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Abstract: Nozzle material analysis provides detailed information about the composition, structure and
properties of the material. These analyses proved to be crucial for various applications of nozzles including
research development, material suitability, various quality control and failure analysis. INCONEL 713 LC,
UDIMET 500 and RENE77 proved to be the prime focus of the research with amplifying metal nozzles to be
more resistant to erosion and thermal stress cracking. Graphite nozzles show the least oxidizing properties with
the propellants. This research made advantages to identify the optimal materials of a subsonic nozzle.
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1. Introduction

N ozzle is a device designed to control the direction and characteristics of a fluid flow (particularly to increase
velocity) as it exits an enclosed chamber or pipe. In the context of fluid dynamics, nozzles are crucial in
directing the flow of fluids such as gases or liquids [1]. They are often used to increase the speed of the fluid while
decreasing its pressure, thereby optimizing the efficiency of propulsion or flow systems in various engineering
applications, including aerospace, automotive, and industrial processes. In aircraft, nozzles are primarily found in
propulsion systems, such as jet engines. They play a critical role in expelling exhaust gases at high speeds to
produce thrust, which propels the aircraft forward. Nozzles are also used in afterburners of military jets, where
they help manage the increased volume and temperature of exhaust gases, thereby enhancing thrust [1].
Additionally, nozzles can be found in other systems like fuel injectors and cooling systems [2], optimizing fluid
flow for efficiency and performance. The three main functions of a nozzle are: (1) Increasing fluid velocity: By
constricting the flow area, nozzles convert the thermal and pressure energy of a fluid into kinetic energy, thereby
increasing its speed. (2) Directing flow: Nozzles shape the fluid flow to ensure it is directed accurately towards
its intended target, which is crucial for applications like propulsion. (3) Regulating pressure: Nozzles help manage
and reduce the pressure of the fluid, ensuring it is within safe and optimal limits for the system’s operation. The
primary advantage of a nozzle is its ability to efficiently convert pressure energy into kinetic energy, thereby
significantly increasing the velocity of the fluid. This is essential for applications like jet propulsion, where high-
speed exhaust gases are needed to generate thrust. Nozzles also allow for precise control over the direction and
spread of the fluid, enhancing the accuracy and effectiveness of its application. Additionally, nozzles can help
optimize fuel efficiency and reduce emissions in various industrial processes by ensuring optimal flow conditions.
There are several types of nozzles, each designed for specific applications. The main types include convergent
nozzles, which decrease in diameter to accelerate subsonic flows; divergent nozzles, which increase in diameter
to decelerate and control supersonic flows; and convergent-divergent (C-D) nozzles, which are used to manage
both subsonic and supersonic flows, typically in rocket and jet engines. Other specialized nozzles include spray
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nozzles for distributing liquids and combustion nozzles for efficient fuel-air mixing [3]. Conventional
manufacturing of aircraft nozzles can be costly, complex, and limited by material and design constraints, affecting
performance and efficiency. Research and development in aircraft nozzles focus on improving efficiency,
reducing noise, and minimizing environmental impact. Advanced materials and manufacturing techniques, such
as additive manufacturing (3D printing), are being explored to create more durable and lightweight nozzles.
Innovations in nozzle design, like variable geometry nozzles, allow for better performance across a wider range
of operating conditions. Additionally, research is being conducted into adaptive nozzles that can change shape
during flight to optimize performance and reduce noise. Efforts are also being made to develop nozzles that can
efficiently handle alternative fuels, contributing to the sustainability of future aviation technologies.

2. Nozzle Materials

Broader Classification

In aircraft, nozzles are crucial components of the propulsion system, designed to control the direction
and velocity of the exhaust gases expelled from the engine. The materials used for nozzles must withstand high
temperatures, high pressures, and corrosive environments. The choice of material impacts the performance,
durability, and efficiency of the engine. The different types of nozzle materials commonly used in aircraft:

2.1 Stainless Steel

Stainless steel is widely used due to its high strength, resistance to oxidation, and ability to withstand
moderate temperatures. It is a versatile material that balances cost and performance. It has high corrosion
resistance, especially in environments where high humidity or exposure to certain chemicals is a concern. It
possesses Good mechanical properties at high temperatures, making it suitable for various sections of the nozzle.
Stainless steel has a relatively high density, making it heavier compared to some other advanced materials. It is
primarily used in commercial aircraft and some military aircraft where the operating temperatures are not
extremely high.

2.2 Nickel Alloys (Superalloys)

Nickel-based superalloys, such as Inconel, are designed to maintain strength and resist oxidation and
corrosion at high temperatures. It has exceptional high-temperature strength and oxidation resistance. With a good
creep resistance, which is critical for maintaining structural integrity over long periods at high temperatures, the
nickel alloys are expensive and challenging to manufacture and machine. They are heavier than some alternative
materials and are widely used in the hot sections of jet engines, including nozzles, due to their ability to withstand
extreme temperatures and stress.

2.3 Titanium Alloys

Titanium alloys offer a combination of high strength, low density, and excellent corrosion resistance,
making them ideal for aerospace applications. It has high strength-to-weight ratio, contributing to overall weight
reduction of the aircraft. It has good corrosion resistance and ability to withstand moderate to high temperatures.
It is costly and difficult to machine and at very high temperatures, titanium can lose strength and suffer from
oxidation. It is often used in the cooler sections of the nozzle and in structural components where weight savings
are crucial.

2.4 Ceramic Matrix Composites (CMCs)

CMCs are composed of ceramic fibers embedded in a ceramic matrix, offering exceptional high-
temperature performance and low weight. CMCs are materials with extremely high-temperature resistance, much
higher than metals and alloys, are lightweight, contributing to fuel efficiency and performance improvements.
They also exhibit excellent resistance to thermal shock and oxidation. However, these materials are expensive and
complex to manufacture and have a brittle nature compared to metals, requiring careful design to avoid
catastrophic failure. They are primarily used in the hottest sections of advanced military and commercial jet
engines, especially where performance at very high temperatures is essential.
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2.5 Carbon-Carbon Composites

Carbon-carbon composites are made from carbon fibers embedded in a carbon matrix, offering excellent
high-temperature capabilities. Carbon-carbon composites have outstanding high-temperature strength and low
thermal expansion. They have a very low density, which significantly reduces the weight of components such as
nozzles. However, they come with a high cost of production and manufacturing complexity. Additionally, these
composites are susceptible to oxidation at very high temperatures unless protected by coatings. As a result, they
are used in very high-temperature environments, such as those found in advanced military aircraft and space
propulsion systems.

2.6 High-Temperature Polymers

Some advanced high-temperature polymers are used in certain sections of the nozzle where temperatures are
not excessively high. High temperature polymer materials that are lightweight and relatively easy to manufacture
offer good thermal and chemical resistance within their operational temperature range. However, they are limited
by their lower maximum operational temperatures compared to metals and ceramics. These materials are typically
used in the cooler sections of the nozzle or as part of composite structures where high performance at moderate
temperatures is required.

The choice of nozzle material in aircraft engines is driven by the need to balance performance, weight, cost,
and durability. Stainless steel, nickel alloys, titanium alloys, ceramic matrix composites, carbon-carbon
composites, and high-temperature polymers each offer unique advantages and face specific challenges. Advances
in materials science continue to push the boundaries of what these materials can achieve, contributing to more
efficient, durable, and powerful aircraft engines.

Table-1 Nozzle Vane Cast Alloy and Their Composition

Alloy Ni  Cr Co Mo W

Inconel 713 LC Bal. 120 45 59 0.6

RENE 77 Bal. 146 150 42 43

IN 100 Bal. 100 150 3.0 55

RENE (KOH) Bal. 140 95 4.0 40

MAR-M-246 Bal. 9.0 100 25 10.0

Nozzle materials with solid propellants

The investigation into rocket nozzle throat materials involves testing various materials using three small-scale
solid-propellant rocket engines [4]. These materials include refractory metals, refractory-metal carbides, graphite,
ceramics, cermet, and fiber-reinforced plastics. The study utilizes three different propellants, each with distinct
flame temperatures and oxidation characteristics. The engines are configured to produce a chamber pressure of
1000 psi and operate for 30 seconds with a nozzle throat diameter of 0.289 inches.

The study aims to determine how these materials would perform under varying thermal, chemical, and
mechanical stresses introduced by the high-performance propellants. Fully densified refractory-metal nozzles
generally show greater resistance to erosion and thermal-stress cracking than other materials. Graphite nozzles
perform adequately with the propellant. Some refractory-metal carbide nozzles exhibit excellent erosion resistance
across all propellants, comparable to the best refractory-metal nozzles, yet they all still crack due to thermal
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stresses. Similarly, cermet, silicon nitride, and porous sintered tungsten nozzles also crack under thermal stress.
Fiber-reinforced plastic nozzles are the least resistant to erosion overall. The complex environments created by
high-performance solid propellants present significant challenges in developing rocket nozzles. Propellants can
be highly corrosive, may contain metal additives, and typically produce flame temperatures ranging from 5000°F
to 6400°F. Small-scale rocket nozzle tests are often used in industry and research organizations to limit the number
of full-scale tests to the most promising materials and to understand the basic failure mechanisms of materials
exposed to rocket propellant combustion gases. Selecting appropriate nozzle materials is challenging due to the
need for dimensional stability in the nozzle throat under these conditions. Typically, materials for large solid-
propellant rocket nozzles are chosen only after extensive full-scale prototype testing. While only full-scale engine
tests can fully evaluate rocket nozzle materials, small-scale engine tests can simulate most of the important
conditions found in full-scale engines, such as flame temperature, combustion products, and gas velocity.
However, the nozzle surface temperature history and thermal stresses encountered in small-scale engines may
differ significantly from those in full-scale engines due to size effects. Full-scale nozzle surface temperature can
be approximated in small-scale nozzles by selecting appropriate wall thickness, but thermal stresses are influenced
by various factors like size, shape, and installation configuration. Generally, small-scale engines experience less
severe thermal stresses than full-scale engines, making it impractical to fully evaluate thermal-stress behavior
with small-scale tests. However, relative resistance to thermal stresses can be gauged.

Selecting appropriate nozzle materials is challenging due to the need for dimensional stability in the nozzle
throat under these conditions. Typically, materials for large solid-propellant rocket nozzles are chosen only after
extensive full-scale prototype testing.

3. Nozzle Erosion

Nozzle erosion is a significant issue in aerospace engineering, affecting the efficiency and longevity of
propulsion systems in aircraft. It refers to the gradual degradation or wearing away of the nozzle material due to
high-velocity exhaust gases, particles, and thermal stresses encountered during operation [5]. This phenomenon
impacts various materials used in nozzles, leading to performance deterioration and maintenance challenges.
Understanding nozzle erosion and its effects on different materials is crucial for designing more durable and
efficient aircraft propulsion systems [6].

3.1 Mechanisms of Nozzle Erosion
Nozzle erosion primarily occurs through a combination of thermal, mechanical, and chemical processes:

¢ Thermal Erosion: High temperatures in the nozzle can cause thermal fatigue and melting of the material.
Repeated heating and cooling cycles induce thermal stresses, leading to crack formation and propagation.

¢ Mechanical Erosion: High-velocity exhaust gases can carry particulate matter, which impacts the nozzle
surfaces, causing abrasion and surface wear. This is especially significant in solid rocket motors where
unburned propellant particles are present.

e Chemical Erosion: Reactive chemical species in the exhaust can interact with the nozzle material,
leading to oxidation, corrosion, and other chemical reactions that weaken the material.

3.2 Impact on Various Nozzle Materials

Different materials used for nozzles in aircraft exhibit varied responses to erosion based on their
properties:

Metals (Stainless Steel, Inconel, Titanium Alloys):

e Stainless Steel: Known for its good mechanical properties and corrosion resistance, stainless steel is
often used in nozzles. However, it is susceptible to thermal fatigue and oxidation at high temperatures,
leading to erosion.

e Inconel: A nickel-chromium alloy with excellent high-temperature strength and oxidation resistance,
Inconel performs better than stainless steel but is still prone to erosion through mechanical wear from
particulate impacts.

e Titanium Alloys: Titanium offers a good balance of strength and weight, but its erosion resistance is
limited. It suffers from oxidation and embrittlement at high temperatures, leading to surface degradation.
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Ceramics (Silicon Carbide, Zirconia):

Silicon Carbide (SiC): SiC is highly resistant to thermal and chemical erosion, making it an ideal
candidate for nozzles. Its high hardness and melting point provide excellent protection against
mechanical wear and thermal stresses.

Zirconia (ZrO2): Zirconia has good thermal stability and resistance to chemical attack, but it is more
brittle compared to SiC. This brittleness can lead to crack propagation under mechanical stress,
contributing to erosion.

Carbon-Carbon Composites:

These composites are used in high-performance applications due to their excellent thermal resistance and low
weight. However, carbon-carbon composites can suffer from oxidation at high temperatures unless protected by
coatings. Erosion in these materials often results from mechanical wear and chemical reactions with exhaust gases.

Refractory Metals (Tungsten, Tantalum):

Tungsten: Known for its high melting point and density, tungsten provides exceptional resistance to
thermal erosion. However, its high density can be a disadvantage in weight-sensitive applications.
Tantalum: Tantalum offers good chemical resistance and moderate thermal stability, but it is less
commonly used due to its cost and availability. Its erosion resistance is better than most metals but
inferior to ceramics and carbon composites.

Mitigation Strategies

To combat nozzle erosion, several strategies are employed:

Material Selection and Coatings: Using erosion-resistant materials like ceramics and refractory metals
can enhance nozzle longevity. Protective coatings (e.g., thermal barrier coatings) can shield underlying
materials from high temperatures and chemical attacks.

Design Improvements: Optimizing nozzle geometry to reduce thermal gradients and mechanical
stresses can mitigate erosion. This includes using ablative materials that sacrificially erode to protect the
underlying structure.

Advanced Manufacturing Techniques: Techniques like additive manufacturing allow for complex
geometries and material compositions that can enhance erosion resistance.
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Figure-2 Nozzle Development Requires a Multi-Disciplinary Team
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4. Future Scope and Applications

The future scope of nozzle material analysis holds significant promise across various advanced technologies,
particularly in the aerospace, defence, and energy sectors. As propulsion systems evolve, there will be an
increasing need for materials that can withstand higher temperatures, pressures, and corrosive environments while
maintaining structural integrity and performance. The ongoing research into materials such as INCONEL 713 LC,
UDIMET 500, and RENE77 will continue to play a critical role in improving nozzle durability, with future
advancements likely focusing on further enhancing their resistance to erosion, thermal stress cracking, and
oxidation. This could lead to the development of more robust materials capable of operating in even more extreme
conditions, such as those encountered in hypersonic flight, deep-space propulsion, or advanced missile systems.

Additionally, more research will likely explore hybrid and composite materials, integrating ceramics, carbon-
based materials, and advanced alloys to create multi-functional nozzles with superior performance characteristics.
Moreover, the integration of nanotechnology into nozzle materials could open new avenues for enhancing
properties like thermal conductivity, strength-to-weight ratio, and resistance to fatigue.

Moreover, the integration of smart materials and sensors into nozzles could lead to self-monitoring and self-
repairing capabilities. This would allow for real-time performance monitoring and early detection of material
degradation, improving safety and reliability in critical applications. The future of nozzle material analysis,
therefore, is not just only about enhancing the fundamental properties of materials, but also about innovating new
designs, manufacturing methods, and technologies that push the boundaries of performance, efficiency, and
sustainability in propulsion systems.

11. Conclusion

In this research, we have explored the advancements in nozzle materials used in modern aviation, focusing on
their properties and performance under various operational conditions. Nozzles, being critical components of jet
engines, must endure extreme temperatures, mechanical stresses, and corrosive environments. Consequently,
material selection plays a pivotal role in enhancing engine efficiency, reliability, and lifespan.

Through our study, we reviewed a variety of nozzle materials, including traditional alloys like Inconel and
newer composite materials such as carbon-fibre-reinforced ceramics. Each material was evaluated for key
attributes such as thermal resistance, mechanical strength, and weight. For instance, nickel-based superalloys
excel in high-temperature resilience, while composite materials offer significant weight reduction, improving
overall fuel efficiency.

To ensure the comprehensiveness and accuracy of this study, we conducted a comparative analysis of these
materials, highlighting their respective advantages and limitations. The results were cross-referenced with existing
literature and verified through peer-reviewed sources to provide a robust foundation for our conclusions. Our
findings indicate that no single material can fulfil all the requirements for modern aviation nozzles. Instead, the
optimal choice often involves a trade-off between performance parameters based on specific engine designs and
operational needs. This underscores the importance of ongoing research and development in this field, as
advancements in material science will continue to shape the future of aviation technology. In conclusion, our
paper provides a consolidated review of current and emerging nozzle materials, offering valuable insights for
researchers and engineers working toward more efficient and sustainable aviation solutions.
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