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Abstract. Compared to traditional titanium alloy blades, CFRP blades offer higher specific
strength and specific stiffness, fatigue performance, and greater design flexibility in terms of
structural geometry.This paper employs a literature review approach to discuss the
theoretical foundations, engineering examples, limiting factors, and potential future
developments related to CFRP resin-matrix composites. The analytical method first
examines the principles of material reinforcement, damage tolerance, and the relationship
between manufacturing methods and performance. Subsequently, composite fan designs
from the GE90, GEnx, GE9X, and Rolls-Royce families are studied as typical examples to
illustrate their progression from experimentation to practical engineering
applications.Furthermore, the advantages and challenges of CFRP fan blades are
comprehensively summarized from the perspectives of mechanics, manufacturing, and
maintenance. Finally, future research directions are proposed regarding smart
manufacturing, multistage damage models, interface optimization, and multifunctional
composite systems. This review demonstrates that carbon fiber-reinforced polymer fan
blades have become an integral part of the new generation of aero-engines; however,
manufacturing consistency, impact resistance, and life prediction still require further
improvement.
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1. Introduction

With ever-increasing demands for aviation efficiency, modern aircraft engines are evolving toward
higher thrust-to-weight ratios, lower fuel consumption, and reduced environmental impact. As one
of the largest components in high-bypass turbofan engines, the fan system has a significant impact
on engine efficiency.Traditional titanium alloy fan blades have achieved high reliability after
decades of development; however, their potential for further weight reduction and performance
enhancement is gradually reaching its limits. Consequently, advanced composite materials have
become a key research direction for future aircraft engine structures [1].

Carbon fiber-reinforced polymer-matrix composites (CFRP), with their excellent specific
mechanical properties and anisotropic design capabilities, offer new solutions for lightweight fan
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blade design. In terms of the material itself, composite systems allow fibers to be optimally aligned
according to the applied loads, thereby fully utilizing the structural load-bearing capacity.At the
same time, these resin-matrix materials are resistant to vibration-induced failure and exhibit good
fatigue resistance, making them ideally suited for the manufacture of large fan blades that must
withstand complex aerodynamic and centrifugal conditions [2].

Some fan blade tests conducted using carbon fiber-reinforced polymer (CFRP) have been well
validated in engineering practice, but challenges remain. Technical challenges persist regarding how
the material fails under impact loads, how forming processes affect manufacturing quality, and
whether long-term performance can be accurately predicted. Therefore, it is necessary to conduct a
systematic correlation analysis between the material's intrinsic properties, processing methods,
structural characteristics, and actual service conditions.

This review focuses on three key areas: First, the theoretical mechanisms underlying the
performance of CFRP fan blades, including performance enhancement, damage tolerance, and
manufacturing methods; second, representative application examples and the current state of the art;
and third, limitations and future research directions.Through literature analysis and comparative
evaluation, this paper aims to provide a comprehensive account of the historical development of
CFRP fan blades, while also offering a prospective analysis or technical recommendations regarding
composite materials for aircraft engines.

2. Basic mechanisms and theoretical foundations of CFRP fan blade applications

2.1. Reinforcement mechanism and mechanical advantages of CFRP materials

The superiority of CFRP fan blades stems from the synergistic relationship between carbon fibers
and the resin matrix. Therefore, the mechanical properties of composite materials depend not only
on the intrinsic characteristics of each component but also on fiber orientation, interfacial bond
quality, and the laminate structure [3]. Compared to metallic materials, carbon fiber-reinforced
composites (CFRP) clearly exhibit significantly higher specific strength and specific stiffness.
Consequently, it is conceivable that fan blades can be designed to be much larger without a
significant increase in rotating mass. Reducing the weight of fan blades also lowers the load
requirements on the surrounding engine structures (including the rotor system and containment
structures), thereby yielding additional weight-saving benefits [4]. Another advantage is the design
flexibility of carbon fiber materials. Carbon fibers can be arranged according to different stress
conditions, enabling composite blades to achieve optimal load balance. High-strength fibers are
suitable for areas with concentrated centrifugal stresses, while laminate structures can be used to
improve either bending resistance or vibration resistance. However, the anisotropic properties of
carbon fiber-reinforced composites (CFRP) also introduce complexity.Unlike isotropic metallic
materials, composites respond differently to forces applied in different directions. Therefore,
accurately predicting stress distribution and failure behavior requires multiscale analysis methods
that integrate microscopic fiber behavior with macroscopic structural response [5]. Figure 1
illustrates this multi-scale architecture, encompassing the microscopic components (carbon fibres,
the epoxy matrix and the fibre–matrix interface), the mesoscale laminate structure with customised
fibre orientation, the macroscopic composite structural design, and the engineering performance
achieved in fan blade applications.
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Figure 1. Multiscale structure and reinforcement mechanism of carbon fiber-reinforced polymer
composite fan blades

2.2. Damage tolerance mechanisms and failure behavior

Aviation engine fan blades are subjected to numerous extreme conditions, including foreign object
impact, cyclic loading, temperature fluctuations, and aerodynamic vibrations. Damage tolerance is
one of the fundamental and critical factors determining whether carbon fiber-reinforced polymer
(CFRP) fan blades can replace traditional metal blades. The failure behavior of carbon fiber-
reinforced composites (CFRP) differs from that exhibited by metal fatigue.Composites generally
lack a stage of plastic deformation; damage manifests as a series of progressive forms (matrix
cracking, fiber breakage or delamination, interfacial separation, etc.). These types of damage are
interrelated and gradually degrade the structure [6]. To improve impact resistance, researchers have
proposed numerous approaches: toughening epoxy resins, mixed fiber reinforcement, three-
dimensional weaving techniques, and interfacial modification strategies.These measures are all
aimed at preventing rapid crack propagation and increasing interlaminar toughness. For fan blades,
bird strike resistance is a critical certification requirement. In the early days, Rolls-Royce and
General Electric encountered obstacles when using composite materials for fan blades, namely that
the materials did not provide adequate impact resistance.However, thanks to advancements in
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carbon fiber technology, tougher resins, and more rational designs, composite fan blades were
eventually accepted for use in commercial engines [7]. Consequently, the damage tolerance theory
for carbon fiber-reinforced plastics (CFRP) is now shifting from a focus on simply using strong
materials to a strategy of controlling damage progression. Contemporary designs typically balance
stiffness, toughness, energy absorption efficiency, and failure prediction.

2.3. Manufacturing theory and the relationship between process and performance

If blades were made of metal using traditional machining or forging methods, the manufacturing
process would be much simpler; in contrast, composite blades require a series of steps, including
fiber placement, preforming, resin impregnation, curing, and surface treatment.Currently, automated
fiber placement (AFP), resin transfer molding (RTM), and the newer weaving method have all been
extensively studied in the manufacture of composite fan blades. AFP is a highly efficient process
that allows for precise control of fiber orientation, making it a promising approach for the mass
production of composites [8]. However, manufacturing defects remain a challenge.Bubbles,
irregular fiber orientation, excess resin, or incomplete interfaces can all significantly reduce
mechanical properties. Therefore, process simulation and nondestructive testing are indispensable in
the development of composite fan blades. Recent research emphasizes the integration of material
design, manufacturing simulation, and structural evaluation, rather than treating them as separate
stages. This integrated approach can improve manufacturing consistency and reduce development
costs.

3. Current applications and engineering case studies of CFRP fan blades

3.1. Development history of commercial carbon fiber-reinforced plastic fan blades

Carbon fiber-reinforced plastic (CFRP) fan blades for aircraft engines have now evolved from the
experimental stage to relatively mature engineering applications. The earliest relevant efforts were
conducted by Rolls-Royce in the 1970s during research on the RB211 engine. Although carbon fiber
composites were used to manufacture blades at that time, their impact resistance did not meet
requirements, resulting in failure to pass bird strike tests; titanium alloys remained the primary
choice [7]. This failure demonstrated that high mechanical strength alone was insufficient to meet
the demands of aircraft engine applications; composite fan blades required comprehensive
optimization of material toughness, structural design, and impact protection. Engine development,
epitomized by General Electric's (GE) GE90, achieved a major breakthrough in this field. By 1995,
GE had, for the first time, deployed carbon fiber-reinforced epoxy resin blades in actual commercial
aviation systems.The fan blades used in the GE90 were made from IM7-class carbon fiber combined
with toughened epoxy resin, offering suitable strength and service life while significantly reducing
weight [8]. The success of the GE90 demonstrated that carbon fiber-reinforced plastics (CFRP) can
be an ideal material for large commercial turbofan engines and highlighted the promising future of
composite fan development.Starting with the GE90, composite fan blades have continued to
advance in the GEnx and GE9X engines. The composite fan and casing used in the GEnx have
expanded the scale of such structures, demonstrating the potential for the effective use of larger
composite areas in commercial engines. The latest-generation GE9X represents General Electric's
fourth-generation composite fan blade design.By increasing carbon fiber stiffness and resin
toughness, optimizing aerodynamic design, and adopting impact-resistant structures, the GE9X
engine has achieved a larger fan diameter and a reduced number of blades. Compared to the 22
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blades of the GE90 and the 18 blades of the GEnx, the GE9X requires only 16 composite blades,
representing a genuine improvement in structural efficiency.In addition to General Electric (GE),
Rolls-Royce has also continued its exploration of composite fan blades. Its "UltraFan" project
focuses on new composite materials, weight-reduction strategies, and modern manufacturing
processes. This demonstrates that carbon fiber-reinforced plastic (CFRP) fan blades are no longer
merely experimental but represent a direction that deserves serious consideration in the design of
high-efficiency aircraft engines. The technical evolution milestones of commercial CFRP fan blades
from the RB211 program to the GE9X engine are summarized in Figure 2.

Figure 2. Evolution of commercial CFRP fan blade technology from the RB211 to the GE9X

3.2. Analysis of application advantages and existing issues

The engineering success of carbon fiber-reinforced plastic (CFRP) fan blades stems primarily from
their ability to simultaneously meet requirements for lightweight design and structural reliability.
Compared to traditional titanium alloy blades, CFRP blades offer higher specific strength and
specific stiffness, enabling designers to increase fan diameter while controlling rotating mass. A
larger fan diameter improves bypass ratio and propulsive efficiency, thereby directly contributing to
reduced fuel consumption and lower emissions [9].

Another important performance advantage is improved vibration characteristics. The polymer
matrix used in CFRP materials inherently possesses significant damping capabilities, which helps
reduce the transmission of vibrations during engine operation. This characteristic is particularly
beneficial for large fan blades subjected to aerodynamic excitation and rotational imbalance. At the
same time, composite materials are well-suited for overall structural optimization. By utilizing fiber
orientation and laminate configurations, localized design reinforcements can be applied to areas
experiencing high centrifugal forces and severe impacts.Traditional isotropic metals cannot achieve
this with the same degree of flexibility. However, several limitations currently hinder their
widespread adoption. The first challenge is resistance to impact damage. Although CFRP blades
now handle bird strikes quite well, impact damage remains difficult to detect because delamination
may occur internally without visible surface damage. Such defects are hard to identify and even
harder to repair.The second challenge is manufacturing consistency. Composite structures are highly
sensitive to parameters such as fiber placement, curing, resin condition, and even residual stress.
Even minor manufacturing deviations can affect actual strength. Recent research on automated fiber
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placement indicates that improving process stability and integrating simulation with manufacturing
data are crucial for producing high-quality CFRP fan blades [10]. The third challenge concerns
service life assessment. While there are well-established methods for damage analysis in metal
blades, CFRP structures require more detailed monitoring. Existing nondestructive testing
techniques—ultrasonics, acoustic emission, infrared, and digital imaging—have their uses but
cannot guarantee accurate predictions of remaining service life [11].

4. Future development trends in CFRP fan blade technology

To address the three major challenges identified in Section 3.2—namely, manufacturing
inconsistencies, impact-induced internal delamination damage, and the lack of reliable methods for
predicting service life—future research should proceed simultaneously in three areas: intelligent
manufacturing for process control, interface modification for damage tolerance, and multifunctional
systems for real-time structural health monitoring.

4.1. Smart manufacturing and digital process optimization

In the future, the manufacturing of CFRP fan blades will gradually shift from experience-based
production to smart manufacturing. Traditional composite manufacturing processes rely heavily on
the technical skills of operators, particularly when handling fibers and addressing defects. However,
as blade structures become larger or more complex, it becomes difficult to achieve consistent quality
through manual labor alone. Even so, currently used automated layup methods still suffer from
issues such as fiber waviness, layup defects, or process mismatches. Future research should integrate
digital twins, artificial intelligence, and multiscale simulation methods to establish a closed-loop
manufacturing system. By monitoring manufacturing parameters in real time and predicting
mechanical properties, production processes can be optimized before defects occur. The resulting
solutions should significantly reduce development costs for the next generation of composite fan
blades while improving their performance.

4.2. Advanced materials and interface modification

For future carbon fiber-reinforced plastic (CFRP) fan blades, improvements should not only focus
on making the carbon fibers more resilient but also analyze the interrelationships among the fibers,
resin, and the fiber-matrix interface. The fiber-matrix interface determines stress transfer efficiency
and damage propagation behavior. If the interface is too weak, premature delamination is likely to
occur; if it is too strong, energy absorption capacity will be reduced. Therefore, interface
modification methods involving nanomaterials, surface treatments, or multifunctional resins are
expected to become important areas of research. At the same time, hybrid composites may offer
additional advantages. Such designs can achieve a better balance between stiffness, toughness, and
damage tolerance.

4.3. From lightweight structures to multifunctional composite systems

If they can simultaneously achieve functions such as sensing, structural monitoring, electrical
conductivity, and thermal control, composite materials represent a very promising direction.
Combined with smart maintenance methods, such designs hold promise for reducing repair costs
and improving operational safety. However, there are currently no fully resolved solutions regarding
the reliability of multifunctional composites, as well as their manufacturing and certification.
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Therefore, future development should not only focus on material innovation but also be dedicated to
establishing a comprehensive engineering evaluation system.

Figure 3. Proposal for the future development of CFRP fan blade technology

5. Conclusion

Carbon fiber-reinforced resin-based composites have become one of the most important materials in
the development of modern aircraft engine fan blades. In terms of specific strength, specific
stiffness, fatigue resistance, and structural adjustability, CFRP fan blades have proven to be excellent
replacements for older metal structures and have successfully replaced traditional designs in various
commercial aircraft engines.

From a theoretical perspective, the performance of such structures is determined by the combined
effects of various factors, including the carbon fibers, resin, interfaces, and manufacturing processes.
The reinforcement mechanism itself facilitates lightweight design, while damage tolerance theory
provides guidance on achieving impact resistance and making accurate failure predictions.In terms
of engineering practice, successful applications have been demonstrated in the GE90, GEnx, and
GE9X engines, and CFRP fan blades have proven to be reliable in commercial aviation. However,
challenges remain to be addressed. Inadequate material manufacturing, internal damage, and
limitations in life prediction and inspection methods continue to hinder the widespread adoption of
these blades. Future development should focus on smart manufacturing, advanced interface
engineering, multiscale simulation, and multifunctional composite material systems.

Current research limited by a heavy emphasis on theoretical discussions of materials and
structures, while long-term operational data and comprehensive life-cycle assessments remain
relatively scarce. Future research should leverage test results, numerical methods, and operational
records to collectively support performance predictions—that is, to establish more accurate models.
With continuous improvements in materials and manufacturing technologies, carbon fiber-reinforced
plastic (CFRP) fan blades are expected to play an increasingly important role in sustainable and
efficient aviation systems.
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