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1. Introduction 
Nanowires are shifting the boundaries of materials science primarily because their one-dimensional 

structure unlocks behaviors (physical, chemical, and mechanical) that simply aren't possible in bulk 
materials [1,2]. Their defining feature is an extreme aspect ratio; by maximizing surface area relative to 
volume, these wires can accelerate chemical reactions and heat dissipation far beyond standard limits 
[3]. Mechanically, they are nearly peerless, with tensile strengths that often hit the material theoretical 
maximum. This makes them a go-to choice for reinforcing ceramic or metal matrices where high strength 
is required without the penalty of extra weight [4,5]. 

In the aerospace sector, silicon carbide (SiC) nanowires are now critical for the thermal shields used 
on supersonic craft. They function as a microscopic reinforcement layer, effectively "pinning" cracks to 
prevent them from spreading. This boost in fracture toughness is what allows a spacecraft to survive 
the brutal thermal and mechanical loads of atmospheric reentry [6-8]. Beyond structural use, their 
sensitivity makes them ideal for space-grade sensors, capable of detecting trace gases or radiation 
levels with almost instant response times [9,10]. 

More broadly, nanowires are the engines behind smaller, faster transistors in nanoelectronics and 
higher-efficiency cells in the renewable energy sector [11]. As we get better at controlling their growth 
patterns, we move closer to a new era of flexible, wearable tech. Ultimately, nanowires provide the 
foundation for a generation of "smart" materials that refuse to compromise between lightness and 
durability [12-14]. 

Zirconium diboride (ZrB2) is a central material in the push for next-generation aerospace and defense 
systems. As an ultra-high-temperature ceramic (UHTC) with a melting point north of 3000°C, it is one of 
the few viable candidates for the leading edges of hypersonic vehicles and rocket nozzles [15,16]. Its 
value comes from a rare overlap of metal-like thermal and electrical conductivity paired with high 
hardness and chemical stability under oxidation [17]. Despite these strengths, ZrB2 is hindered by low 
fracture toughness and a high susceptibility to thermal shock-vulnerabilities that risk catastrophic failure 
during the intense mechanical and thermal loading of atmospheric reentry [18,19]. This study addresses 
these gaps by engineering a hybrid microstructure that pairs the inherent stability of the ZrB2 matrix with 
nano-reinforcement to ensure reliability in extreme environments. 
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2. Experimental Part 
The fabrication of the ZrB2-SiC nanowire composites followed a multi-stage process designed to 

ensure a uniform distribution of the reinforcement phase within the ceramic matrix. Initially, high-purity 
ZrB2 powder was blended with SiC nanowires at specific weight percentages. To mitigate the risk of 
oxidation and ensure a consistent mix, high-energy ball milling was performed in a liquid ethanol 
medium. This milling phase was maintained for several hours; the goal was to achieve a homogeneous 
dispersion and break up any nanowire agglomerates, which could otherwise act as stress concentrators 
and weaken the final structure. Following the mixing stage, the slurry was vacuum-dried to remove the 
solvent, yielding a refined hybrid powder ready for consolidation. Figure (1) shows a block diagram of 
the experimental methodology for ZrB2-SiC nanowire composite fabrication. 
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3. Results and Discussion 

 

 

 
The data in Figure (2) confirms that SiC nanowire reinforcement is a viable strategy for bypassing 

the traditional trade-offs in ceramic engineering. Typically, hardness and toughness are mutually 
exclusive – increasing one often compromises the other. However, these composites demonstrate a 
simultaneous upward trend in both metrics. This dual enhancement is critical for the aerospace sector, 
specifically for ultra-high-temperature environments. In these contexts, a material needs high hardness 
to resist erosive wear and high fracture toughness to survive the thermal shock and mechanical stresses 
of high-velocity flight. The ability of the nanowire network to bolster both properties suggests that these 
ZrB2 composites are more than just laboratory curiosities; they are high-performance candidates for the 
next generation of thermal protection systems (TPS) and structural components in hypersonic vehicles. 

The temperature-dependent flexural strength of both the monolithic ZrB2-SiC composite and the SiC 
nanowire-reinforced variant is compared in Figure (3), spanning from ambient conditions up to 1800°C. 
These results highlight how the nanowire architecture mitigates the typical strength degradation seen in 
ceramics under the extreme thermal loads found in aerospace environments. At room temperature, the 
nanowire-reinforced composite achieves a flexural strength of approximately 650 MPa, a significant 44% 
increase over the 450 MPa recorded for the conventional composite. This baseline advantage stems 
from a more refined microstructure and superior load distribution between the matrix and the 
reinforcement. The enhanced strength is likely the result of lower residual porosity and stronger 
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interfacial bonding, which allow the nanowires to effectively pin micro-cracks during the early stages of 
mechanical loading [26]. 

As the temperature approaches 1000°C, both materials begin to show a reduction in flexural strength, 
though the nano-reinforced composite proves much more resilient. It retains approximately 620 MPa, 
while the strength of conventional composite dips to 420 MPa. This stability is largely due to the ability 
of nanowires to counteract thermal softening within the ZrB2 matrix. By maintaining the structural 
integrity of the grain boundaries and interfaces, the SiC network prevents the premature crack expansion 
that typically occurs as the material's internal bonds begin to weaken under heat. The performance gap 
widens significantly in the 1200-1500°C range. Here, the monolithic material experiences a precipitous 
drop in strength, falling to 250 MPa at 1500°C. In contrast, the reinforced composite maintains a robust 
480 MPa. At these temperatures, the nanowires serve as mechanical stabilizers that inhibit grain 
rearrangement and the creep of structural defects, phenomena that usually lead to the rapid degradation 
of ceramics. Furthermore, the nanowire distribution helps diffuse thermal stresses, preventing the high-
stress concentrations at crack tips that would otherwise lead to failure. Even at the 1800°C limit, where 
thermal effects are most severe, the SiC nanowire-reinforced composite retains roughly 390 MPa – 
nearly 60% of its room-temperature strength. This stands in stark contrast to the conventional 
composite, which collapses to about 110 MPa. This superior retention of mechanical properties at ultra-
high temperatures is a defining characteristic for materials intended for high-heat-flux environments, 
where the ability to withstand mechanical load under thermal saturation is non-negotiable [27]. 
 

 

 
Figure (3) confirms that SiC nanowire reinforcement does more than just boost ambient flexural 

strength; it fundamentally changes the material's performance envelope at extreme temperatures. By 
significantly improving strength retention and mechanical stability, these composites solve one of the 
primary challenges of ultra-high-temperature ceramics: the loss of structural load-bearing capacity near 
the material's melting point. These findings position ZrB2-SiC nanowire composites as primary 
candidates for high-enthalpy propulsion components and the leading edges of hypersonic vehicles. In 
these environments, where thermal saturation is constant, the ability to maintain structural integrity, 
rather than just surviving the heat, is the critical factor. Ultimately, this reinforcement strategy provides 
a path toward thermal protection systems that offer both the durability and the reliability required for the 
next generation of deep-space and high-speed aerospace missions. 

The oxidation kinetics of the ZrB2-SiC system at 1600°C are compared in Fig. (4). The plot tracks 
mass gain (mg/cm2) over time, serving as a primary metric for the growth of the oxide scale. Both the 
monolithic and nanowire-reinforced composites exhibit a continuous increase in mass throughout the 
exposure period, consistent with a parabolic growth model where surface reactions with oxygen produce 
a stable oxide layer. While both materials follow this general trend, the divergence in their oxidation 
rates highlights how microstructural modification influences chemical stability at extreme temperatures. 
In the standard composite, mass gain is more aggressive, suggesting a less controlled reaction. In 
contrast, the nano-reinforced material shows a more stabilized mass gain, indicating that the presence 
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of the nanowires alters the formation or the density of the resulting oxide scale, effectively slowing the 
rate of oxygen diffusion into the bulk material. 

As shown by the black dashed line in Fig. (4), the standard ZrB2-SiC composite exhibits a steeper 
and more rapid mass gain compared to the reinforced variant. This accelerated kinetics suggests that 
the resulting oxide scale is either poorly adhered or highly permeable, failing to provide an effective 
barrier against oxygen ingress. The increased oxidation rate in the monolithic sample is likely linked to 
its coarser grain structure. Larger grains often result in a lower boundary density and a higher 
concentration of interconnected micropores or surface defects. These features act as "fast-track" 
diffusion pathways for oxygen, allowing it to bypass the surface and react more aggressively with the 
underlying ceramic matrix. 

In contrast, the ZrB2-SiC nanocomposite shows a significantly attenuated mass gain, with the curve 
flattening as exposure time increases. This parabolic behavior indicates the formation of a superior 
passive layer. The SiC nanowires appear to facilitate a denser, more cohesive oxide scale, likely a 
viscous silica-rich glass, which effectively seals the surface and restricts oxygen transport to the bulk 
material. Beyond chemical barrier formation, the nanowire network provides a mechanical advantage 
within the oxide scale itself. By reinforcing the growing oxide layer, the nanowires help dissipate residual 
thermal stresses that often lead to "spallation" or micro-cracking during prolonged heat exposure. This 
prevents the formation of new pathways for oxygen ingress, ensuring the material remains stable even 
under cyclic or long-duration thermal loads. The divergence between the two materials is most evident 
at the end of the test cycle: while the monolithic composite exceeds a mass gain of 10 mg/cm2, the 
nanocomposite remains below 7 mg/cm2. This 30% reduction in oxidation rate is a critical performance 
indicator for high-heat-flux applications, such as turbine components and hypersonic leading edges, 
where even minor surface degradation can lead to catastrophic structural failure. 
 

 

4. Conclusions 
This research successfully demonstrates that the integration of SiC nanowires into a ZrB2 matrix 

provides a definitive solution to the inherent brittleness and high-temperature degradation that typically 
limit ultra-high-temperature ceramics. By engineering the microstructure at the nanoscale, the 
composite activates a suite of reinforcement mechanisms (most notably nanowire pull-out, crack 
bridging, and deflection) which significantly bolster fracture toughness and maintain a robust flexural 
strength of 390 MPa even at 1800°C. Furthermore, the nanonetwork facilitates the development of a 
dense, cohesive silica-rich glass layer during high-temperature exposure, providing a passive chemical 
barrier that reduced mass gain by 30% compared to monolithic baselines at 1600°C. These findings 
confirm that ZrB2-SiC nanowire composites possess the thermal-structural reliability necessary for the 
most extreme aerospace environments, positioning them as primary candidates for the next generation 
of hypersonic leading edges and high-performance rocket propulsion systems. 

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9 10

M
a
s
s
 g

a
in

 (
m

g
/c

m
2
)

Time (hours)

  ZrB2-SiCNWs composite

  Standard ZrB2-SiC



IRAQI JOURNAL OF MATERIALS 
Volume (5) Issue (1) January-March 2026, pp. 7-12 

Published and Sponsored by American Quality for Scientific Publishing, Inc. (AQSP) 

© All Rights Reserved    ISSN (print) 2958-8960 (online) 3006-6042   Printed in IRAQ  12 

References 
[1] F. Zhang et al., “3D printing of ceramic matrix composites: Strengthening and toughening strategies”, Compos. B: Eng., 297 

(2025) 112335. 
[2] Y. Jiao et al., “Mechanical and electromagnetic interference shielding properties of in-situ grown Si3N4nw synergistic 

defective-graphene reinforced alumina ceramics”, Compos. B: Eng., 289 (2025) 111945. 
[3] P. Palmero, “Synthesis of Ceramic Powders by Wet Chemical Routes”, Editor(s): M. Pomeroy, Encyclopedia of Materials: 

Technical Ceramics and Glasses, Elsevier (2021), pp. 27-39. 
[4] A. Didenko and A. Astapov, “Advances in the carbon-ceramic composites oxidation and ablation resistance: A review”, Int. 

J. Lightweight Mater. Manufact., 8(1) (2025) 87-126. 
[5] M. Sam, R. Jojith, and N. Radhika, “Progression in manufacturing of functionally graded materials and impact of thermal 

treatment—A critical review”, J. Manufact. Process., 68(A) (2021) 1339-1377. 
[6] T. Tang et al., “Additive manufacturing of polymer matrix composites via direct ink writing process”, Editor(s): F. Touchard, 

F. Sarasini, In Woodhead Publishing Series in Composites Science and Engineering, Additive Manufacturing of Polymer-
Based Composite Materials, Woodhead Publishing (2024), pp. 203-245. 

[7] R. Devasia et al., “Continuous fiber reinforced ceramic matrix composites”, Editor(s): K. Joseph et al., In Woodhead 
Publishing Series in Composites Science and Engineering, Fiber Reinforced Composites, Woodhead Publishing (2021), 
pp. 669-751. 

[8] H. Zhao et al., “Additive Manufacturing of Silicon Carbide Microwave-Absorbing Metamaterials”, Additive Manufact. Front., 
4(1) (2025) 200186. 

[9] E. Gurgenc et al., “Novel boride-enhanced solar salts: Thermophysical and structural properties for thermal energy storage”, 
J. Ener. Stor., 143 (2026) 119207. 

[10] D.D.L. Chung, “Introduction to Carbon Composites”, Editor(s): D.D.L. Chung, Carbon Composites (2nd ed.), Butterworth-
Heinemann (2017), pp. 88-160, 387-466, 467-531. 

[11] X. Ren et al., “Ultra-high temperature ceramics composites: Synthesis, microstructure, and properties”, Editor(s): I.-M. Low, 
S. Li, C. Hu, In Woodhead Publishing Series in Composites Science and Engineering, Advances in Ceramic Matrix 
Composites (3rd ed.), Woodhead Publishing (2025), pp. 341-365. 

[12] X. Zhao et al., “Improved ablation resistance of C/SiC-ZrB2 composites via polymer precursor impregnation and pyrolysis”, 
Ceram. Int., 43(15) (2017) 12480-12489. 

[13] X.-r. Ren et al., “Preparation of MoSi2-modified HfB2-SiC ultra high temperature ceramic anti-oxidation coatings by liquid 
phase sintering”, New Carbon Mater., 37(3) (2022) 603-614. 

[14] R.P.P. da Silva et al., “Advances in high-pressure and high-temperature heat exchangers: Innovations via additive 
manufacturing and their applications”, Therm. Sci. Eng. Prog., 65 (2025) 103844. 

[15] N. Saheb, U. Hayat, and H. Syed Fida, “A review of the properties of hybrid ceramic nanocomposites”, Boletín de la 
Sociedad Española de Cerámica y Vidrio, 64(3) (2025) 100438. 

[16] M. Shojaie-bahaabad et al., “Ultra high temperature ceramic coatings in thermal protection systems (TPS)”, Ceram. Int., 
50(7A) (2024) 9937-9951. 

[17] I.O. Olofin, “Nano steel: a futuristic material for civil infrastructure”, Proceed. Inst. Civil Eng. – Struct. Build., 178(8) (2025) 
688-706. 

[18] M. Ali et al., “Metallic nanoparticles-based additive manufacturing: A review of recent advances on progress, prospects, and 
challenges”, Mater. Design, 257 (2025) 114464. 

[19] G. An et al., “SiBCN ceramic aerogel/graphene composites prepared via sol-gel infiltration process and polymer-derived 
ceramics (PDCs) route”, Ceram. Int., 46(6) (2020) 7001-7008. 

[20] J. Pourasad and N. Ehsani, “In-situ synthesis of SiC nanofibers for improving the oxidation resistance of graphite”, Ceram. 
Int., 42(13) (2016) 14730-14737. 

[21] M. Yang et al., “Effect of ZrB2 particles incorporation on high-temperature tribological properties of hybrid PTFE/Nomex 
fabric/phenolic composite”, Tribol. Int., 99 (2016) 289-295. 

[22] H. Han, Q. Hu, and X. Yang, “Additive manufacturing of fiber-reinforced silicon carbide ceramic matrix composites: process 
optimization and performance control”, Ceram. Int., 51(25B) (2025) 45205-45224. 

[23] J. Zhang et al., “Research progress in chemical vapor deposition for high-temperature anti-oxidation/ablation coatings on 
thermal structural composites”, Compos. B: Eng., 291 (2025) 112015. 

[24] D.P. Kaur, S. Raj, and M. Bhandari, “Chapter 2 - Recent advances in structural ceramics”, Editor(s): S. Singh, P. Kumar, 
D.P. Mondal, In Elsevier Series in Advanced Ceramic Materials, Advanced Ceramics for Versatile Interdisciplinary 
Applications, Elsevier (2022), pp. 15-39. 

[25] S. Santra et al., “Beyond the horizons of graphene: xenes for energy applications”, RSC Sustain., 2(6) (2024) 1631-1674. 
[26] S.M. Azam Rishad, Md.A. Islam, and D. Mondal, “Innovative fabrication pathways for ultra-high temperature ceramic matrix 

composites: Progress, properties enhancements and future perspectives”, Open Ceram., 23 (2025) 100817. 
[27] M. Ammendola et al., “Mechanical properties of ultra-high temperature ceramic matrix composites (UHTCMCs): A review”, 

Ceram. Int., 51(20A) (2025) 29845-29876. 


