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 Introduction to Adhesively Bonded Repair of Aircraft Structures

 Challenges of Certification of Repair of Aircraft Composites Structures

 Proposed Roadmap of Bonded Repair of Primary Aircraft Structures

 Technology Gaps and Research Directions
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Damage and Degradation of Composites
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• Impact damage – dropped tools, runway gravel, 

hail damage, bird strike;

• Environmental conditions - fluid, heat and fire 

damage;

• Manufacturing and assembly processes –

porosity, fibre waviness, edge delamination, mis-

located or elongated holes;

• Others
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Structural Repair of Composite Aircraft 

Structures
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Remains to be one of the key challenges for 

aerospace industry

• Large, often bonded, composite components –

wing, fuselage, radome;

• Expensive to replace;

• Inherent complex damage behaviour;

• Specialized repair is often required;

• Major challenges in certification of bonded 

repairs of primary structures 
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Airbus A380 bonded components

Terminology: Primary structures, load critical, and safety of flight 
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Global Large-scope Effort of Certification of 

Adhesively Bonded Joints on Load Critical 

Structures
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TRUST:by DARPA 

Unitized, adhesively bonded 

composite primary structures

BOPACS by EU-FP7

Boltless assembling Of Primary 

Aerospace Composite Structures

NASA CTE (Comp Tech for Exploration)

Lightweight composite joints on launch 

vehicle structures

The full cost and weight savings of composites cannot be realized until 

bonded joints can be certified without fasteners

US Department of Defence

• Composites Affordability 

Initiative (CAI)

• Fail-Safe Technologies for 

Bonded Unitized Composite 

Structures (FASTBUCS)

• Low Cost Attritable Aircraft 

Technology (LCAAT)
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Bonded Repair Challenges
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• Challenges with materials supply, storage and handling and repair environment

 Availability, lead time, low-temp storage, material handling and humidity control 

• Challenges with on-aircraft repair

 Bond areas often contaminated and drying often required (sandwich structures)

 Often restricted access

 Limitation of cure temperatures, non-uniform bondline temperatures, heat sink, overheat damage

 Porosity issues related to vacuum bagging

• Challenges with training and logistics 

 Inadequate training

 Insufficient workload to maintain proficiency

 Environmental and safety/health concerns for some M&P

• Challenges with certification

 Significant hurdles related to bonded repairs of load critical primary structures
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Regulatory Guidance for Bonding (including 

Bonded Repair) of Primary Structure
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23.573 Damage tolerance and fatigue evaluation of structure. 

 

(a) …Where bonded joints are used, the structure must also be evaluated in accordance with 

paragraph (a)(5) of this section. The effects of material variability and environmental 

conditions on the strength and durability properties of the composite materials must be 

accounted for in the evaluations required by this section. 

 

 …  

 

(5)  For any bonded joint, the failure of which would result in catastrophic loss of the 

airplane, the limit load capacity must be substantiated by one of the following 

methods- 

 

(i) The maximum disbonds of each bonded joint consistent with the capability to 

withstand the loads in paragraph (a)(3) of this section must be determined by 

analysis, tests, or both. Disbonds of each bonded joint greater than this must be 

prevented by design features; or 

 

(ii) Proof testing must be conducted on each production article that will apply the 

critical limit design load to each critical bonded joint; or 

 

(iii) Repeatable and reliable non-destructive inspection techniques must be 

established that ensure the strength of each joint. 

CF-188 Y470.5 

Bulkhead X-19 

bonded repair

FAA AC20-107B Methods for Bonded Structure Compliance
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Defence JSSG-2006 (Paragraph 

3.10.5  Static strength)
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 Sufficient static strength shall be provided in the airframe structure for reacting all loading conditions 

loads without degrading the structural performance capability of the airframe.  Sufficient strength shall be 

provided for operations, maintenance functions, and any tests that simulate load conditions, such that:

 No detrimental deformations at 115% of design limit load (DLL)

 No rupture or collapsing failures at design ultimate load (DUL)

 Use nominal dimensional values

 Bonded structure shall be capable of sustaining the residual strength loads of 3.12.2 (i.e. DLL) without a 

safety of flight failure with a complete bond line failure or disbond.

 The Defence Certification Authority sees continuing airworthiness as the most difficult issue facing 

certification of bonded joints on primary structures

 Risk of in-service failures due to human error and other factors during bonding

 Lack of validated analysis techniques and ability to ascertain bond strength

 Bonded joint likely see more severe usage than anticipated
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Roadmap for Certification of Bonded 

Repair of Primary Structures 
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• Bonded repairs that could meet 

existing certification 

requirements 

• Bonded repairs beyond 

existing certification 

• Risk-based certification 

approach for primary 

structure bonded repairs 

• “Slow Growth” Based 

Bonded Repair on Primary 

Structures
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Consideration of Different Categories of 

Structures and Damage Types
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Fail-Safe, Multiple Load Path Structures

• Due to their high property scatter, most composite structures where B-basis design 

allowables are used (e.g. wing skins, wing planks) are fail safe, multi-load path structures: 

• Relatively low reliability requirement 

• Bonded repairs more likely to meet the existing certification requirements

• Repairs often essential - to maintain multi-load path and prevent damage growth;

• More opportunities for bonded repair applications:

• Advanced modelling capability of residual strength analysis - more accurate allowable 

damage size for repairs to be determined, potentially expanding repair opportunities.

• Repair design critical – to assess load redistribution behavior and the required 

minimum redundancy level of a fail-safe structure in the absence of the bonded 

repairs;



Consideration of Different Categories of 

Structures and Damage Types
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Military Aircraft – Battle Damage Tolerance Requirement

• For military aircraft, this safety requirement must be maintained;

• Battle damage tolerance – often means an “additional” static strength safety margin

with the pristine structure, in terms of normal flight loading and the damage limit

considered for civilian aircraft;

• Multi-load path structures help increase the survivability and are often preferred;

• The reliability requirement of battle damage is relatively low. Thus bonded repairs

would mostly likely meet the requirement for restoring the additional safety margin;

• Since often there is limited communication between people working in the aircraft

structural integrity area and people working in the vulnerability area, this important

point may have not been duly considered.



Consideration of Different Categories of 

Structures and Damage Types
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Hybrid Repair Approaches - Residual Strength Could Be Enhanced

• Hybrid repairs - residual strength can be enhanced by means of  

mechanical fasteners/Z-pinning and/or optimum damage cut-out 

• Such residual strength enhancement

o allows the bonded repairs to meet certification requirement

o prevents catastrophic failure, and allows sufficient time for 

disbond detection, should kissing/weak bond be present

o would maintain during service when bond quality is satisfactory

• Hybrid repair design is a non-trivial task, requiring optimum design 

from multiple perspectives: (i) damage cut-out, (ii) riveted/bolted patch 

repairs, and (iii) bonded patch repairs 

• Significant further research scope/opportunities in this area.

Strength

1.5

1.0

DUL

DLL

Damaged Strength 

Enhanced

Structure Type



Consideration of Different Categories of 

Structures and Damage Types
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Hybrid Repair – Bonded Repair Combined with Mechanical Fasteners/Z-pinning/ 

other crack arrest mechanisms

• Unlike for production of aircraft structures, the fasteners 

used for repairs do not significantly increase the weight

• Computation/experiment indicated (with adequate 

designs) the fasteners increased the bonded joint static 

strength slightly and fatigue life significantly

• Disbond readily detected using existing NDI methods 

within a fraction of the fatigue life provided by the 

fasteners only

• Z-pinning performed similarly in a hybrid joint

Bonded, bolted and hybrid composite 

joint specimens

FEM analysis of a Z-pinned joint 

FEM model of a hybrid step lap joint



Consideration of Different Categories of 

Structures and Damage Types
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Hybrid Repair – Bonded Repair Combined with Damage Optimum Cut-out

• Damage optimum cut-out increases the residual strength 

by reducing stress concentration

• A test of a composite specimen with impact damage 

showed that 

o The ultimate strength is higher by over 20% with the 

optimum shape cut than that with round cut

o The ultimate strength is further increased 

significantly with the bonded patch repair

• Damage optimum cut-out can be used together with 

mechanical fasteners

• Many different application types (significant scopes) 

Optimum cut-out shape

Impact Damage Round Cut Optimum Cut

A test



Consideration of Different Categories of 

Structures and Damage Types
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Significant Applications – Past Examples



Consideration of Different Categories of 

Structures and Damage Types
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Consideration of Different Categories of 

Structures and Damage Types
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Balanced short-, medium- and long-

term research in the roadmap
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For those damage scenarios where current repair certification requirement for residual strength 

can be met (e.g. primary structures with RS.>K.DLL prior to repairs, or non-primary structures)

o Applications listed in previous three slides or similar can continue to be applied (promote 

bonded repairs and obtain benefit)

o Challenging repairs, such as F/A-18 IWSLJ bonded repairs conducted by CREDP – with high 

economic benefit (R > 1.5 DLL prior to repair, different challenges – including to prove “R > 

1.5 DLL” prior to repair)

o Opportunities to try/verify new techniques:

• Enhanced advanced modelling tools for residual strength analysis 

- e.g. F/A-18 IWSLJ bonded repairs 

• Optimized cut out and patch design;

• Automation, digitalization, 3D printed mould for patches, and printed patches;

• New and novel materials and new repair concepts etc.



Balanced short-, medium- and long-

term research
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For those damage situations where the current repair certification requirement for residual 

strength prior to repairs cannot be met (that is, for primary structure when RS < K.DLL) 

o No clear pathway forward, hugely challenging, but offer significant benefits 

o Needs for extending bonded repair certification/application ranges

o Provide opportunities to demonstrate repair reliability/verify new approaches –

support research for more challenging repair applications  

• Short/Medium term goals: 

• Novel joint design for crack arrest as per AC20.107B

• Technology readiness of proof testing method such as Laser Bond Inspection



Balanced short-, medium- and long-

term research
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Critical structures that currently cannot be certified, i.g. bonded repair of load-critical, 

single-load path structures (RS < K.DLL) 

o Long-term development, forward looking and disruptive technologies

(i) enhance repair process to guarantee sufficient repair reliability – risk-based 

certification approach

o Quality assurance - If the statistics (verified by tear-down) proves the current 

quality insurance can guarantee B-basis reliability, is it sufficient to meet the 

certification requirement for a structure that requires B-basis reliability with a 

damage case where R < DLL prior to repair?

(i) Develop reliable methods (NDI or others) to measure bond strength – Proof 

testing, NDI and SHM

(ii) “Slow-growth” certification approach, if driving force is ~ constant and 

environmental durability assured



Risk-based:  Linking Process 

Control to Reliability
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Advanced patch 

design and 

Analysis

Bonded

Repair

Linking requirements 

to overall processes
Bonding 

process

Training 

Advanced NDI 

Optimized 

damage cut-out

In-service inspection 

and SHM

Quantifying a system through quantifying sub-systems
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Material quality 

control



Surface Treatment is the Key to 

Process Reliability 

Substrates 
Surface 

Treatment

Adhesive
Bonding 

Process

• Cohesion / substrate failure 

• Adhesion failure

Adhesion

Strength

Durability

• Lap shear, thick adherend shear

• Flatwise tension

• Fracture toughness 

• Time, temperature, humidity loading
Four elements of a bond system 

Intro

Challenges

Roadmap and Gaps



Risk-based Certification of Bonded 

Repair of Primary Structures 
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Boeing Fault tree analysis

Quantifying reliability of bonded repair 

through quantifying subsystems:

• Fault tree analysis and probabilistic analysis (i.g. 

Bayesian network – Boeing

• Six-sigma to achieve robust bond process – Airbus 

• Closely control and track process parameters and 

quantify the impact of variations 

• Quantify against (& to achieve) B or A-basis reliability

 

t01@ 0.1%   

probability 

t 50 @ 50%  

probability 

 Scatter factor = t50 / t01 

 SFPOF or h(t)   0.001 / t01 

f (t) 

t 

Life distribution, f(t) 

Many R&D opportunities exist 

Intro

Challenges

Roadmap and Gaps



Achieving Reliability 

• Automation and high quality treatment

• Open-air plasma, laser and other surface 

treatment methods

• Digitalized process with quantifiable outcome

• Pre-bond surface inspection:

• Contact angle, surface energy

• Fourier Transfer infrared spectroscopy (FTIR)

• Optically stimulated electron emission (OSEE)

• Laser induced breakdown spectroscopy (LIBS)

• Peel strength measurement 

NRC 

Open-air 

plasma

FTIR of 

plasma 

treated 

surface 

CA ~120o
Teflon: (-CF2-)n

Low surface energy

CA<90o

Degreased Al

High surface energy

CA<15o

Plasma oxidized Al

Very high surface energy

Surface energies 

NRC 

Laser 

treatment

Opportunities: manufacturing 4.0

Handhel

d FTIR
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Proof testing, NDI, SHM for 

Bond Integrity
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• Proof testing:  Direct mechanical loading on bonded joints –

used on helicopter blade bond certification, but not practical for 

most applications 

• Laser shock inspection

• Strictly speaking not proof testing - Indirect proof testing

• Remains to be qualified for on-aircraft application

• NDI for bond strength – non-linearity ultrasonic under 

development

• Proof testing of bond integrity and durability – BRCs

• Tear-down assessment – retired/replaced components

• SHM – strain transfer measurement, lamb wave, fibre optics

Challenges and opportunities: complexity and reliability; on-aircraft application; 

probability of detection (POD)

Repair patch and satellite 

bonded repair coupons (BRCs)
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“Slow Growth” Based Bonded 

Repair on Primary Structures

• Future aircraft designs are expected to rely on primary bonded composite structure 

due to expected cost, production, and sustainment benefits 

• Proposed Roadmap to extend repair application range and inspection intervals for 

“slow damage growth” under damage tolerance design approach

 Demonstration of slow, stable and predictable growth of bonded repair

 Validated damage growth models that account for the repair

 Likely limited applications using slow growth certification approach for bonding only applications 

– possibly rapid increase in crack driving force with increasing disbond size; 

 Relies on ability to nondestructively inspect structure through installed repair

 Dependent on a repair system that is sufficiently mature (stable M&P, producibility, 

characterized mechanical properties, predictability of structural performance, and supportability)

Intro

Challenges

Roadmap and Gaps



Summary

• The Roadmap addresses different scenarios of bonded repairs based multiple/single 

path, residual strength, etc.

• The short/intermediate term goal is to expand the applications and advance 

technologies of bonded repair in situation where the current certification 

requirement, RS > K. DLL prior to repairs, can be met 

• The long-term goal is to develop certification approach to certify bonded repairs 

on single load path, primary structures where RS < K. DLL

• Significant R&D opportunities exist:

• New joint design

• Modelling and simulation tools;

• Enhancing Material/process reliability

• Testing and validation, proof testing, NDI and SHM technologies
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Composite Damage Tolerance (FAA AC20-107B)

29Damage severity and design loads
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