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Abstract: Transition-metal carbide/nitride multilayer coatings have attracted significant interest due to their
excellent combination of hardness, wear resistance, thermal stability, and chemical durability. In this study,
multilayer coatings were synthesized using an energetic thin-film deposition technique and subsequently
characterized to evaluate their structural, mechanical, and tribological properties. The multilayer architecture
promoted the formation of dense nanocrystalline structures with strong interfacial bonding between adjacent
layers. The coatings exhibited enhanced mechanical performance compared with conventional single-layer
counterparts, owing to the combined effects of interface strengthening and grain refinement. Furthermore, the
multilayer configuration contributed to improved wear resistance and reduced friction during sliding contact.
The results demonstrate that carbide/nitride multilayers are promising candidates for advanced protective
coating applications requiring high mechanical reliability and long-term durability.
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I. Introduction

Transition-metal carbides and nitrides are widely recognized as important protective coating materials
because of their exceptional hardness, excellent wear resistance, high melting temperatures, and outstanding
chemical stability[1-3]. These properties have led to their extensive application in cutting tools, mechanical
components, protective surfaces, and other engineering systems operating under demanding conditions.To
further improve coating performance, various strategies have been explored, including alloying,
multicomponent compounds, and multilayer architectures[4—6]. Among these approaches, multilayer coatings
have received considerable attention because the introduction of multiple interfaces can effectively enhance
mechanical strength while preserving the intrinsic properties of the constituent materials. Such structures are
particularly attractive for applications that require both functional stability and superior mechanical
durability.Energetic deposition techniques have proven effective for producing high-quality multilayer coatings.
These methods facilitate the growth of dense films with strong adhesion and refined microstructures, even under
relatively moderate processing conditions. Consequently, multilayer carbide/nitride systems continue to be
investigated as promising materials for advanced surface engineering applications[7].

I1. Experimental Details

Multilayer coatings consisting of alternating carbide and nitride layers were deposited onto silicon
substrates using a thin-film deposition technique based on energetic plasma species. The deposition parameters
were carefully controlled to ensure stable film growth and uniform layer formation throughout the multilayer
structure.The structural characteristics of the deposited coatings were evaluated using complementary
microstructural and compositional characterization techniques. Mechanical properties were investigated through
nanoindentation measurements, while tribological behavior was assessed using wear and friction testing under
controlled loading conditions. Additional analyses were performed to examine coating integrity and interfacial
stability following mechanical loading[8-10].

I11. Discussion

The deposited multilayer coatings exhibited dense microstructures and well-defined layer architectures.
Interfacial regions between neighboring layers showed evidence of atomic-scale interactions, which contributed
to strong bonding throughout the multilayer stack. Such interfacial characteristics are beneficial for improving
the structural integrity of multilayer coatings. The refined microstructure of the coatings played an important
role in enhancing mechanical performance. The combination of nanoscale grain structures and a high density of
interfaces provided effective barriers to deformation mechanisms, resulting in improved hardness and
mechanical stability. Compared with conventional monolithic coatings, multilayer structures generally offer
superior resistance to plastic deformation due to interface-related strengthening effects. Tribological
investigations demonstrated favorable wear behavior and relatively low friction characteristics. The multilayer
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architecture contributed to maintaining coating integrity during repeated contact and sliding conditions. The
presence of multiple interfaces can suppress crack initiation and retard crack propagation, thereby improving
resistance to wear-induced damage. The enhanced mechanical and tribological performance of the coatings can
be attributed to the synergistic effects of microstructural refinement, interface strengthening, and strong
adhesion between the coating and substrate. These factors collectively contribute to improved durability and
reliability under mechanical loading[11-13].

The particle size distribution and scattering characteristics of the ZrC phosphor are illustrated in Figure 1.
The particle diameter exhibits a nearly Gaussian distribution centered around 1 pm, indicating a relatively
uniform particle morphology. As the ZrC concentration increases from 1 wt.% to 13 wt.%, the scattering
coefficient increases significantly throughout the visible wavelength region. Moreover, a gradual increase in
reduced scattering coefficient is also observed at all investigated wavelengths. The enhanced scattering behavior
can be attributed to the higher density of scattering centers introduced by the additional ZrC particles.
Consequently, light propagation inside the phosphor layer becomes more diffusive, promoting stronger optical
mixing and improved angular color uniformity. To maintain the target correlated color temperature of 5000 K,
the concentration of YAG?** phosphor was gradually reduced with increasing ZrC concentration, as shown in
Figure 2. The YAG*" content decreases almost linearly from approximately 12.8 wt.% to about 7.2 wt.% when
the ZrC concentration increases from 1 wt.% to 13 wt.%. This trend suggests that the optical contribution of ZrC
partially compensates for the yellow emission generated by YAG**, allowing the phosphor composition to be
adjusted while preserving the desired white-light characteristics[14-17].The angular CCT distributions
presented in Figure 3 reveal a noticeable influence of ZrC concentration on color uniformity. At low phosphor
concentrations, the CCT variation between the central and peripheral viewing angles is relatively large.
However, as the ZrC content increases, the angular CCT curves become flatter, indicating a more homogeneous
color distribution. The improved angular uniformity originates from enhanced scattering processes that facilitate
more effective spectral mixing within the phosphor layer. This observation is further confirmed by the ACCT
values shown in Figure 4. Although some fluctuations occur at intermediate concentrations, the overall tendency
indicates that higher ZrC concentrations reduce color deviation. The lowest ACCT values are generally obtained
at concentrations above 8 wt.%, demonstrating superior color homogeneity. The reduction in color deviation can
be attributed to the stronger scattering effect, which minimizes spatial separation between different spectral
components[18-21].

The luminous flux characteristics of the WLED package are presented in Figure 5. Unlike conventional
phosphor additions that may increase optical extraction, the incorporation of ZrC leads to a gradual reduction in
luminous flux. Specifically, the luminous output decreases from approximately 136 Im at 1 wt.% ZrC to around
113 Im at 13 wt.% ZrC. This reduction is primarily associated with increased optical scattering and absorption
losses within the phosphor layer. At higher concentrations, photons experience longer propagation paths and a
greater probability of reabsorption, resulting in lower light extraction efficiency[22-25].

The influence of ZrC concentration on color-rendering performance is shown in Figures 6 and 7. Figure 6
demonstrates that the CRI decreases slightly from approximately 70 to 69 as the ZrC concentration increases.
Although the reduction is relatively small, it indicates a gradual imbalance in the spectral distribution caused by
excessive scattering and modifications in phosphor composition. Nevertheless, the CRI remains relatively stable
throughout the investigated concentration range. A similar trend can be observed for the color quality scale
(CQS) in Figure 7. The CQS initially increases and reaches its maximum value of approximately 66 at around 9
wt.% ZrC, indicating improved overall color quality. Beyond this concentration, the CQS gradually decreases
and stabilizes near 64-65. This behavior suggests that moderate ZrC loading improves color quality through
enhanced spectral mixing, whereas excessive concentrations may introduce optical losses and spectral
imbalance.

The emission spectra of the ZrC-based WLED package are shown in Figure 8. Two dominant spectral
regions can be identified, consisting of the blue emission from the LED chip and the broad phosphor-converted
emission centered in the visible region. As the ZrC concentration increases, the intensity of the converted
emission band gradually rises, while the blue component remains sufficiently strong to maintain white-light
generation. The enhanced visible emission indicates improved photon conversion and redistribution within the
phosphor layer. Combined with the increased scattering capability of ZrC particles, these spectral modifications
contribute significantly to the observed improvements in color uniformity and color quality[26-31].

Overall, the incorporation of ZrC phosphor enhances optical scattering and angular color uniformity
while maintaining acceptable color-rendering performance. Although excessive ZrC concentrations may reduce
luminous flux, an intermediate concentration range of approximately 8-10 wt.% appears to provide the best
compromise between color uniformity, color quality, and optical efficiency.
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IV. Figures and Tables
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Fig. 1: Particle size distribution and scattering coefficient of ZrC phosphor particles at different concentrations
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Fig. 2: Variation of YAG:Ce*" phosphor concentration as a function of ZrC phosphor content for maintaining a
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Fig. 3: Angular correlated color temperature (CCT) distribution of the ZrC-based WLED at different phosphor
concentrations.
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Fig. 4: Color deviation (ACCT) of the ZrC-based WLED as a function of ZrC phosphor concentration.
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Fig. 5: Luminous flux of the ZrC-based WLED versus ZrC phosphor concentration.
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Fig. 6: Variation of color rendering index (CRI) with ZrC phosphor concentration.
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Fig. 7: Variation of color quality scale (CQS) with ZrC phosphor concentration.
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Fig. 8: Emission spectra of the ZrC-based WLED package under different ZrC phosphor concentrations.

V. Conclusion

Multilayer carbide/nitride coatings exhibited excellent potential as protective surface materials due to
their favorable combination of hardness, wear resistance, and structural stability. The multilayer architecture
promoted strong interfacial bonding and refined microstructures, both of which contributed significantly to the
observed mechanical performance. The incorporation of multiple interfaces provided effective strengthening
mechanisms and enhanced resistance to tribological damage. Furthermore, the dense nature of the deposited
coatings contributed to improved durability and coating integrity during mechanical loading. These findings
highlight the advantages of multilayer carbide/nitride systems for advanced engineering applications requiring
reliable long-term surface protection.
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