi-coherent growth of the two layers, TiN and Nb. This is 
exemplified in Fig. 2a, b and c, which present the multilayer with Γ = 1 
and Λ = 55 nm, and in Fig. 2d, e, and f, which show the multilayer with 
Γ = 1 and Λ = 420 nm.

The lower-magnification TEM images (Fig. 2a, b, d, and e) reveal that 
the individual TiN and Nb layers follow the crystallographic orientation 
of the underlying grains, resulting in a columnar-like growth 
morphology. This feature is evident in both multilayers with bilayer 
periods of 55  nm and 420  nm. The grain sizes appear consistent across 
both samples, with their length constrained by the respective layer 
thicknesses and widths ranging from 30 to 40  nm—significantly smaller 
than the diameter of even the smallest compression pillars. High- 
resolution TEM (HR-TEM) images (Fig. 2c and f) further confirm the 
semi-coherent growth of TiN and Nb at the interfaces.

The phase identity and crystal structures were validated by selected 
area electron diffraction (SAED) patterns obtained from multilayers 
with Γ = 1 and Λ = 55  nm (Fig. 2a3) and 420  nm (Fig. 2d3). For the 55 
nm period, the SAED aperture encompassed several TiN and Nb layers, 

Fig. 1. Ab initio screening of XN/M and XC/M multilayered systems and their 
fcc-XN, fcc-XC, and bcc-M components, where X = {Ti, Zr, Hf}, M = {V, Nb, Ta, 
Mo, W}. Formation energy Ef of the multilayer (a), difference between the 
multilayer and its constituent components (fcc-XN, fcc-XC, and bcc-M) of their 
formation energy ΔEf (b), cleavage energy ΔEcl (c), and polycrystalline Young’s 
moduli ΔE (d).
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resulting in a diffraction pattern that clearly exhibits contributions from 
both fcc-TiN and bcc-Nb phases (Fig. 2a3). In contrast, the larger bilayer 
period of 420  nm enabled individual SAED measurements of TiN and Nb 
layers, unambiguously confirming their respective fcc and bcc crystal 
structures (Fig. 2d3).

3.3. Structural analysis

The comparison of the XRD patterns, Fig. 3, shows that all multi
layers exhibit a mixed polycrystalline growth orientation. Within each 
series with Γ = 1 (Fig. 3a) or 3 (Fig. 3b) or 6 (Fig. 3c), peak profile widths 

Fig. 2. Cross-sectional TEM images of TiN/Nb multilayers, illustrating their microstructure and semi-coherent growth. (a1) HAADF-STEM (mass contrast) and (a2) 
bright-field TEM image of a multilayer with Γ = 1 and Λ = 55  nm, showing well-defined, alternating TiN and Nb layers. (a3) SAED pattern acquired from the region 
marked in (a2), covering both TiN and Nb layers; diffraction rings correspond to fcc-TiN (indexed with rusty dashed circle segments) and bcc-Nb (indexed with bluish 
solid circle segments). (b) Medium-magnification and (c) high-resolution TEM images of a TiN/Nb interface within the Λ = 55  nm multilayer. (d1) HAADF-STEM 
and (d2) bright-field TEM images of a multilayer with Γ = 1 and Λ = 420  nm, revealing thicker individual layers. (d3) SAED pattern showing isolated diffraction 
from individual layers (region of investigation marked in (a2)), with fcc-TiN and bcc-Nb clearly resolved. (e) Medium-magnification and (f) high-resolution TEM 
images of the TiN/Nb interface in the Λ = 420  nm multilayer. Scale bars are identical in (b)/(e) and (c)/(f). In bright-field images, Nb appears darker and TiN 
brighter due to differences in electron scattering, whereas in HAADF-STEM images (a1, d1), the heavier Nb appears brighter and the lighter TiN darker.

Fig. 3. XRD patterns of the three TiN/Nb multilayer series with layer ratios Γ = 1 (a), Γ = 3 (b), Γ = 6 (c). Each series contains three distinct bilayer periods, with the 
individual patterns labeled by their corresponding Λ. The standard positions for bcc-Nb (#00–035-0789) are marked with bluish full rhombus symbols, those of fcc- 
TiN (#00–038-1420) with yellowish empty cubes, those of fcc-NbN (#03–065-2877) with green full cubes (exemplarily labeled in (a)), and those of the sapphire 
substrate with a star symbol. XRD data are plotted on a logarithmic scale to highlight weaker peaks. Reflections correspond to TiN and Nb, indicating phase-pure, 
textured layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increase as Λ decreases, indicating smaller coherently diffracting 
domain sizes and increasing microstresses. As the layer-thickness ratio Γ 
increases (Fig. 3a to b), the contribution of TiN becomes more pro
nounced. However, Nb remains detectable even for the highest Γ of 6 
combined with the smallest Λ of 48 nm. At this point, the Nb layer is 
thinnest with around 7 nm. There is no indication of fcc-NbN phase 
formation, even for the lowest Γ of 1 combined with the largest Λ of 420 
nm, where the Nb layer is thickest with around 210 nm. Together with 
the TEM and SAED investigations this confirms the successful separated 
formation of nitride and metal layers, as intended by the non-reactive 
deposition route.

3.4. Fracture stress and appearance

The individual multilayers were tested for their resistance to 
compression by recording the force and calculating the engineering 
stress (σ) during micro-compression tests of FIB-machined pillars. The 
pillars were extracted from the multilayers with their axis aligned along 
the coating growth direction, meaning the multilayers were loaded 
perpendicular to the TiN/Nb interfaces (see the methodology section for 
more details).

For six multilayers, three different pillar diameters were prepared. 
To ensure statistical reliability, each geometry was fabricated and tested 
three times, resulting in a total of nine tests per multilayer. Fig. 4 pre
sents the obtained stress–strain (σ–ε) curves during pillar compression. 
The most characteristic multilayers are tested, illustrating the effect of 
decreasing the bilayer period Λ and increasing Γ. Specifically, for the 

smallest Γ of 1, Λ is reduced from 420 nm (Fig. 4a) to 108 nm (Fig. 4b) to 
55 nm (Fig. 4c). For the intermediate Γ of 3, Λ decreases from 84 nm 
(Fig. 4d) to 51 nm (Fig. 4e). Finally, the largest Γ of 6 is combined with 
the smallest Λ of 48 nm (Fig. 4f), thus for a bilayer period of Λ ~ 50 nm, 
Γ is increased from 1 to 3 to 6. Important to mention is that the two Γ–Λ 
combinations 1–55 nm (Fig. 4c) and 3–108 nm (Fig. 4d) hold a very 
similar Nb-layer thickness of ℓNb = 27.5 and 21 nm, respectively (cf. 
with Eq. (1)).

The initial compressive yield strength Rp0.2 was determined as the 
stress corresponding to a plastic strain εp = 0.2 %. This value was ob
tained by constructing a 0.2 % offset line, which intersects the measured 
σ–ε curve. The slope of this offset line was derived from a linear fit of the 
initial elastic region of the σ–ε curve to ensure an accurate representa
tion of the material’s elastic response, as exemplified in Fig. 4a. For 
samples that fractured without noticeable plastic deformation, we also 
used Rp0.2 for the fracture stress to maintain consistency and avoid 
confusion due to multiple symbols.

Samples exhibiting increased ductility accommodate greater overall 
compression (%) before complete failure, often corresponding to lower 
maximum engineering stresses. Additionally, ductile samples retain 
some resistance to deformation even after crack initiation, whereas less 
ductile samples experience a more abrupt drop in engineering stress. 
Consequently, pillars exhibiting a more brittle response show a sharp 
drop in engineering stress once the maximum compressive load is 
exceeded—most notably in the multilayer with Γ = 6 and Λ = 48  nm 
(Fig. 4f). This configuration, with the highest TiN fraction and thinnest 
Nb layers (~7 nm), demonstrates the lowest compressive strain-to- 

Fig. 4. Engineering stress σ during compression of micropillars of the TiN/Nb multilayers with the Γ–Λ combination of 1–420 nm (a), 1–108 nm (b), 1–55 nm (c), 
3–84 nm (d), 3–51 nm (e), and 6–48 nm (f). The σ–ε curves of pillars with 485 nm, 875 nm, and 1250 nm diameter are displayed as dotted, dashed, and solid lines, 
respectively. The Rp0.2 values—obtained by constructing a 0.2 % offset line to the linear fit of the initial elastic region of the σ–ε curve, schematically shown in (a)— 
of the 1250-nm-diameter pillars are 4.19 ± 0.13, 5.71 ± 0.07, 6.47 ± 0.34, 8.25 ± 0.20, 9.99 ± 0.07, and 11.66 ± 0.26 GPa for the 1–420 nm (a), 1–108 nm (b), 
1–55 nm (c), 3–84 nm (d), 3–51 nm (e), and 6–48 nm (f) specimens.
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failure. As the TiN fraction decreases (Γ decreasing from 6 to 3 to 1), the 
pillars display progressively more ductile behavior (see Fig. 4f, 4e, and 
4c). We attribute the limited plasticity at high TiN content to dislocation 
motion being increasingly hindered by the interfaces and the reduced 
volume fraction of ductile Nb.

Furthermore, within a given Γ, ductility increases with increasing 
bilayer period Λ, corresponding to an increase in Nb layer thickness 
(compare Fig. 4e and 4d for Γ = 3, and Fig. 4c, 4b, and 4a for Γ = 1). The 
highest ductility is observed in the TiN/Nb multilayer with Γ = 1 and the 
thickest Nb layers (ℓNb = 210 nm for Λ = 420 nm), as shown in Fig. 4a. 
Across all pillar diameters, no fully brittle failure was observed. A 
similar trend is found for the TiN/Nb multilayer with Γ = 1 and Λ = 108 
nm (ℓNb = 54 nm), where only one pillar (with the largest diameter of 
1250 nm) fractured in a predominantly brittle manner (Fig. 4b). For the 
TiN/Nb multilayer with Γ = 1 and Λ = 55 nm (ℓNb = 27.5 nm), all three 
1250-nm-diameter pillars exhibited failure that was essentially brittle 
(Fig. 4c). Most of the pillars—particularly those with smaller diame
ters—exhibit a more apparent strain hardening, which is primarily 
attributed to the Nb layers.

As expected, the yield strength Rp0.2 of this Γ = 1 series increases 
with decreasing Λ, from ~4.2 GPa (Λ = 420 nm) to ~5.7 GPa (Λ = 108 
nm) to ~6.7 GPa (Λ = 55 nm), when comparing the thickest pillars with 
1250 nm diameter. However, these bilayer period variations are well 
above the range where a superlattice effect would be expected. Thus, the 
increasing Rp0.2 primarily results from changes in the thin Nb layers, 
whose thicknesses accordingly decrease from ℓNb = 210 nm to 54 nm to 
27.5 nm. A similar trend is observed for the Γ = 3 multilayers, but due to 
the higher TiN fraction, failure becomes increasingly abrupt in the 875- 
nm-diameter pillars for Λ = 84 nm (Fig. 4d), while only one of the 
smallest-diameter pillars exhibits noticeable plastic deformation for Λ =
51 nm (Fig. 4e). Here, Rp0.2 also increases with decreasing Λ, from ~8.3 
GPa (Λ = 84 nm) to ~10.0 GPa (Λ = 51 nm), as the Nb-layer thickness 
decreases from ℓNb = 21 nm to 13 nm, for the thickest pillars of 1250 nm 
diameter.

The TiN/Nb multilayer with the highest TiN fraction (Γ = 6) exhibits 
minimal plasticity, particularly for the smallest Λ of 48 nm, which 
contains the thinnest Nb layer among all multilayers studied (ℓNb = 7 
nm), Fig. 4f. The Rp0.2 for this TiN/Nb multilayer—obtained from the 
1250-nm-diameter pillar—can be estimated to ~11.7 GPa.

This comparison highlights that deformation behavior is influenced 
not only by the multilayer structure (layer-thickness ratio, Γ = ℓTiN:ℓNb, 
and bilayer period, Λ) but also by pillar diameter. For example, the 
multilayer with Γ = 1 and Λ = 55 nm exhibits compressive strain-to- 
failure for 485-nm- and 875-nm-diameter pillars, whereas the larger 
ones display predominantly brittle characteristics (Fig. 4c). However, 
the σ–ε curves for the two larger-diameter pillars are generally more 
consistent, and the obtained Rp0.2 are closer to each other compared to 
those obtained from the 485-nm-diameter pillar. Correspondingly, the 
multilayer with Γ = 3 and Λ = 84 nm deforms plastically in the 485-nm- 
diameter pillars but exhibits more abrupt failure in the 875-nm- and 
1250-nm-diameter pillars.

The unexpected increase in yield strength for 1250-nm-diameter 
pillars compared to 485-nm-diameter pillars—unexpected, because 
typically smaller is stronger [26,47]—can be attributed to several 
microstructural and deformation-related factors. While all pillars are 
polycrystalline with grain sizes much smaller than their diameters, the 
485-nm-diameter pillar appears to transition into a different deforma
tion regime. Its lower yield strength suggests that grain boundary- 
mediated deformation mechanisms, such as grain boundary sliding 
and rotation, play a more dominant role, facilitating earlier plasticity. In 
contrast, the 875-nm- and 1250-nm-diameter pillars exhibit similar 
mechanical behavior, indicating that their deformation is governed 
more by dislocation interactions and storage, leading to higher yield 
strength. Furthermore, the 485-nm-diameter pillar shows increased 
plasticity and a higher strain hardening rate, likely due to enhanced 
dislocation-grain boundary interactions and the activation of 

geometrically necessary dislocations. Additionally, FIB-induced defects 
may have a stronger relative influence on the 485-nm-diamter pillar, 
further lowering its initial strength while promoting more extended 
plastic deformation. The similarity in behavior between the 875-nm-dia
mter and 1250-nm-diamter pillars suggests that a critical pillar size 
exists above which the mechanical response stabilizes, making the 485- 
nm-diamter pillar more prone for small-scale effects.

However, all multilayers with Γ = 1 and 3 (even those with the 
smallest Λ) show at least some plastic deformation in their stress–strain 
curves for the smallest-diameter pillars (Fig. 4b–e), indicating that 
ductility is present even when the overall response suggests a more 
brittle nature. The multilayers with Γ = 6 combined with the smallest Λ 
= 48 nm (containing the thinnest Nb layers among all multilayers 
studied with ℓNb = 7 nm) also exhibit noticeable plasticity—specifically 
for the thinnest diameter pillar—though to a lesser extent than the Γ = 3 
counterparts. Due to the thinner Nb layers, the yield strength is signif
icantly higher, which likely contributes to the more abrupt failure 
characteristics.

SEM investigations of the tested pillars reveal that failure in the more 
brittle-responding multilayers is characterized by shearing along a 
fracture plane with limited observable plastic deformation in the Nb 
layers. In contrast, more compressive strain-to-failure behavior is 
evident when clear signs of plastic deformation appear in the Nb layers. 
This plasticity is observed in the pillars of multilayers with the Γ–Λ 
combinations of 1–420 nm (Fig. 5a), 1–108 nm (Fig. 5b), 1–55 nm 
(Fig. 5c), 3–84 nm (Fig. 5d), and 3–51 nm (Fig. 5e). The multilayer with 
Γ = 6 (highest TiN fraction) and the thinnest Nb layers (ℓNb = 7 nm for Λ 
= 48 nm) also shows some plastic deformation, though less pronounced 
than in the Γ = 3 multilayers, before ultimately failing at a high yield 
strength (compare Fig. 4f and 5f).

3.5. Confined layer slip model

Analyzing the Rp0.2 data obtained from compression tests of the 
various TiN/Nb multilayers for their dependence on specific multilayer 
characteristics—such as bilayer period (Λ), layer-thickness ratio (Γ), or 
Nb layer thickness (ℓNb)—does not reveal a clear correlation, see Fig. 6a, 
b, and c, respectively. In analogy to the Hall–Petch relation, we plotted 
Rp0.2 against the inverse square roots of Λ and ℓNb. Additionally, 
comparing Rp0.2 values of the multilayers with the mean Rp0.2 of Nb and 
TiN does not provide a clear correlation either; instead, the overall trend 
is similar to that of Rp0.2 vs. Γ (Fig. 6b). As a reference value for TiN, we 
used an Rp0.2 estimate derived from nanoindentation hardness via the 
Tabor relation (H ≈ C⋅Rp0.2) [48], with C ≈ 2.4 for TiN-like coatings, as 
discussed in Ref. [18] when reviewing the Tabor relation. For a non- 
reactively prepared TiN coating—identical to that used in the TiN/Nb 
multilayers—we calculated Rp0.2 from its hardness of 29.5 ± 1.9 GPa 
[22], yielding ≈ 12.3 ± 0.8 GPa. This estimate aligns well with the 14 
GPa yield-strength obtained from micro-compression tests of Ti(C,N) 
and Zr(C,N) coatings [49]. The Rp0.2 of Nb is ~ 0.059 GPa [50], 
increasing to ~0.95 GPa when heavily deformed, as inferred from the 
diagram in [51].

While Fig. 6 indicates that Rp0.2 generally increases with decreasing 
Λ or increasing layer-thickness ratio (Γ), it does not account for varia
tions in Rp0.2 observed in multilayers with the same Λ or Γ values. The 
strongest correlation of this comparison is found when plotting Rp0.2 
against the Nb layer thickness ℓNb (Fig. 6c), highlighting the significant 
influence of the Nb layers on Rp0.2. However, even in this case, the two 
multilayers with very similar Nb layer thicknesses (ℓNb = 27.5 nm and 
21 nm) but different Γ–Λ combinations (1–55 nm and 3–84 nm) are not 
considered independently, suggesting additional factors at play.

Similar trends have been observed in other ceramic/metal multi
layers, such as TiN/Cu and Al2O3/Nb, where the strength increase is 
primarily controlled by interface-dominated mechanisms rather than 
bulk properties alone [15,16]. In these systems, confined layer slip (CLS) 
plays a key role in restricting dislocation motion and enhancing 
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strengthening effects as the metallic layer thickness decreases.
To further understand these trends, we also considered the confined 

layer slip (CLS) model for the metallic layer (Nb). This model, further 
developed by Nix [52], describes deformation in multilayer systems 
where dislocation motion is constrained within individual layers. When 
the layer thickness decreases below a critical threshold, dislocations are 

unable to form extended pile-ups but may still bow out within the layer, 
resulting in increased strengthening.

In this scenario, dislocation bowing propagates through the layer, 
and dislocations accumulate as a stretch at the interface rather than 
transmitting across it [53–55]. Such dislocation confinement has been 
extensively discussed for nanoscale multilayers, where the interface 

Fig. 5. SEM investigations of the tested 875-nm-diameter micropillars of the TiN/Nb multilayers with the Γ–Λ combination of 1–420 nm (a), 1–108 nm (b), 1–55 nm 
(c), 3–84 nm (d), 3–51 nm (e), and 6–48 nm (f). As indicated by the σ–ε curves, the multilayer with the highest TiN fraction (Γ = 6) combined with the thinnest Nb 
layer (Λ = 50 mm) exhibits the most brittle failure. The brighter layers represent Nb.

Fig. 6. Dependence of Rp0.2 of the TiN/Nb multilayers on their characteristics: bilayer period Λ (a), layer-thickness ratio Γ (b), and Nb-layer-thickness ℓNb (c). In 
analogy to the Hall–Petch relation, the plot against Λ and ℓNb uses their inverse square roots. The individual data points are labeled by Γ–Λ of the respective 
multilayer. The smallest-diameter pillar is represented by not-filled symbols and the largest by yellowish filled ones. The dash-dotted horizonal grey lines represent 
the failure stress of TiN (12.3 ± 0.8 GPa) and Rp0.2 of Nb (0.059–0.95 GPa). The individual dash-dotted black lines correspond to linear fits with respect to the 
variables Λ–0.5, Γ, or ℓNb

–0.5, including a 95 % confidence band.
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structure plays a crucial role in governing plasticity [15,16]. The 
transmittance across interfaces becomes particularly complex when 
combining metal layers with nitride layers, as nitrides exhibit different 
Burgers vectors (and values), elastic constants, and Peierls barriers [18]. 
These differences significantly influence dislocation interactions and 
mobility at the interface, further affecting the mechanical response of 
the multilayer system. As a result, the yield strength increases inversely 
with the layer thickness, following a Hall–Petch-like relationship. This 
mechanism explains why Rp0.2 rises significantly as ℓNb decreases, 
particularly in the thinnest Nb layers, where dislocation glide becomes 
increasingly confined. These results support the broader understanding 
that the mechanical performance of ceramic/metal multilayers is largely 
dictated by interfacial effects rather than bulk strengthening alone 
[15,16]. As a result, optimizing layer thickness—particularly the 
metallic layer—is a key strategy for tailoring the mechanical properties 
of multilayers for high-strength applications.

According to this model, the upper limit is determined by the shear 
stress τ required to bow a screw dislocation with a radius r (half of the 
Nb layer thickness ℓNb) on specific glide planes, given by the following 
expression [53]: 

τ =
G⋅b

4⋅π⋅r
ln
(

R
r0

)

(2) 

where G is the shear modulus of Nb, b is the Burgers vector of Nb for 
screw dislocations on these specific glide planes, R denotes the radius of 
the investigated cylindrical volume, and r0 is the core radius of the 
dislocation (being in the order of b). Rewriting Eq. (2) according to: 

τ =
G⋅b

4⋅π⋅r
ln
(

R
r0

)

=
G⋅b
4⋅π

ln
(

R
r0

)

r
= A

ln
(

R
r0

)

r
(3) 

allows for a linear-like expression, where the layer-arrangement- 
specific variables define the x-coordinate, while the slope A contains 
only material-specific constants (here, G and b). Therefore, if a plot of 

Rp0.2 against ln
(

R
r0

)

/r exhibits a linear relationship, the CLS model is 

applicable to these materials.

Fig. 7 confirms a linear relationship between Rp0.2 and ln
(

R
r0

)

/r for 

the TiN/Nb multilayers. The linear fit includes a 95 % confidence in
terval, within which most date points fall. With r0 = 2.86 Å (Burgers 
vector for the primary slip system of Nb {110}〈111〉), the fit yields a 
slope of 32.4 ± 3.6 GPa⋅Å, and an x-intercept of –0.13 GPa⋅Å. The R2 

value of 0.83 confirms the robustness of the trend. Increasing r0 to 10 Å 
raises the slope to 38.3 ± 4.3 GPa⋅Å, while maintaining the intercept 
and R2 value. Notably, the larger-diameter pillars also better follow the 
trend given by Eq. (3) that accounts for diameter effects (as included in 

the term ln
(

R
r0

)

/r), whereas the smallest 485-nm-diameter pillar de

viates more significantly. Using the Taylor relation (Rp0.2 ≈ 3⋅τ) [18,56], 
the slope of the fit is converted to be A = 11.3 ± 1.3 GPa⋅Å (r0 = 2.86 Å) 
or 13.4 ± 1.5 GPa⋅Å (r0 = 10 Å) for Eq. (3), which aligns well with the 
calculated values of A = 8.6 GPa⋅Å, 12.2 GPa⋅Å, and 15.8 GPa⋅Å, when 
using a shear modulus of G = 38 GPa [57] and Burgers vectors b of 2.86 
Å, 3.92 Å, and 4.47 Å for the primary {110}〈111〉, secondary {112}〈
111〉, and less common {123}〈111〉 slip systems, respectively. These 
calculated A values for Nb correspond to 25.9 GPa⋅Å, 36.7 GPa⋅Å, and 
47.3 GPa⋅Å when plotted for Rp0.2, which are used to draw the corre
sponding slopes in Fig. 7, labeled according to these {110}〈111〉, {112}〈
111〉, and {123}〈111〉 slip systems.

The comparison between the experimentally obtained and calculated 
A values suggests that especially for the Γ = 6 combined with Λ = 50 nm 
multilayers (6–48 nm) the contribution from the less common {123}〈
111〉 slip system is minimal, with a greater contribution from the pri
mary {110}〈111〉 slip system. This is in agreement with the larger 

contribution from the (110) orientation in their Nb layers (see Fig. 3). 
For the multilayers with Γ = 1 and 3, the trend follows more closely the 
contributions of the secondary {112}〈111〉 slip system. Interestingly, 
both the 1–55 nm and 3–84 nm multilayers have a similar Nb-layer 
thickness and therefore their data are positioned close to each other in 
Fig. 7. The generally higher Rp0.2 values of the 3–84 nm multilayers can 
be attributed to their stronger (211) orientation of the Nb layers 
(Fig. 3b), whereas the 1–55 nm multilayers exhibit a more pronounced 
(110) orientation (Fig. 3a), which aligns with their lower Rp0.2 values 
and the different slopes of the CLS model.

However, for the multilayer with a higher TiN fraction (Γ = 6)— 
particularly when combined with the thinnest Nb layer (Λ = 48 nm, 
corresponding to ℓNb = 7 nm)—the data appear to converge toward 
those of TiN itself, suggesting that the Nb layers contribute little, if at all, 
to the overall deformation behavior. This observation, along with the 
previously discussed σ–ε curves and SEM investigations of the tested 
pillars, suggests that significant plasticity is no longer present in these 
structures. These findings highlight that the compression deformation 
behavior of TiN/Nb multilayer coatings is governed by dislocation 
motion within the Nb layers down to a critical thickness ℓNb, below 
which plasticity is severely limited—especially when combined with a 
high TiN fraction, as observed for Γ = 6.

Since the TiN/Nb multilayers with symmetric bilayers (Γ = 1) exhibit 
significant plastic deformation across all bilayer periods (Figs. 4 and 5), 

Fig. 7. Dependence of Rp0.2 on the factor ln
(

R
r0

)

/r—with R being the radius of 

the pillar (R = ½ of 485 ± 14 nm, 875 ± 30 nm, and 1250 ± 6 nm) from which 
Rp0.2 was obtained, r being ½ of the Nb-layer-thickness (ℓNb obtained with Eq. 
(1) from Λ and Γ of the multilayers, see also Fig. 6), and r0 = b = 2.86 Å for the 
dislocation core of the {110}〈111〉 primary slip system. The individual data 
points are labeled by Γ–Λ of the respective multilayer. The dash-dotted black 
line is a linear fit through all data. The dash-dotted horizonal grey lines 
represent the failure stress of TiN (12.3 ± 0.8 GPa) and Rp0.2 of Nb (0.059–0.95 
GPa [50,51]). The smallest-diameter pillar is represented by not-filled symbols 
and the largest by yellowish filled ones. The three dash-dotted lines labeled 
{110}〈111〉, {112}〈111〉, and {123}〈111〉 represent slopes corresponding to the 
A values A = G⋅b

4⋅π from Eq. (3), considering the Taylor relation (Rp0.2 ≈ 3⋅τ). 
These slopes reflect the different Burgers vectors b for each slip system. Vari
ations in pillar diameter (R) and Nb-layer-thickness (r = ½⋅ℓNb) result in the 

error bar of the factor ln
(

R
r0

)

/r.
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with a pronounced difference between Λ = 420 nm and 55 nm, these two 
samples were studied in more detail using TEM (Fig. 8). Due to its higher 
absorption coefficient, niobium appears darker, while TiN appears 
brighter in these TEM bright-field images. Fig. 8a provides an overview 
of the tested pillar of the multilayer with Λ = 420 nm, confirming that 
the bilayers are indeed symmetric, with a bilayer period of 420 
nm—matching the values calculated from the individual deposition 
rates. A closer look at the marked region in Fig. 8a reveals a heavily 
deformed Nb layer, while the underlying TiN layer has cracked open, 
indicating a shear-deformation zone within Nb. This highlights the Nb 
layer’s ability to plastically deform, whereas the TiN layer exhibits 
brittle failure.

The HR-TEM analysis of the transition region between the Nb and 
TiN layers (marked in Fig. 8b) shows that the TiN layer begins to fracture 
transcrystalline but predominantly follows an intercrystalline path, as 
seen in Fig. 8c in comparison to Fig. 8b. The corresponding FFT (inset of 
Fig. 8c) confirms that the transcrystalline fracture occurs along the (111) 
zone axis. Overall, these findings emphasize that the pronounced plastic 
deformation and shear capability of the 210-nm-thick Nb layer—en
abled by substantial dislocation motion—effectively arrests cracks that 
form in the brittle TiN layer.

TEM studies of the multilayer with Λ = 55 nm confirm the symmetric 
bilayers, and similar to the multilayer with Λ = 420 nm, there is 
excellent agreement between the TEM measurements and values esti
mated from deposition rates, Fig. 8d. The σ–ε curve of this multilayer 
(Fig. 4c) suggests brittle failure in the 1250-nm-diameter pillar, which 
was also used for the TEM studies. However, although the TEM cross- 
section clearly reveals that the entire pillar sheared apart, the Nb 
layers clearly show plastic deformation. Measuring the thickness 
reduction of the Nb layers provides additional insights into ductile 
fracture, as demonstrated for Cu-Nb multilayers in Ref. [54] and for 
dislocation-interface interactions in multilayered metals in Ref. [53].

The individual layers in the upper left section are displaced 
massively from those in the lower right, indicating severe deformation. 

A detailed investigation of the region marked in Fig. 8d reveals that this 
displacement results in complete shear failure of the Nb layers, while the 
TiN layers fractured in a brittle manner (Fig. 8e). The high-resolution 
TEM study (Fig. 8f) of the bilayer interface between Nb and TiN con
firms that no delamination or debonding occurred, supporting calcula
tions that indicate a high cohesive strength for TiN/Nb multilayers 
(Fig. 1c). An inverse FFT of this region (not shown) suggests significant 
dislocation activity in both Nb and TiN layers.

To contextualize the mechanical performance of TiN/Nb multilayer 
coatings, we compare them with other ceramic/metal multilayer sys
tems such as TiN/Cu, Al2O3/Nb, and TiN/Ta [15–17,19–21]. TiN/Cu 
multilayers, while beneficial for applications requiring high electrical 
and thermal conductivity, often exhibit compromised mechanical 
strength due to weaker interfacial bonding between the soft Cu layers 
and the hard TiN layers. This mismatch can lead to reduced load-bearing 
capacity and increased susceptibility to deformation under mechanical 
stress. In contrast, Al2O3/Nb multilayer coatings leverage the high 
hardness of Al2O3 and the toughness of Nb; however, the significant 
disparity in mechanical properties between these layers can result in 
interfacial delamination and brittle fracture under stress if not properly 
engineered. Studies have shown that increasing the Al2O3 content in 
such composites can lead to increased brittleness and porosity, adversely 
affecting tensile strength and ductility. TiN/Ta multilayers have been 
explored for their potential to combine the hardness of TiN with the 
ductility of Ta, but challenges remain in achieving optimal interfacial 
bonding and mechanical performance. TiN/Nb multilayer coatings offer 
a balanced combination of hardness and ductility. The high hardness 
and wear resistance of TiN are complemented by the ductility and 
toughness of Nb, allowing for effective plastic deformation accommo
dation and improved fracture resistance. The coherent or semi-coherent 
interfaces achievable in TiN/Nb systems contribute to enhanced load 
transfer and mechanical stability, making them particularly suitable for 
applications requiring a combination of hardness and ductility.

Fig. 8. TEM bright-field analysis of the tested 1250-nm-diameter pillar from the TiN/Nb multilayer with Γ = 1 and bilayer period Λ = 420 nm (a–c) and Λ = 55 nm 
(d–f). Detailed views of the regions marked in (a) and (d) are shown in (b) and (e), respectively, while high-resolution TEM (HR-TEM) images of the corresponding 
marked areas are presented in (c) and (f). The inset in (e) displays the fast Fourier transform (FFT) of this region. The darker layers represent Nb.

S. Kagerer et al.                                                                                                                                                                                                                                 Materials & Design 256 (2025) 114272 

9 



4. Summary and conclusions

In this study, 30 multilayered systems consisting of group IV tran
sition metal nitrides (XN) or carbides (XC) and group V–VI high- 
temperature metals (M) were systematically investigated using DFT 
calculations to identify material combinations with both structural 
compatibility and mechanical functionality. The multilayers were 
designed to combine face-centered cubic ceramics (TiN, ZrN, HfN or TiC, 
ZrC, HfC) with body-centered cubic metals (V, Nb, Ta, Mo, and W), 
aiming to achieve (semi-)coherent interfaces that support mechanical 
integrity and thermal stability under extreme conditions. The selection 
criteria—negative formation energies, high interface strengths, and 
significant elastic modulus contrast—enabled the identification of TiN/ 
Nb and TiN/V as the most promising candidates. Owing to its superior 
oxidation resistance, TiN/Nb was selected for detailed experimental 
investigations.

The experimental work focused on the synthesis of TiN/Nb multi
layers by non-reactive magnetron sputtering, with nitrogen introduced 
only from the ceramic TiN target during TiN deposition to avoid nitride 
formation in Nb. Three multilayer series with TiN:Nb layer-thickness 
ratios (Γ = ℓTiN:ℓNb = 1, 3, 6) and bilayer periods (Λ = 51 ± 4 nm, 96 
± 17 nm, and 420 ± 11 nm) were prepared. X-ray diffraction and 
selected area electron diffraction analyses confirmed well-separated TiN 
and Nb layers without indications of fcc-NbN formation, validating the 
effectiveness of the deposition strategy in maintaining distinct ceramic 
and metallic phases.

Micropillar compression tests on FIB-fabricated pillars revealed a 
strong dependence of deformation behavior on both the layer-thickness 
ratio (Γ) and bilayer period (Λ). Multilayers with Γ = 1 and 3 exhibited 
pronounced ductility, particularly in pillars with smaller diameters, 
whereas those with Γ = 6 showed significantly reduced plasticity. 
Decreasing Λ further suppressed ductile behavior, with multilayers 
containing thinnest Nb layers exhibiting a transition toward brittle-like 
failure modes.

A detailed evaluation of the mechanical response confirmed that the 
confined layer slip (CLS) model captures the dominant deformation 
mechanisms. The linear relationship between yield strength and inverse 
layer thickness reflects the layer-constrained dislocation motion, with 
variations in slope attributed to changes in the active slip systems of Nb. 
In multilayers with Γ = 6 and Nb layers as thin as 7 nm, deformation 
behavior increasingly resembled that of monolithic TiN, as the contri
bution from the Nb layers diminished.

Overall, the TiN/Nb multilayers with well-chosen layer-thickness 
ratios and bilayer periods provide critical insight into the interplay be
tween microstructure, interface coherency, and mechanical perfor
mance. Multilayers with a balanced ceramic-to-metal ratio combine 
high strength with enhanced ductility, supporting their use as tough, 
energy-absorbing coatings for applications in extreme environments. 
Precise control over individual layer thicknesses proves pivotal in 
optimizing performance, with potential application areas including 
turbine rotor blades and wear-resistant surfaces exposed to solid particle 
erosion.
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[44] J. Buchinger, N. Koutná, Z. Chen, Z. Zhang, P.H. Mayrhofer, D. Holec, M. Bartosik, 
Toughness enhancement in TiN/WN superlattice thin films, Acta Mat. 172 (2019) 
18–29, https://doi.org/10.1016/j.actamat.2019.04.028.
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