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Abstract:
Aviation is a vital part of global transportation and faces 
increasing pressure to reduce fuel consumption and 
greenhouse gas emissions. Aircraft skin materials, which 
form the outermost layer of the fuselage and wings, directly 
impact weight, aerodynamic performance, durability, and 
maintenance requirements, thus affecting fuel efficiency. 
This paper systematically reviews the characteristics, 
advantages, and limitations of metallic, composite, and 
hybrid/advanced composite aircraft skin materials. Metallic 
alloys, especially aluminum, dominate current aircraft 
design because of their affordability and reparability, but 
they are challenged by corrosion and fatigue. However, 
high manufacturing costs and complex maintenance 
procedures remain barriers. Hybrid materials or advanced 
composite materials, which integrate composites with 
metals or employ advanced alloys, offer a balance between 
performance and cost, providing a practical pathway for 
gradual adoption. The study concludes that future research 
should focus on material innovation, cost reduction, and 
sustainability assessment, with composites and hybrids 
shaping the next generation of aircraft while metals 
continue to play a role.

Keywords: Aircraft skin material; fuel economy; com-
posite material; aviation sustainability.

1. Introduction
With growing concern about the sustainability of 
global energy and the long-term availability of fossil 
fuels, the energy sector is undergoing a rapid trans-
formation. Within this context, the aviation industry 
is particularly significant, contributing approximately 
4% of global warming attributable to human activity 
[1], especially in the post-pandemic era. Given the 
current limitations of material science and the prop-

erties of propulsion systems on commercial aircraft, 
one of the most effective strategies for improving 
efficiency and reducing greenhouse gas emissions is 
optimizing the material used for aircraft skin.
Among the operational costs of a commercial air-
plane, fuel remains the most substantial. Enhancing 
fuel efficiency has become a central focus of devel-
opment for both manufacturers and airlines. Even 
the smallest improvements, such as a one percent 
reduction in fuel consumption, can translate into 
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millions of dollars and hundreds of tons of greenhouse 
gas emissions in savings in an airplane’s life. Multiple 
strategies exist to achieve better fuel efficiency, including 
optimizing flight routes, enhancing engine performance, 
and improving aerodynamics. Among these, the selection 
of aircraft skin materials has attracted particular attention. 
As the outermost layer of the fuselage and wings, the 
skin directly influences an aircraft’s weight, aerodynamic 
performance, durability, and maintenance requirements. 
Therefore, even subtle changes in material choice can 
yield significant improvements in both energy consump-
tion and environmental performance.
Aircraft skin influences the fuel economy in multiple 
ways. Firstly, the density of the material directly influenc-
es the total weight of the structure; even minor improve-
ments in density, within millions of hours of operation, 
can result in substantial fuel savings. Replacing traditional 
aluminum material with composite material enables a 
15–30% reduction in structural weight, which contributes 
to 20–25% improvements in fuel efficiency in modern air-
craft designs [2].
Aircraft skin serves not only as the aerodynamic surface 
of the fuselage and wings but also as a critical structural 
component that transfers aerodynamic loads to the frame. 
Traditionally, aluminum alloys have dominated aircraft 
construction due to their relatively low cost, high strength-
to-weight ratio, and ease of manufacturing. However, cor-
rosion susceptibility, cracking, and the added drag caused 
by riveted joints limit alloys’ performance. These compro-
mise aerodynamic smoothness and fuel efficiency.
For the last few decades, material sciences have made 
significant progress on composite materials such as Car-
bon Fiber Reinforced Polymer (CFRP) and Glass Fiber 
Reinforced Polymer (GFRP). CFRP offers an ideal com-
bination of low density, high tensile strength, corrosion 
resistance, and fatigue performance. These characteristics 
make them the most widely used alternative material to 
aluminum for aircraft skins. They have brought significant 
impacts to the aviation industry.
The choice of skin material affects long-term operational 
performance. CFPR provides smooth surfaces with a min-
imal number of joints, which reduces aerodynamic drag 
and significantly decreases fuel burn over thousands of 
hours of flights. Additionally, their resistance to corrosion 
and fatigue. The frequency of maintenance and inspection 
can be reduced, which further improves operational effi-
ciency for airlines.
At the same time, high manufacturing costs and the com-
plexity of the repair procedure remain challenges. That 
must be addressed before adoption across all classes 
of aircraft. Studies further suggest that hybrid material 
solutions, such as combining CFRP with optimized Al-Li 

alloys, could achieve a balance between cost, manufactur-
ability, and performance [3].
In summary, aviation’s growing energy demands and en-
vironmental situation highlight the urgency of improving 
fuel economy/efficiency. While advances in propulsion 
and aerodynamics contribute to efficiency, innovations 
in aircraft skin materials offer one of the most immediate 
and direct solutions. As the outermost structural layer, 
skin materials influence weight, drag, and durability—fac-
tors directly tied to fuel consumption and operation cost. 
Replacing conventional aluminum with advanced com-
posite materials has already reduced structural mass by up 
to 30%, leading to significant improvements in operating 
efficiency and emissions reduction [4].
This article will focus on the impact of aircraft skin ma-
terials on fuel economy, aiming to summarize the charac-
teristics and performance of different skin materials and 
explore their influence on operational efficiency and envi-
ronmental sustainability. This article will review several 
commonly used and experimental aircraft skin materials 
and provide suggestions for the future development of 
material applications in aviation, laying the foundation for 
the advancement of aircraft with higher fuel efficiency, 
reduced emissions, and improved lifecycle performance.

2. Different Aircraft Skin Materials

2.1 Metallic Materials
Metallic materials have dominated aircraft skin construc-
tion since the jet era, primarily due to their combination of 
manufacturability, reliability, and reasonable cost. Among 
these, aluminum alloys—such as 2024-T3 and 7075-
T6—have been the standard material in both commercial 
and military aviation for decades. Their low density and 
outstanding performance have made them particularly 
suitable for large fuselage sections and wing structures. 
In reality, Aluminum alloys provide excellent fatigue 
performance and can be produced and repaired at scale. 
Providing an excellent balance between performance and 
cost. Cold-rolled aluminum sheets supported by stiffeners 
can provide smooth aerodynamic surfaces and maintain 
structural integrity under aerodynamic pressure.
Despite several advantages, aluminum alloys face critical 
operation challenges. Corrosion often damages joints or 
contact regions with different metals, such as magnesium 
and steel, which accelerate the galvanic degradation. 
Their vulnerable to corrosion, particularly in humid or 
chemically aggressive environments, like in coastal air-
ports will significantly increase maintenance requirements 
and lifecycle costs during operation.  In order to mitigate 
this issue, protective coatings and cladding methods have 
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been widely used.  However, these solutions could not 
eliminate the foundational issue. It increases the weight 
and maintenance costs. Eventually reduces fuel efficiency. 
Furthermore, fatigue cracking under repetitive loading re-
mains a major limitation for aluminum skins. Particularly 
as aircraft age, they raise long-term durability concerns. If 
it’s being ignored, it will result in safety issues.
Maintenance of metallic aircraft skins has a positive effect 
on operational reliability and costs. Unlike composite ma-
terial skin, metallic skins are easier to repair during daily 
maintenance. Through patching, riveting, or localized 
replacement, structural integrity can be easily recovered. 
However, studies show that deformation damage around 
fasteners or lifting holes can significantly reduce fatigue 
life if not fixed following proper instructions. Experimen-
tal data in 2000 and 7000-series aluminum alloys demon-
strate that improper repairs or late intervention accelerate 
crack progression, shortening the service interval between 
maintenance checks. Conversely, advanced repair tech-
niques such as reshaping or bushing reinforcement can 
restore or even improve fatigue resistance compared to the 
original structure, ensuring extended structural life with-
out the need for full panel replacement or long-duration 
grounding [5].
Other than aluminum, other materials have been used to 
address performance and durability constraints. For exam-
ple, Magnesium alloys are substantially lighter, only two-
thirds the density of aluminum, and can achieve tensile 
strengths up to 610 MPa. This weight advantage makes 
them attractive for secondary structural components, max-
imizing payload capacity and fuel efficiency. However, 
since the reactivity of magnesium, its alloys suffer severe 
flammability and corrosion issues, which limit their adop-
tion in skin structures. Titanium alloys represent another 
alternative, providing high strength, superior fatigue 
performance, and excellent resistance to corrosion and 
high-temperature environments. While titanium is denser 
than aluminum, it achieves favorable weight savings in 
high-temperature applications, such as leading edges or 
areas subject to thermal stress. The drawbacks of titanium 
include high production cost, complex machining require-
ments, and limited availability, which restrict its use to 
critical component regions rather than full skin coverage.
Overall, metallic materials remain central to aircraft de-
sign, particularly for older fleets and cost-sensitive appli-
cations. Aluminum alloys are still responsible for the ma-
jority of skins in conventional aircraft, while magnesium 
and titanium alloys offer a place in applications where 
weight or environmental resistance are predominant 
factors. However, as advanced composites continue to 
expand their market share, metallic materials are increas-
ingly being evaluated not in isolation but in hybrid or re-

inforced forms, ensuring they remain part of the evolving 
material choice for aircraft skin [6].

2.2 Composite Materials
Carbon Fiber Reinforced Polymer (CFRP) is one of the 
most advanced materials used in the modern aviation in-
dustry. It consists of carbon fibers embedded in a polymer 
matrix, providing an excellent combination of low densi-
ty, high tensile strength, fatigue resistance, and corrosion 
resistance. Research shows that fuel efficiency improve-
ments of 20% to 25% in contemporary aircraft designs 
can be enabled by the use of CFRP can reduce structural 
mass by approximately 15% to 30% [7]. The ability to 
manufacture CFRP panels in large, smooth sections of 
fuselage also improves aerodynamic performance by 
minimizing the number of joints and rivets that typically 
increase drag. Further, CFRP’s resistance to fatigue and 
corrosion lowers the frequency of maintenance, reducing 
lifecycle costs for the operator. These characteristics make 
CFRP an ideal choice for aircraft structures. Especially 
to those components where weight reduction and perfor-
mance optimization are critical.
Despite several advantages, CFRP has several limitations 
that restrict its wide application. The high cost of produc-
tion is one of the important factors that manufacturers 
consider. These specialized processes that few companies 
in the world have the ability to produce remain a signifi-
cant barrier. Additionally, CFRP is more difficult to repair 
than traditional aluminum alloys. The damage detection of 
composite materials often requires nondestructive evalua-
tion techniques, and repair processes are extremely com-
plex and time-consuming.
Maintenance procedures for CFRP typically require ad-
vanced methods such as scarf repairs, bonded patches, and 
resin injection techniques, all of which must be performed 
under controlled environmental conditions and with high-
ly trained personnel [8]. Unlike aluminum, which can be 
repaired with relatively simple procedures, composite 
materials often demand specialized facilities to ensure 
proper curing and bonding. Even seemingly minor dam-
ages—such as barely visible impact damage—can damage 
the internal fiber structure, necessitating thorough non-
destructive inspection and sometimes full panel replace-
ment, which increases both cost and downtime. Although 
ongoing research into faster and more affordable repair 
techniques is promising, the current state of composite 
maintenance remains a barrier to universal application [9].
Large-scale production is further constrained by long 
manufacturing cycles and a limited number of suppliers. 
Nevertheless, CFRP has achieved remarkable success in 
commercial aviation, as demonstrated by its extensive use 
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in the Boeing 787 Dreamliner and the Airbus A350, where 
composites account for more than 50% of the structure. 
These aircraft have achieved fuel efficiency improvements 
of approximately 20% compared to their aluminum pre-
decessors. Beyond fuselage and wing skins, CFRP is also 
applied to empennage structures, nacelles, and control 
surfaces, underscoring its versatility across primary and 
secondary structures.

2.3 Hybrid Materials and Advanced Composite 
Materials
Hybrid materials are an important option between tradi-
tional metallic skins and full composite structures. These 
materials are designed to combine the benefits of both 
metals and composites, balancing cost, manufacturability, 
and performance. One outstanding direction in hybrid 
development is the use of advanced metallic alloys, such 
as aluminum–zinc and aluminum–magnesium families, 
which offer improved fatigue strength, fracture toughness, 
and corrosion resistance compared to older aluminum 
grades. These materials provide better performance for 
metallic skins while still allowing to control the mass pro-
ducing’s challenge and cost.
Another important material is composite-metal hybridiza-
tion materials, where CFRP or other polymer composite 
parts are integrated with aluminum or titanium structures. 
Hybrid materials serve as a compromise solution but also 
a practical path toward more efficient operation These ma-
terials take advantage of the low density and aerodynamic 
performance of composites, while simultaneously pre-
serving the repairability and manufacturing familiarity of 
metal structures. Designs like this allow aircraft manufac-
turers to gradually adopt composites and avoid the sudden 
full replacement of infrastructure required for a composite 
structure [10].
The major advantages of hybrid materials are their ability 
to reduce structural weight while avoiding the high cost 
and maintenance challenges that full composite aircrafts 
face.
Composite–metal hybrids offer smoother aerodynamic 
surfaces with reduced drag and fuel burn, and metallic 
components contribute to structural redundancy and eas-
ier inspection. From the perspective of the lifecycle, this 
combination allows operators to reduce corrosion issues 
associated with pure metals while preserving the easy re-
pair ability that composites alone lack.
Despite these benefits, hybrid materials face several prob-
lems. Joining dissimilar materials brings bonding and cer-
tification challenges, as differences in thermal expansion 
and structural behavior must be carefully managed. In 
addition, polymer composites remain vulnerable to hidden 

damage, as mentioned in 2.2, which requires advanced 
diagnostic tools and complicates routine maintenance. 
While hybrid configurations reduce these risks compared 
to fully composite designs, they still require specialized 
joining techniques and inspection procedures that increase 
costs. As a result, although hybrid solutions are general-
ly more affordable than full carbon aircraft, they remain 
more complex than traditional aluminum structures.
Applications of hybrid materials can already be observed 
in commercial aviation. Composite–metal hybrids have 
been adopted in selected fuselage panels, empennage 
structures, and other critical components that are responsi-
ble for safety, demonstrating their potential to combine ef-
ficiency with reliability. These developments suggest that 
hybrid materials are not just transitional but also a frontier 
that will influence the future of sustainable aircraft design 
[11].

3. Development Prospects of Aircraft 
Skin Materials
The future of aircraft skin materials will depend on bal-
ancing technological challenges, cost, and operational 
reliability. Composite materials such as CFRP will remain 
critical to reducing overall weight and improving fuel 
efficiency, as well as the research into advanced hybrid 
composite materials, special alloys, etc. At the same time, 
cost remains a critical factor that operators consider, since 
composites are expensive to produce and maintain despite 
their efficiency benefits. Advances in manufacturing and 
recycling will be essential to make these materials eco-
nomically and technologically viable, while metals will 
continue to hold an advantage in maintenance and afford-
ability. In this context, hybrid solutions combining com-
posite skins with metallic structure are likely to expand as 
a practical compromise, allowing a gradual transition of 
advanced materials without the high cost of full replace-
ment.
Overall, the development of improving the performance 
of aircraft skin materials is expected to move toward sus-
tainable systems, with composites and hybrids shaping the 
next generation of designs, and metals retaining a role in 
applications where cost, durability, and repairability re-
main decisive.

4. Conclusion
This paper systematically examined the impact of aircraft 
skin materials on fuel economy, demonstrating that cur-
rent designs are defined by a coexistence of metallic, com-
posite, and hybrid or advanced composite materials. Me-
tallic skins, most commonly aluminum alloys, remain the 
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most widely used due to their affordable cost and repair, 
but continue to face limitations related to corrosion and 
fatigue. Composite materials such as CFRP provide sig-
nificant advantages in weight reduction and aerodynamic 
performance, directly positively contribute to fuel effi-
ciency, yet remain constrained by high production costs 
and complex maintenance procedures. Hybrid materials, 
including composite–metal combinations and advanced 
aluminum systems, have served as practical transitional 
pathways, balancing efficiency gains with manufacturabil-
ity and repairability.
Therefore, in the future, progress in aircraft skin materials 
will depend on investing in advanced composites, hybrid 
systems, and special alloys while also reducing production 
and maintenance costs. Collaboration between industry, 
research institutions, and operators will be essential to 
accelerate the transformation of laboratory results into 
practical applications. At the same time, the field must 
increasingly make lifecycle and sustainability assessments 
to ensure that improvements in fuel economy also support 
future environmental goals. Through innovation, cost 
management, and sustainable practices, the development 
of aircraft skin materials can play a critical role in revolu-
tionizing the next generation of highly efficient and envi-
ronmentally friendly aviation.
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