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Abstract: Reducing structural weight in commercial aircraft is critical because it improves fuel efficiency, payload 
capacity, environmental performance, operating load, and maintenance cost. This study examines material selection 
criteria for lightweight aircraft design using the Boeing 777 family as a case study. Material selection depends on 
factors such as strength-to-weight ratio, stiffness-to-weight ratio, fatigue resistance, impact resistance, density, 
thermal stability, and manufacturability. The Boeing 777 demonstrates a balanced use of materials that meet 
functional requirements. Aluminum alloys are the primary structural material in the fuselage and framework due to 
low density, predictable fatigue behavior, and ease of maintenance. Aluminum-lithium alloys improve specific 
stiffness while maintaining damage tolerance and repair practicality. Titanium alloys are used in landing gear for 
their very high strength and excellent fatigue resistance, despite their higher cost. Carbon fiber-reinforced polymer 
(CFRP) is used in large wing structures for its high specific strength and stiffness, particularly in the Boeing 777X, 
which features high-aspect-ratio composite wings. Overall, structured material selection ensures weight reduction 
while meeting certification, reliability, and economic requirements. 

Index Terms: Aircraft lightweight design, Boeing 777, Composite materials, Material selection criteria 
 
 
 
1. INTRODUCTION 

In commercial aerospace engineering, reducing structural weight is one of the most critical design 

priorities, as it directly impacts aircraft efficiency, performance, and sustainability [1]. A lighter airframe 

requires less lift and engine thrust to operate, resulting in lower fuel consumption, greater flight range, and 

improved payload efficiency [1]. These gains in fuel efficiency also reduce carbon emissions, helping the 

aviation industry comply with increasingly strict environmental regulations [1]. Beyond environmental 

benefits, lightweight structures offer clear economic advantages by lowering operating costs and reducing 

long-term maintenance demands, as decreased structural loads minimize fatigue damage and component 

wear over the aircraft’s service life [1][2]. Consequently, weight reduction has remained a central theme in 

aircraft development, continuously driving advancements in materials, manufacturing methods, and 

structural design philosophies [2]. 

 

To achieve effective lightweighting without compromising safety, aerospace engineers prioritize materials 

that provide high specific strength and stiffness while maintaining excellent fatigue resistance and damage 

tolerance [2]. Modern aircraft structures, therefore, rely on a carefully balanced combination of advanced 

aluminum and titanium alloys and polymer matrix composites [2]. Material selection in this context is a 

multi-criteria decision-making process that considers mechanical performance, durability, corrosion 
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resistance, manufacturability, cost, and life-cycle performance, alongside weight savings [2]. This holistic 

design approach ensures that reductions in mass do not adversely affect structural integrity or certification 

requirements, making lightweighting a cornerstone of modern commercial aircraft design [1][2]. 

 

The Boeing 777 represents a notable example of successful material selection for lightweight structural 

design in a large commercial transport aircraft. Introduced in the mid-1990s, the 777 was among the most 

technologically advanced airliners of its time, incorporating a strategic mix of metallic and composite 

materials to optimize weight and performance [3]. Boeing employed high-strength aluminum alloys, 

titanium components, and toughened carbon-fiber-reinforced polymer composites throughout the airframe 

to meet demanding structural and operational requirements [2][3]. Approximately 10% of the aircraft’s 

structural weight is composed of composite materials, primarily used in the empennage, control surfaces, 

engine nacelles, and floor structures, resulting in meaningful weight reductions compared to conventional 

metallic designs [3]. The remaining primary structure largely consists of optimized aluminum alloys; 

notably, advanced 7xxx-series aluminum alloys such as AA7055-T77 replaced older generations, 

contributing to an estimated airframe weight reduction of around 635 kg [4]. 

 

These material choices enabled the Boeing 777 to achieve a strong yet lightweight airframe, directly 

supporting its long-range capability, fuel efficiency, and overall performance [5]. By integrating materials 

tailored to specific structural functions, the 777 demonstrates how careful material selection can balance 

strength, durability, cost, and weight in commercial aircraft design. The following sections examine in 

greater detail the key material selection criteria applied to the Boeing 777, highlighting the trade-offs and 

engineering considerations that underpin its lightweight structural architecture. 

 

1.1 Boeing 777 Overview 

The Boeing 777 is a long-range, wide-body, twin-engine commercial aircraft developed by The Boeing 

Company to meet the growing demand for high-capacity, long-haul air transportation while maintaining 

high levels of fuel efficiency, safety, and structural reliability. Conceived as a family of aircraft rather than a 

single model, the 777 includes variants such as the 777-200, 777-200ER, 777-300, 777-200LR, 777-

300ER, 777 Freighter (777F), and the latest 777X, each optimized for different combinations of range, 

payload, and operational efficiency. The program marked a major milestone in commercial aircraft 

development by introducing advanced digital design methods, improved aerodynamic efficiency, and 

optimized structural layouts, all aimed at reducing structural weight while satisfying stringent airworthiness 

and durability requirements [6]. 

The central design objective of the Boeing 777 was to enable long-range operations using a twin-engine 

configuration compliant with Extended-range Twin-engine Operational Performance Standards (ETOPS). 

Achieving this required exceptionally high system reliability, robust structural integrity, and careful 

material selection to withstand prolonged cyclic loading and harsh operational environments. At the same 

time, Boeing sought to minimize structural weight without compromising strength or fatigue life by using 

high-strength aluminum alloys, titanium in high-load areas, and selective composite applications. These 

design strategies directly contributed to reduced fuel consumption, lower operating costs, and improved 

lifecycle efficiency, which are critical performance metrics for long-haul commercial aircraft [7]. 

The Boeing 777 was the first commercial aircraft to be designed entirely using three-dimensional 

computer-aided design (CAD) tools, representing a fundamental shift in aircraft development methodology. 

This fully digital design approach enabled precise integration of structural, aerodynamic, and systems 
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engineering, reducing design conflicts and unnecessary structural mass. Digital modeling allowed engineers 

to optimize load paths, improve material distribution, and enhance manufacturing accuracy, resulting in 

improved structural efficiency and reduced rework during production. Studies of the 777 program have 

shown that this level of digital integration significantly improved weight control and overall aircraft 

performance throughout its service life [7]. 

Structurally, the Boeing 777 consists of a semi-monocoque fuselage designed to withstand internal 

pressurization loads, bending stresses, and torsional forces encountered during flight. The fuselage 

incorporates frames, stringers, and reinforced skin panels arranged to provide high strength-to-weight 

efficiency and long fatigue life. The wing structure is one of the most heavily loaded components, 

supporting aerodynamic lift, fuel storage, and engine loads while maintaining sufficient stiffness and 

fatigue resistance. The empennage, comprising the vertical and horizontal stabilizers, provides directional 

and longitudinal stability and incorporates composite materials to reduce weight and improve corrosion 

resistance. The aircraft also features an exceptionally robust landing gear system designed to accommodate 

very high takeoff and landing loads, as well as lightweight interior structural components such as floor 

beams and seat tracks that comply with strict safety and fire-resistance standards [6], [8]. 

Due to its long-range and high-payload capabilities, the Boeing 777 exhibits very high baseline design 

weights, with certain variants exceeding the maximum takeoff weight of 340,000 kg. Managing such large 

structural loads requires careful optimization to minimize empty weight while preserving strength, stiffness, 

and durability. This balance is achieved through advanced alloys, efficient structural layouts, and the 

strategic use of composite materials, allowing the aircraft to maintain competitive fuel efficiency despite its 

size [6]. 

The evolution of material usage across the Boeing 777 family reflects broader trends in lightweight 

aerospace design. Early variants relied predominantly on advanced aluminum alloys for primary structures, 

with limited use of composites in secondary components. Later models, particularly the 777-300ER and 

777X, incorporated greater use of composite materials in control surfaces, empennage structures, and wing 

components to reduce weight further, improve fatigue performance, and enhance corrosion resistance. This 

gradual transition toward advanced materials demonstrates how incremental material innovation can yield 

significant improvements in structural efficiency while maintaining proven metallic design practices [8]. 

Overall, the Boeing 777 serves as a strong example of how large-scale commercial aircraft can achieve an 

effective balance between size, strength, and weight through intelligent structural design, advanced 

materials, aerodynamic optimization, and digital engineering tools. Its development provides valuable 

insight into modern lightweight vehicle design principles and continues to influence material selection and 

structural strategies in next-generation aerospace vehicles. 

 

2. MATERIAL SELECTION CRITERIA FOR LIGHTWEIGHT AIRCRAFT DESIGN 

This section explains the main criteria used when selecting materials for lightweight aircraft structures, 

with specific reference to the Boeing 777. The main aim of material selection in aircraft design is to 

achieve high structural performance and safety while reducing overall weight. At the same time, durability, 

manufacturability, and cost efficiency must also be considered [9], [10]. 

 

2.1. Mechanical Property Criteria 

Mechanical properties play a critical role in selecting materials for aircraft structures. These properties 

determine how materials respond to loads, deformation, repeated stress, and sudden impacts during 

operation. In commercial aircraft such as the Boeing 777, careful evaluation of mechanical property criteria 
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ensures structural safety, durability, and weight efficiency. 

2.1.1 Strength-to-Weight Ratio 

The strength-to-weight ratio is one of the most important factors in aircraft material selection. It shows how 

much load a material can carry compared to its weight. Materials with a high strength-to-weight ratio help 

reduce the aircraft's overall weight without sacrificing structural safety. In the Boeing 777, high-strength 

aluminum alloys and carbon fiber reinforced polymers (CFRP) are widely used because they provide strong 

load-carrying capability while keeping the structure lightweight [9],[12]. 

2.1.2 Stiffness-to-Weight Ratio 

The stiffness-to-weight ratio describes how well a material resists deformation while remaining light. 

Aircraft components such as wings and fuselage sections must be stiff enough to maintain their shape under 

aerodynamic loads. Composite materials and aluminum-lithium alloys offer good stiffness-to-weight ratios, 

making them suitable for primary structural components in the Boeing 777 [9]. 

2.1.3 Fatigue Resistance 

Aircraft structures are subjected to repeated loading from pressurization cycles, takeoffs and landings, and 

turbulence. Fatigue resistance is therefore essential to ensure long service life and structural reliability. 

Aluminum alloys have well-understood fatigue behavior, while composite materials slow down crack 

growth compared to traditional metallic materials [10],[13]. 

2.1.4 Impact Resistance 

Impact resistance refers to a material’s ability to absorb energy from sudden loads such as bird strikes, hail 

impact, or ground handling damage. Metals like aluminum and titanium absorb impact energy through 

plastic deformation, while composite materials use layered structures to limit damage and maintain residual 

strength [11],[12]. 

 

2.2 Physical and Environmental Criteria 

Physical and environmental properties are important in aircraft material selection because structures 

operate under varying environmental conditions. These criteria ensure that materials maintain performance, 

safety, and durability throughout service life. In aircraft such as the Boeing 777, careful evaluation of 

density, temperature effects, corrosion behavior, and fire resistance supports long-term reliability and 

operational efficiency. 

2.2.1 Density 

Low density is a key requirement in aerospace materials because reducing weight improves fuel efficiency 

and aircraft range. Aluminum alloys and composite materials provide low density combined with strong 

mechanical performance, making them suitable for the Boeing 777 [9]. 

2.2.2 Thermal Stability 

Aircraft materials must perform reliably under a wide range of temperatures, from cold conditions at high 

altitude to warmer ground conditions. Materials selected for the Boeing 777 maintain strength, stiffness, 

and dimensional stability despite temperature changes [13]. 

2.2.3 Corrosion Resistance 

Aircraft structures are exposed to moisture and environmental contaminants that can cause corrosion. 

Aluminum alloys are protected using coatings and surface treatments, while composite materials naturally 

resist corrosion, reducing maintenance requirements [10]. 

2.2.4 Fire Resistance 

Fire resistance is critical for passenger safety. Aircraft materials must meet strict fire, smoke, and toxicity 

regulations. Composite and interior materials used in the Boeing 777 are designed to delay ignition and 
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limit flame spread [11]. 

 

2.3 Manufacturability and Maintenance Criteria 

Manufacturability and maintenance considerations are essential in aircraft material selection because they 

directly affect production efficiency, operational reliability, and lifecycle cost. Materials must support 

efficient fabrication, assembly, inspection, and repair processes. In aircraft such as the Boeing 777, 

balancing manufacturing practicality with long-term maintenance requirements ensures economic viability 

and sustained structural performance. 

2.3.1 Formability and Joining 

Materials must be compatible with forming, riveting, welding, and bonding processes. Aluminum alloys are 

easy to form and join, while composite materials require specialized curing and bonding methods [12]. 

2.3.2 Machinability 

Good machinability allows aircraft components to be manufactured accurately with minimal waste. 

Aluminum alloys are easy to machine, while composites require specialized tools to avoid fiber damage 

[10]. 

2.3.3 Repairability 

Aircraft materials must allow effective inspection and repair. Aluminum structures are easier to repair using 

conventional methods, while composite repairs require controlled procedures but offer long-term durability 

[11]. 

2.3.4 Production Cost and Cycle Time 

Production cost and manufacturing time influence material selection. Aluminum alloys generally have 

lower production costs, while composite materials offer long-term benefits through weight reduction and 

lower maintenance needs [9]. 

 

2.4 Economic Criteria 

Economic factors are crucial in aircraft material selection because they influence overall project feasibility 

and long-term profitability. Beyond technical performance, designers must consider cost efficiency, 

operational savings, and supply reliability. In aircraft such as the Boeing 777, economic criteria ensure that 

material choices support both competitive production and sustainable airline operations. 

2.4.1 Material Cost 

Material cost plays a major role in aircraft design decisions. Aluminum alloys are generally less expensive 

than advanced composites, resulting in a balanced material mix in the Boeing 777 [9]. 

2.4.2 Life-Cycle Cost 

Life-cycle cost includes manufacturing, fuel consumption, maintenance, inspection, and repair. 

Lightweight, corrosion-resistant materials reduce fuel use and maintenance costs, thereby lowering overall 

operating expenses [13]. 

2.4.3 Availability and Supply Chain 

A reliable supply chain is essential for aircraft production. The Boeing 777 relies on globally sourced 

aluminum, titanium, and composite materials to ensure continuous production [11]. 

 

3. MATERIALS USED IN THE BOEING 777 

The Boeing 777 uses a combination of metals, composite materials, and lightweight structural materials. 

Each material is selected based on strength, weight, durability, fatigue resistance, corrosion resistance, and 

manufacturability. This balanced material selection helps the aircraft achieve high performance, safety, and 
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long service life. 

 

3.1 Metals 

Metals remain fundamental materials in commercial aircraft structures because of their proven reliability, 

predictable mechanical behavior, and well-established manufacturing processes. In the Boeing 777, 

different metals are selected based on structural demands, temperature exposure, load conditions, and cost 

considerations. 

3.1.1 Aluminum Alloys 

Why it was selected: 

Aluminum alloys are widely used in the fuselage panels and internal frames of the Boeing 777 because they 

provide a good balance between strength and low weight. Advanced aluminum alloys from the 2xxx and 

7xxx series are commonly used for their high strength and fatigue resistance. These alloys are also easy to 

manufacture and repair, which is important for large commercial aircraft [14][15]. 

Performance advantages: 

Aluminum alloys have low density, which helps reduce the overall aircraft weight. They also show good 

resistance to fatigue cracking caused by repeated pressurization cycles during flight. Modern aluminum-

lithium alloys further improve stiffness and reduce weight, increasing fuel efficiency and structural 

performance [14] 

Limitations: 

Despite their advantages, aluminum alloys are more prone to corrosion compared to composites and require 

protective coatings. They also have lower strength-to-weight ratios compared to carbon fiber composites, 

limiting their use in highly loaded modern wing structures [14] 

3.1.2 Titanium Alloys 

Why it was selected: 

Titanium alloys are used in engine components and landing gear because they can withstand high 

temperatures and heavy loads. These areas experience extreme mechanical and thermal stress, making 

titanium a suitable choice due to its excellent strength and stability[15]. 

Performance advantages: 

Titanium alloys have very high strength-to-weight ratios and excellent resistance to heat and corrosion. 

They maintain their mechanical properties even at elevated temperatures, which is critical for jet engine 

environments and high-stress landing operations [15]. 

Limitations: 

The main limitation of titanium alloys is their high cost. Manufacturing and machining titanium 

components are difficult and expensive, limiting their use to the most critical structural areas [15]. 

3.1.3 Steel 

Why it was selected: 

Steel is used in high-load fittings that require extremely high strength and toughness. These fittings connect 

major structural components and must safely carry concentrated loads[16]. 

Performance advantages: 

Steel provides excellent load-bearing capacity, high fracture toughness, and strong fatigue resistance. It is 

reliable under extreme stress and has predictable failure behavior, making it suitable for safety-critical 

parts[16] 

Limitations: 

Steel is much heavier than aluminum and titanium. Its high density limits its use in weight-sensitive areas, 
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so it is only used where maximum strength is necessary [16]. 

 

3.2 Composite Materials 

Composite materials are increasingly used in modern aircraft because they provide high specific strength, 

corrosion resistance, and weight reduction. In advanced variants such as the Boeing 777X, composites play 

a major role in improving aerodynamic efficiency and overall performance. 

3.2.1 Carbon Fiber Reinforced Polymer (CFRP) 

Why it was selected: 

CFRP is used in the Boeing 777X wings because it offers very high strength with extremely low weight. 

The long wings require materials that can handle bending loads without excessive weight increase[14] 

Performance advantages: 

CFRP has an excellent strength-to-weight ratio and high stiffness. It is also resistant to corrosion and 

fatigue, improving durability and reducing maintenance. These properties enable longer, more efficient 

wings that improve fuel efficiency [14]. 

Limitations: 

CFRP is expensive and difficult to repair compared to metals. Damage is not always visible, requiring 

advanced inspection techniques. Manufacturing also requires specialized facilities and strict quality 

control[14]. 

3.2.2 Glass Fiber Reinforced Polymer (GFRP) 

Why it was selected: 

GFRP is used in secondary aircraft structures and non-critical components where electrical insulation and 

moderate strength are needed. It is less expensive than CFRP and easier to manufacture[15] 

Performance advantages: 

GFRP offers good corrosion resistance, low weight, and electrical insulation. It is also suitable for radomes 

and interior components where transparency to radio waves is required[15] 

Limitations: 

GFRP has lower strength and stiffness compared to CFRP. This limits its use to lightly loaded structures 

and non-primary aircraft components[15] 

3.2.3 Aramid Composites (Kevlar) 

Why it was selected: 

Kevlar is selected for areas requiring high impact resistance, such as protective panels and interior safety 

components. It is known for its toughness rather than stiffness[16] 

Performance advantages: 

Kevlar has excellent energy absorption and impact resistance. It is lightweight and protects against debris 

and minor impacts, improving passenger safety[16] 

Limitations: 

Kevlar has low compressive strength and is sensitive to moisture. These factors limit its use in primary 

structural components[16] 

 

3.3 Other Lightweight Structural Materials 

In addition to metals and advanced composites, other lightweight structural materials are used to reduce 

mass further while maintaining stiffness and safety. In aircraft such as the Boeing 777, these materials 

support interior structures and secondary components where weight efficiency is essential. 

3.3.1 Honeycomb Structures 
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Why it was selected: 

Honeycomb structures are used in floors, control surfaces, and interior panels because they provide high 

stiffness with very low weight[15] 

Performance advantages: 

These structures offer excellent strength-to-weight ratios and help reduce aircraft mass. They also provide 

good vibration damping and structural stability[15] 

Limitations: 

Honeycomb structures can be damaged by moisture ingress and are difficult to repair once crushed or 

delaminated [15].  

3.3.2 Cabin Interior Materials (Plastics/Composites/Aluminum) 

Why it was selected: 

Cabin materials are chosen for passenger comfort, safety, and weight reduction. Plastics and composites 

allow flexible design, while aluminum provides durability and fire resistance[15] 

Performance advantages: 

These materials are lightweight, corrosion-resistant, and meet strict fire and smoke safety regulations. They 

also allow modern cabin aesthetics and easier maintenance[15] 

Limitations: 

Some plastic materials can degrade over time, requiring replacement. Composites are also more difficult to 

recycle than metals [15]. 

 

 

4. MULTI-CRITERION DECISION MATRIX FOR MATERIAL SELECTION 

This section explains the main factors considered when selecting materials for lightweight aircraft 

structures, with specific reference to the Boeing 777. In aircraft design, materials must provide high 

strength and safety while keeping weight to a minimum. At the same time, durability, ease of 

manufacturing, and cost efficiency are also important considerations [9], [10]. 

 

4.1 Weighting of Material Properties 

In aircraft material selection, different mechanical properties are assigned varying levels of importance 

based on structural function and operational demands. A balanced weighting approach ensures that 

materials meet safety, performance, and efficiency requirements. In the Boeing 777, strength, stiffness, 

fatigue resistance, and impact resistance are carefully prioritized to achieve optimal structural performance. 

4.1.1 Strength-to-Weight Ratio 

The strength-to-weight ratio is one of the most important criteria in aircraft material selection. It represents 

the amount of load a material can withstand relative to its weight. Materials with a high strength-to-weight 

ratio help reduce the aircraft's overall mass without compromising structural safety. In the Boeing 777, 

high-strength aluminum alloys and carbon fiber reinforced polymers (CFRP) are widely used because they 

provide excellent load-bearing capability while maintaining low weight [9], [12]. 

4.1.2 Stiffness-to-Weight Ratio 

The stiffness-to-weight ratio describes a material’s resistance to bending or deformation while remaining 

lightweight. Aircraft wings and fuselage sections must maintain their aerodynamic shape under operational 

loads. Composite materials and aluminum-lithium alloys offer superior stiffness-to-weight performance, 

making them suitable for primary structural components in the Boeing 777 [10], [12]. 

4.1.3 Fatigue Resistance 
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Aircraft structures are subjected to repeated loading from pressurization cycles, takeoff and landing, and 

turbulence. Therefore, fatigue resistance is critical for ensuring long-term structural integrity. Aluminum 

alloys exhibit predictable fatigue behavior, making them reliable for aircraft structures. Composite 

materials also perform well under fatigue loading, as they tend to slow crack initiation and growth 

compared to conventional metals [10], [11]. 

4.1.4 Impact Resistance 

Impact resistance refers to a material’s ability to absorb energy from sudden impacts such as bird strikes, 

hail, or damage during ground handling. Metals such as aluminum and titanium absorb impact energy 

through plastic deformation. Composite materials rely on layered structures to distribute impact loads and 

limit damage propagation. Both material types are used in the Boeing 777 depending on structural and 

safety requirements [11], [12]. 

 

4.2 Physical Properties 

Physical properties are critical in aircraft material selection because they determine weight efficiency, 

durability, and safety under operational and environmental conditions. In the Boeing 777, materials are 

chosen to maintain performance while minimizing weight and meeting regulatory requirements. 

4.2.1 Density 

Low density is a key requirement for aerospace materials, as reducing structural weight improves fuel 

efficiency and aircraft range. Aluminum alloys and composite materials provide low density combined with 

adequate mechanical strength, making them suitable for lightweight aircraft structures used in the Boeing 

777 [9], [10]. 

4.2.2 Thermal Stability 

Aircraft materials must perform reliably over a wide temperature range, from extremely cold conditions at 

cruising altitude to higher temperatures on the ground. Materials selected for the Boeing 777 are designed 

to maintain strength, stiffness, and dimensional stability despite thermal variations [13]. 

4.2.3 Corrosion Resistance 

Aircraft structures are exposed to moisture, humidity, and environmental contaminants that can lead to 

corrosion. Aluminum alloys are typically protected using coatings and surface treatments to improve 

corrosion resistance. Composite materials are naturally resistant to corrosion, reducing long-term 

maintenance and inspection requirements [10], [13]. 

4.2.4 Fire Resistance 

Fire resistance is essential for passenger safety. Aircraft materials must meet strict fire, smoke, and toxicity 

regulations set by aviation authorities. Composite materials and interior components used in the Boeing 777 

are engineered to delay ignition, limit flame spread, and reduce smoke emission [11], [13]. 

 

4.3 Manufacturability 

Manufacturability is a key consideration in aircraft material selection, as it affects production efficiency, 

component quality, and lifecycle costs. In the Boeing 777, materials are chosen to balance ease of 

fabrication with long-term performance and maintenance needs. 

4.3.1 Formability and Joining 

Materials must be compatible with manufacturing processes such as forming, riveting, welding, and 

bonding. Aluminum alloys are easily formed and joined using conventional methods, making them suitable 

for large-scale aircraft production. Composite materials require specialized processes such as lay-up, 

curing, and adhesive bonding [9], [12]. 
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4.3.2 Machinability 

Good machinability enables accurate component fabrication with minimal material waste. Aluminum alloys 

exhibit excellent machinability and are relatively easy to process. Composite materials require specialized 

tools and controlled procedures to prevent fiber damage and delamination [9], [12]. 

4.3.3 Repairability 

Aircraft materials must allow effective inspection and repair during service. Aluminum structures are 

generally easier to inspect and repair using standard techniques. Composite repairs require more controlled 

procedures but offer high durability once correctly restored [11]. 

4.3.4 Production Cost and Cycle Time 

Production cost and manufacturing cycle time significantly influence material selection. Aluminum alloys 

typically have lower production costs and shorter manufacturing cycles. Although composite materials 

involve higher initial costs, they offer long-term benefits through weight reduction and lower maintenance 

requirements [9], [12]. 

 

4.4 Economic Considerations 

Economic factors play a vital role in aircraft material selection, influencing both initial manufacturing and 

long-term operational costs. In Boeing 777, materials are chosen to balance affordability, efficiency, and 

supply reliability. 

4.4.1 Material Cost 

Material cost directly impacts aircraft manufacturing decisions. Aluminum alloys are generally more 

affordable than advanced composite materials, which influences their extensive use throughout the Boeing 

777 structure [9]. 

4.4.2 Life-Cycle Cost 

Life-cycle cost includes manufacturing, fuel consumption, maintenance, inspection, and repair over the 

aircraft’s service life. Lightweight, corrosion-resistant materials reduce fuel consumption and maintenance 

requirements, resulting in lower overall operating costs [10], [13]. 

4.4.3 Availability and Supply Chain 

A reliable supply chain is essential for large-scale aircraft production. Materials must be available in 

consistent quality and quantity. The Boeing 777 program relies on a global supply chain for aluminum, 

titanium, and composite materials to ensure uninterrupted and efficient production [11]. 

 

4.5 Application of the Multi-Criteria Decision Matrix 

Selecting aircraft materials requires evaluating multiple factors simultaneously, including weight, strength, 

fatigue resistance, corrosion resistance, manufacturability, and cost. A multi-criteria decision matrix 

(MCDM) allows engineers to systematically compare materials by assigning weights to these key 

properties and scoring each material accordingly. This ensures that decisions reflect operational priorities 

rather than a single performance metric. 

4.5.1 Decision Matrix Methodology 

In aircraft structural design, selecting the best material cannot be based solely on a single property, such as 

strength or weight. Aircraft components must meet multiple requirements simultaneously, including low 

weight, high strength, fatigue resistance, corrosion resistance, manufacturability, and cost. To handle this 

complex decision-making process, a multi-criteria decision-making (MCDM) matrix is used. This method 

allows engineers to compare different materials systematically by assigning importance (weights) to key 

properties and then evaluating each material against those properties [15]. 
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4.5.2 Weighting of Material Properties 

Each material property does not have the same level of importance in aircraft design. For example, weight 

reduction is extremely critical because lower structural weight directly improves fuel efficiency and range. 

Similarly, fatigue resistance is important due to repeated loading during takeoff, flight, and landing cycles. 

On the other hand, cost and manufacturability must also be considered to ensure economic feasibility. 

In a decision matrix, each property is given a weight factor based on its importance. Properties such as 

density, strength-to-weight ratio, and fatigue life are usually assigned higher weights, while cost and ease of 

repair receive moderate weights. This weighting approach ensures that the final decision reflects real 

operational priorities rather than theoretical material performance alone [14]. 

4.5.3 Comparison of Candidate Materials 

Different materials offer unique advantages and limitations for aircraft structures, so selecting the right 

material requires balancing weight, strength, durability, cost, and manufacturability. Aluminum alloys are 

lightweight, easy to manufacture, and fatigue-resistant, making them suitable for fuselage structures. CFRP 

excels in stiffness, strength-to-weight ratio, and corrosion resistance, ideal for wings and high-performance 

components. Titanium alloys offer exceptional strength and heat resistance in high-stress areas such as 

landing gear and engine mounts, though they are heavier and more expensive. Using a decision matrix 

helps evaluate these trade-offs and assign the best material to each aircraft part. 

4.5.3.1 Aluminum Alloys 

Aluminum alloys perform well in the decision matrix due to their low density, good fatigue resistance, and 

well-established manufacturing processes. They score highly in manufacturability and repairability because 

aluminum structures are easy to inspect and repair worldwide. Aluminum alloys also have predictable 

mechanical behavior under cyclic loading, which is important for fuselage structures [16]. 

However, aluminum scores lower in corrosion resistance and stiffness compared to CFRP. Its strength-to-

weight ratio is also lower than that of advanced composites, which limits its use in highly loaded modern 

aircraft structures [15]. 

4.5.3.2 Carbon Fiber Reinforced Polymer (CFRP) 

CFRP achieves the highest scores in the decision matrix for weight efficiency, stiffness, and fatigue 

resistance. Its very high strength-to-weight ratio makes it ideal for large wing structures such as those used 

in the Boeing 777X. CFRP is also immune to corrosion, which increases long-term durability and reduces 

maintenance requirements [15]. 

Despite these advantages, CFRP scores lower in cost and repairability. Manufacturing CFRP requires 

advanced facilities, and damage detection is more complex compared to metals. These limitations reduce its 

overall score in applications where cost and maintenance simplicity are critical [14]. 

4.5.3.3 Titanium Alloys 

Titanium alloys score very highly in strength, corrosion resistance, and high-temperature performance. In 

the decision matrix, titanium is particularly strong for applications that involve high stress and thermal 

loads, such as engine mounts and landing gear. Its fatigue resistance is also superior to that of many 

aluminum alloys [16]. 

However, titanium scores poorly in cost and manufacturability. It is expensive and difficult to machine, 

which significantly reduces its suitability for large-scale structural use. Additionally, titanium has a higher 

density than aluminum and CFRP, which negatively affects weight-sensitive applications [14]. 

 

4.5.4 Overall Evaluation Using the Decision Matrix 

When the weighted scores of all properties are combined, CFRP typically ranks highest for primary load-
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bearing structures where weight reduction is the top priority, such as wings. Aluminum alloys rank well for 

fuselage and general airframe structures due to balanced performance, low cost, and ease of maintenance. 

Titanium alloys rank lowest overall for large structures but remain essential for localized high-stress 

components where strength and durability are critical [15], [16]. 

This multi-criteria decision matrix approach ensures that material selection is not based on a single 

advantage but on a balanced evaluation of performance, cost, durability, and operational practicality. As 

demonstrated in the Boeing 777 family, different materials are selected for different aircraft parts based on 

their optimal position within this decision framework [14]. 

 

 

5. DISCUSSION 

The Boeing 777 and 777X demonstrate how advanced materials significantly improve aircraft performance. 

The use of CFRP wings, aluminium–lithium fuselage components, and titanium landing gear reduces 

structural weight while enhancing strength, fatigue life, and corrosion resistance, ultimately improving fuel 

efficiency, durability, and operational performance while balancing manufacturability, maintenance 

requirements, and overall lifecycle cost. 

 

5.1. Component-Level Case Studies of the Boeing 777 

This section examines the materials used in key components of the Boeing 777, including the wings, 

fuselage, and landing gear. It explains how advanced materials such as carbon fiber composites, aluminum–

lithium alloys, and titanium improve strength, reduce weight, and enhance durability, thereby helping the 

aircraft achieve greater efficiency, improved performance, and a longer service life. 

5.1.1 Case Study of Wing Structure: CFRP Composite Wing in the Boeing 777X 

In earlier generations, the Boeing 777 was designed with metallic wings; however, the latest Boeing 777X 

models feature carbon fiber-reinforced polymer (CFRP) wings [17]. CFRP was primarily selected due to its 

excellent strength-to-weight and stiffness-to-weight ratios. These superior properties enable a lightweight 

wing structure while maintaining the required strength and stiffness, thereby enhancing the aircraft's load-

carrying capabilities. According to studies, composite materials can achieve a 20-30% weight saving 

compared to equivalent strength aluminum alloys [18]. The resultant weight reduction from CFRP directly 

improves fuel efficiency by lowering lift-induced drag and the required engine thrust for sustained flight. 

Previous use of aluminum alloys constrained design capabilities, thereby limiting the design of high-aspect-

ratio wings. However, the switch to composites allowed the 777X wings to be designed with a high aspect 

ratio (extended span with a long and thin wing profile), thereby improving aerodynamic performance [17]. 
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Fig. 01 - Increasing wingspans across Boeing aircraft enabled by composite wing structures. Wider 

wingspans reduce lift-induced drag and improve aerodynamic efficiency. [1] 

 

The CFRP composite implementation in wings exhibits enhanced aeroelastic performance, while achieving 

greater flexibility without compromising the structural integrity. The high specific stiffness and the 

anisotropic fiber properties of CFRP enhance the ability to design the wings with greater stiffness 

distribution, which enables significant elastic wing deflection under load while maintaining its strength[19]. 

This approach is exemplified by Boeing’s latest widebody models, the 787 and the 777x, which use CFRP 

wings with increased strain allowances and reduced weight to safely withstand strong aerodynamic forces 

without cracking or losing structural integrity [19]. Through the optimized aeroelastic tailoring of the CFRP 

skin layout, wings can perform both bending and slight twisting under aerodynamic loads. This automatic 

bend-twist response helps reduce structural stress by changing the wing’s angle during gusts and flutter 

events [20]. This Passive Gust and flutter load reduction mechanism reduces induced stresses and enhances 

the aircraft's ride quality. This passive load-reducing system contributes to weight reduction by using less 

structural reinforcement, further improving lift-to-drag efficiency [19], [20]. Generally, CFRP wings are 

designed to naturally bend in response to turbulence, helping maintain efficient flight while retaining 

strength, stiffness, and long-lasting properties. 

The outstanding Fatigue life and the damage tolerance of CFRP are another major advantage of these 

composites. Compared with other metals, such as aluminum alloys, CFRP composites do not develop 

fatigue cracks under repetitive stress [21].  The specialty of carbon fiber is bridging and arresting cracks in 

the polymer matrix, which helps prevent crack propagation, as seen in aluminum structures [21]. As a 

result, a well-tailored wing design can provide excellent fatigue endurance and reduce the requirement for 

frequent inspection for fatigue crack growth. Furthermore, CFRP composites are extremely corrosion-

resistant, eliminating a major mode of material degradation that affects airframes [21], [22]. So, the 777X’s 

CFRP wing is not affected by corrosion caused by moisture or salt, enhancing its longer service life with 

lower maintenance needs. Overall, the use of CFRP composites in the wings of the 777X creates a lighter, 

more aerodynamic, more efficient structure with superior fatigue and corrosion resistance, and directly 

improves performance while reducing life-cycle cost [22][17]. These Key benefits highlighted why Boeing 

adopted composite wings for the 777X: to achieve outstanding weight and efficiency while maintaining 
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required factors such as strength, stiffness, and durability, and to improve fuel efficiency and extend the 

Boeing 777X's service life.  

5.1.2. Case Study of Fuselage: Aluminum vs. Aluminum–Lithium Alloys in 777 Variants 

The Boeing 777’s main body (fuselage) was constructed from high-strength aluminum alloys for years. 

Still, with newer variants such as the 777x, Boeing began using advanced aluminum-lithium alloys for the 

fuselage, which are lighter and stronger than traditional aluminum. In the 1990s, the original 777-200/300 

models mainly used conventional 2xxx (aluminum-copper alloys) and 7xxx (aluminum-zinc alloys) series 

for their skin and stringers. These alloys were selected for their good combination of strength, fracture 

toughness, and ease of manufacturing and repair. In fact, Boeing introduced a refined 2000-series alloy 

AA2524-T3 for the 777’s fuselage skin as a better version of the existing 2xxx alloys instead of the legacy 

2024-T3 alloy to boost damage tolerance. Alloy 2524-T3 is a high-purity aluminum-copper-magnesium 

alloy with significantly improved fatigue-crack-growth resistance. It can last 30% longer under repeated 

stress than 2024-T3 and resists crack propagation better than 2024-T3 when used in fuselage skin panels 

[37]. As a result, the use of alloy 2524-T3 allows for better optimization of the 777’s fuselage skin gauges 

for weight savings while still meeting stringent fatigue requirements. Studies show that AA2524-T3 can 

provide approximately 15-20% higher fracture toughness, resulting in a weight reduction of around 30% in 

the skin structure due to thickness reductions, compared to the older 2024 alloy [36]. Additionally, Boeing 

applies protective layers or treatments to resist corrosion and designs components to facilitate easy repair. 

As a result, airlines can easily apply patches or replace panels using common riveting and bolting 

techniques. The approaches to corrosion resistance, repairability, and familiarity made alloys a practical and 

reliable choice for the Boeing 777’s primary structure, while also meeting the necessary mechanical 

property requirements [35].  

Boeing has taken a further step by using advanced aluminum-lithium alloys in selected areas of the 777X 

fuselage, primarily to reduce weight and improve key performance. Even with these upgrades, Boeing has 

kept most of the airframe in metal to make production and maintenance easier. In aluminum-lithium alloy 

manufacturing, lithium is used in the aluminum matrix at 2-3% by weight, which lowers the metallic 

density and improves the elastic modulus relative to traditional aluminum alloys (AAs) [24]. The key 

advantage of adding lithium is that each 1% Li addition reduces the alloy’s density by approximately 3%, 

so that modern third-generation aluminum-lithium alloys can achieve 5-10% weight reduction in aircraft 

component manufacturing compared to traditional alloys like 2024 or 7075 [17]. So, Boeing has started 

using aluminum-lithium alloy in the 777X fuselage structures for the first time. A key example is the 

implementation of Al-Li cargo floor beams for the Boeing 777X, which reduces the section weight and 

improves corrosion resistance [23]. Generally, Aluminium-lithium alloys offer superior specific strength 

and fatigue crack growth performance. Despite the addition of lithium, it can still provide the serious 

damage tolerance needed for fuselage skins, with new alloys such as AA2198 and AA2060 showing 

significantly slower crack propagation than traditional aluminum alloys [14]. At the same time, it illustrates 

another advantage of corrosion-resistant aluminum over 2024 and 7075 aluminum [24]. As a result, the 

corrosion resistance of Al-Li alloys directly improves long-term durability by reducing issues such as 

exfoliation and stress corrosion cracking, which can affect traditional aluminum fuselages. Despite the 

advantages of Al-Li alloys, Boeing sticks with the metal for some major fuselage components of the 777x 

due to cost and repairability. Additionally, aluminum-lithium alloys can be repaired in the field, such as at 

airports and hangars, using existing techniques, unlike composite fuselages, which require complex bonded 

repairs. Furthermore, industrial evaluations have found that the latest Al–Li alloys can be manufactured at 

30% lower cost than the equivalent composite structure [24][14]. Overall, Boeing has combined traditional 
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alminum alloys with new advanced Al-Li alloys for the 777X fuselage in areas like floor beams and 

possibly other key structural areas also, to support the weight reduction by ~10% of the fuselage, improving 

fuel efficiency [24][23][14] and upscaling corrosion and fatigue performance, while maintaining the cost 

and repairing challenges. This balanced approach enhances the fuselage’s specific strength, corrosion 

resistance, and maintainability, supporting the aircraft's overall efficiency and the service life.      

5.1.3 Case Study of Landing Gear: Titanium Alloys for Strength, Fatigue, and Corrosion Resistance 

The Boeing 777 was the first commercial airliner to use significant amounts of titanium alloy in its main 

landing gear structure [13]. In older aircraft, landing gears were made of ultra-high-strength steels such as 

300M to handle the high stress during landing, takeoff, and taxiing. Although steel is very dense and strong, 

it can degrade through corrosion and fatigue cracking. These issues led to a lightweight, more durable 

solution for the Boeing aircraft landing gear.  Boeing 777’s main gear uses a β-phase titanium alloy, 

containing 10% vanadium, 2% iron, 3% aluminum, and the balance titanium (commonly ‘Ti-10-2-3’) for 

major elements, including the massive truck beam forgings and other strut components [15]. This near-

phase titanium alloy has a high tensile strength of approximately 1200 MPa after heat treatment. Although 

it is slightly lower than the tensile strength of 300M steel, the β-titanium alloy has only ~50% the density of 

steel. This provides an excellent strength-to-weight ratio, illustrating the advantages of implementing 

lightweight materials [25]. According to studies, by replacing high-strength steel 300M with Ti-10-2-3 in 

Boeing 777 landing gear, Boeing has achieved approximately a 270kg weight reduction in the landing gear 

assembly [25]. As a result, this significant weight saving in a single structural subsystem directly 

contributes to the fuel efficiency and payload capacity. Additionally, titanium gear is highly corrosion-

resistant, unlike high-strength steel, Ti-alloy provides extended inspection intervals for the landing gear, 

reducing the 777’s life-cycle maintenance costs. As a result of this improved corrosion resistance, which 

reduces the risk of failure from crack formation, Ti-alloys reduce metal loss or pitting over time.  

Titanium alloys also demonstrate excellent fatigue and fractured performance under repeated landing loads. 

The Ti-10V-2Fe-3Al alloy was originally developed for aircraft landing gears and has been extensively 

studied and validated for its performance under repetitive stress and damage scenarios, making it a reliable 

material for engineering designs [26]. Titanium alloys provide high fracture toughness and a fatigue 

endurance limit suitable for the repeated stress cycles of takeoff and landing. And the lab results indicate 

that the Ti-10V-2Fe-3Al alloy exhibits smooth high-cycle fatigue curves and crack growth rates, making it 

well-suited for long service lives [27]. In real-world airline operations, Boeing has validated the durability 

of titanium alloy in landing gear and shown that it needs to be maintained more frequently than steel 

components due to corrosion and fatigue concerns [25]. The proven durability of the Ti-10-2-3 alloy on the 

Boeing 777 landing gear made the part suitable for future adoption in new Boeing designs. Not only have 

the newer β-phase titanium alloys, such as Ti-5Al-5Mo-5V-3Cr, been used to design the latest aircraft, such 

as the 787 and 777X, but they also affect their long-term performance [25]. Overall, the Boeing 777’s use 

of titanium alloys in the landing gear provides excellent strength while saving approximately 50% of its 

weight, offers intrinsic corrosion resistance, and enhances fatigue performance, thereby improving gear 

reliability and service life [25]. This exceptional success of landing-gear use emphasizes the importance of 

using such material for heavy-duty parts while saving weight.  

 

5.2 Recent and Future Trends for Innovation 

The increasing number of industrial aircraft and the reduction in mass are leading to the development of 

new approaches in materials science, and the Boeing 777 plane is progressively achieving a structural edge. 

Focusing on cutting-edge materials management techniques for CFRP structural development and CFRP 
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automation primarily encompasses all fabrication methods, excluding cleavage [31]. The OOA technique is 

quite costly. Its primary aim is to remove the clutch. This approach decreases capital expenditure. Offers 

high productivity. In the aerospace composites industry, costs remain elevated. Manufacturing duration is 

shortened [31]. Innovative approaches to producing components have emerged, with a focus on metal 

matrix composites (MMCs). Mmcs consist of a singular metal matrix composite. The matrix composite 

(mma) within them offers durability. This configuration delivers a balance of attributes, such as reduced 

shrinkage, improved strength and ductility, and greater corrosion resistance, compared to traditional alloys. 

[28]. Mmcs are suitable for high-performance parts and assemblies subjected to stress and strain, making 

them perfect for aerospace and automotive industries. [28][29]. The rise of manufacturing (am) and 

topology has introduced new trends. Also referred to as 3D printing, AM provides design versatility [29]. 

This allows the fabrication of component geometries that cannot be achieved with conventional 

manufacturing techniques such as casting or machining [29]. Topology optimization is applied to determine 

the allocation of material within a product’s design domain. It ensures that only the material needed is used 

where it is needed to support the load, which helps reduce mass and material waste. [30]. Glass-laminated 

aluminum-reinforced membrane (glare) and fiber laminate (FML) offer a balanced combination of 

properties. They combine the high durability of metal with the high strength of fiber-reinforced composites, 

while also providing proven wear resistance. These materials are an excellent option for fuselage and large-

scale applications. 

 

5.3 challenges and limitations 

The application of high-performance composite materials to aerospace applications presents engineering, 

financial, and material constraints that must be considered. High-performance and high-strength materials 

require high strength and durability. Cfrp and titanium materials are more durable than aluminum alloys 

[18]. In addition, complex composite structures and high alloying require specialized manufacturing 

processes [31]. The main focus is on the complexity of maintenance and inspection. Composite 

maintenance procedures are difficult to standardize, time-consuming, and require advanced equipment. 

[31]. Furthermore, visual inspection is difficult to accurately identify and repair, especially in aircraft with 

visual defects (bvid) [32]. This complexity increases the aircraft's time and overall maintenance costs. 

Maintenance requirements switching from one aircraft to another demand a notably higher level of 

expertise among maintenance staff [32]. Staff must receive training and assistance in processes for 

examining, testing, and mending composite elements [32]. Maintaining aircraft takes more time than 

general aircraft maintenance [32]. Boeing has introduced time, quality, and safety management protocols 

incorporating a certified system [33]. This involves detecting fluids introduced into the product framework 

that have been polluted by substances or other impurities [3]. The difficulty of handling products within 

global supply networks persists [34]. Gaining compliance approvals can take a long time and be difficult to 

obtain, particularly when novel materials and production methods are introduced. Boeing's attempts at self-

regulation have been hindered by internal industrial management issues and major program delays [33]. 

Using problems in complex provider networks makes the airworthiness restoration process more difficult 

[33]. 

 

6. CONCLUSION 

The Boeing 777 is a good example of how large commercial aircraft can be designed to be strong, safe, and 

lightweight simultaneously. To achieve this, Boeing carefully selected materials based on their strength, 

weight, durability, cost, and ease of maintenance. Instead of using a single material for the entire aircraft, a 
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combination of metals and composites was used, with each material performing best. 

Aluminum and aluminum-lithium alloys are primarily used in the fuselage because they offer a good 

balance of low weight, strength, damage tolerance, and ease of repair. Titanium alloys are used in high-

stress areas, such as landing gear, because they offer high strength, excellent fatigue life, and strong 

corrosion resistance. In newer variants such as the 777X, carbon fiber-reinforced polymer (CFRP) wings 

were introduced to reduce weight and improve aerodynamic efficiency significantly. 

Material selection for the Boeing 777 is based on systematic evaluation methods, such as multi-criteria 

decision matrices, which consider multiple factors simultaneously rather than a single property. This 

approach ensures that each aircraft component meets its performance and safety requirements while 

minimizing weight and cost. 

Overall, the Boeing 777 shows how advanced materials, smart design choices, and modern engineering 

tools can be combined to create an efficient and reliable aircraft. The design strategies used in the Boeing 

777 continue to influence modern aircraft development and future lightweight aerospace structures. 
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