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Preface

This book aims to provide a detailed description of defects
and damage associated with advanced composite materials
and structures. The topic of defects and damage in advanced
composite materials has been discussed in many reports and
articles over the past 50 years. Most of the early work during
the 1970s through to the 1990s has not lost any relevance in
today’s technological understanding of composite materials
and structures. In fact, current work in the field of defects and
damage only confirms the understanding and outcomes of
the earlier work to be relevant and applicable. This book has
accumulated the information developed over the past decades
and organized this data and knowledge into a concise docu-
ment. The author’s own experience in the field of in-service
activities for composite airframe maintenance and repair is
added to that wealth of knowledge, with a particular thrust
into the criticality of damage from a structural integrity point
of view, the relevance of identifying the damage, and how to
repair the defects and damage.

Chapter 1 outlines the general applications of composite
materials and fundamental definitions of defects and damage.
Chapter 2 provides a description of the defects and damage
types in composite materials and structures. This chapter cat-
egorizes the defects and damage types based on size, occur-
rence, and location, leading to generalization of the types of
defects and damage. Chapter 3 provides guidance into the
various NDI methods that can be used to find and identify

xxiii



xxiv B Preface

the defects and damage at various levels of detail and descrip-
tion. Chapter 4 reviews the basic failure modes and mecha-
nisms of composite materials defects. This chapter leads to
the determination of the stress state effects on the composite
structure of such defects in Chapter 5. In Chapter 5 the loss of
structural integrity is determined from the generalized defect
types of matrix cracks, delaminations, and fiber fractures.
Recommendations are provided for determining the stress state
and defect/damage criticality to the functional performance

of the composite materials and structure. Finally, Chapter 6
describes the recommended restoration practices for defect
and damage repair action.
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Chapter 1

Introduction

The application of advanced materials in components and
structures has evolved due to the need to reduce structural
weight and improve performance. Other attributes of compos-
ite materials, such as corrosion resistance, excellent surface
profiles, enhanced fatigue resilience, and tailored perfor-
mance, have also been significant contributors to the rapid
rise in composite materials application. As a result, these new
materials are required to perform at higher stress levels than
previous applications while also providing adequate levels of
damage tolerance. Advanced composite materials provide the
necessary damage tolerance through relatively low, applied
design strains. However, defects and damage still occur in
composite materials, and it is the assessment of defect and
damage criticality and the subsequent repair requirements that
are currently challenging for operators of composite materials.
When composite materials components are damaged or
defective in some way, the engineer/technician needs to deter-
mine the size, shape, depth, type, and extent of the anomaly
and restitution approach. A typical repair procedure is shown
in Table 1.1. Of immediate importance is the ability to iden-
tify the damage and determine its extent by some suitable
nondestructive inspection (NDI) technique. Most, if not all,

—
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Table 1.1 Typical Composite Structure Repair Procedure

1. Locate the damaged area

Assess the extent of damage

Evaluate the stress state of the damaged area stress state

Design the repair scheme

Remove damage and repair structure

Fabricate and prepare the repair scheme

Apply the repair scheme

Conduct post-repair quality checks

e N A A Il I

Document repair procedures

—_
e

Monitor the repair region

of the standard NDI techniques currently used require high
levels of operator experience to successfully apply the NDI
technique and interpret the results.

This book is written to provide an in-depth study of defects
and damage in composite materials. It is significantly focused
on the defect and associated structural response to the pres-
ence of defects.

What Does This Book Contain?

Chapter 2 describes damage and defect types in detail. Both
a written and (where possible) an illustrative description of
the many types of defects and damage in composite mate-
rials are given. The discussion leads to a consideration of
how defects and damage can be categorized.

Chapter 3 provides a relatively brief overview of the vari-
ous methods of finding defects and damage through
nondestructive methods of inspection (NDI). Finding
the nonconformity can be a challenge, and Chapter 3
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provides a tabulate guide of the defect-discovery
capability of the various NDI methods discussed.

Chapter 4 lists the failure mechanisms of the generalized
defects and damage types. The chapter describes impor-
tant relationships to load type and orientation of the
defect and damage.

Chapter 5 covers the loss of structural or performance
integrity based on the outcome of Chapter 4. This chapter
will allow a better appreciation of the repair requirements
needed to restore the composite structure/material to the
level needed.

Chapter 6 provides a short overview of the principal repair
methods and processes for restitution of defective or dam-
aged composite components.

Definitions

The following define what constitutes a defect or damage and
what constitutes failure of materials, components, and struc-
tures (Heslehurst 1991):

Defects: A material or structural defect, which is also
known as a discontinuity, flaw, or damage, is defined as
“any unintentional local variation in the physical state or
mechanical properties of a material or structure that may
affect the structural behavior of the component.” The
word may is used in the definition, as local nonconformi-
ties do not necessarily adversely affect material or struc-
tural performance.

Failure: The failure of a component or structure is defined
as “when a component or structure is unable to perform
its primary function adequately.” The primary function
may not be just structural performance (strength or
rigidity), but also environmental resistance, electrical and
thermal conductivity, energy absorption, etc.
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Advanced Composite Materials

The application of advanced composite materials in primary
load-bearing structures is steadily increasing. The term
advanced refers to those new fiber/resin composite systems
that have greater strength and stiffness properties over conven-
tional glass fiber material. Composite materials provide many
significant advantages over conventional metals used in struc-
tures applications; importantly, advanced composite materials
have excellent specific strength and specific stiffness proper-
ties. Advanced composite materials also possess some distinct
attributes, such as the fact that the fibers and resin remain
individual constituents, with the fibers providing the strength
and stiffness and the resin protecting the brittle fibers and
providing load transfer between adjacent fibers. However, it is
the design freedom that gives composite materials their great-
est advantages and uniqueness.

Advanced two-dimensional (laminated) composite
materials have their limitations in structural applications. The
materials are planar in nature. That is, the fibers are all in
one plane, and the technique of lamination means that the
principal structural properties are also in the same plane
(see Figure 1.1). As a result, the through-the-thickness mechan-
ical properties are significantly weaker than the in-plane prop-
erties. This has meant that composite structures are essentially
designed for only in-plane loads. However, most damage in
composite structures is associated with impact and the intro-
duction of out-of-plane stresses. It is these out-of-plane stresses
(known as interlaminar stresses) that ultimately cause a loss of
composite component structural integrity. Understanding such

Fiber Direction } Plies or Layers

Figure 1.1 Composite laminate showing its planar nature.
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damage is an area of major research. This research attempts
to better understand damage initiation and propagation in
advanced composite materials (Wang, Slominana, and Bucinell
1985; Williams et al. 1986; Lessard and Liu 1992; Lagace and
Bhat 1993; Chen and Chang 1994).

The application of advanced composite materials in airframe
structures is increasing with every new aircraft designed and
produced. This is particularly so with military fighter aircraft.
The F-15 Eagle, a 1968 aircraft, has 1.5% of its structural weight
made from advanced composite materials. The F-18 Hornet,
which commenced manufacture in 1974, has 12.1% of its struc-
tural weight made from advanced composite materials. Advanced
composite materials make up 26% of the structural weight of
the AV-8B Harrier II (1978), and the F-22 has about 24%, with
the F-35 comprising 38%. A typical breakdown of the structural
materials used in a modern airframe is shown in Figure 1.2.
Rotor-wing airframes have exceeded the fixed-wing aircraft with
composite materials. For example, the V-22 Osprey utilizes 65%
of the airframe with composite materials; the Eurocopter Tiger

Figure 1.2 (See color insert.) Material breakdown of the F-18 Hornet
airframe (United States Navy, 1984).
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armed reconnaissance helicopter has 80%; and the Eurocopter
NH-90 has 90% of carbon (graphite) fiber/resin composites. The
commercial aircraft field has also had a significant increase of
composite materials in the airframe from 24% in the A380, 52%
in the A350, and 50% in the B787. Figure 1.3 provides a chart
showing the increase in the use of composite materials in aircraft
(military, helicopter, and civil) over the last few decades.

A composite material in the context of this book is a mate-
rial consisting of any combination of filaments and/or particu-
lates in a common matrix. Various material combinations can
therefore be called composites, e.g., fiber-reinforced plastics
(FRP), timber, and concrete (Figure 1.4).

The basic premise of the term composite materials is that
the combination of different materials to form a new material
is done such that each constituent material does not lose its
individual form or material properties. The composite mate-
rial is thus such a combination that each constituent material

% of Airframe Weight Using Composite Materials

100%
NH-90
90% m
80% - Euro Tiger
0
=5 70%
8 CRYY)
=] 0,
= o A350XWB
Q
g 50% B7g7- A2
Typhoon E-
§ 40% yphoon 3i
kS B2 . A400M @
=} 30% Glll_)cll
= 22 & Rafale
@ AV-8B * afa A A380
20% N A330/A340 F/A18E/F
0 A310“ e A AB777
10% B757/B767 AT/ A15C/D
AMD-80 5, @ A300-600 A MD-11
0% B737-300—2-B747-200

1975 1980 1985 1990 1995 2000 2005 2010 2015
Year of Production

¢ Military ® Helicopter 4 Civil

Figure 1.3 Growth in composite materials used in airframes.
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(@)

Figure 1.4a Examples of three types of composite materials: FRP.

(b)

Figure 1.4b Examples of three types of composite materials: timber.
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(©

Figure 1.4c Examples of three types of composite materials:
concrete.

maintains its own characteristics (both good and poor proper-
ties) but provides support to the other constituent to overcome
limitations in the other constituent materials.

In this book, we are predominantly interested in the fiber-
reinforced types of composite materials, such that the com-
bined properties of the fiber and matrix are used to enhance
one another. The filament or fiber or fabric (Figure 1.5a) pro-
vides the essential axial high strength and stiffness of the com-
posite material, with a low density that gives the significant
benefits of exceptionally high specific properties. However,
the filament, fiber, or fabric is brittle and requires support
against premature fracture. Thus a matrix is added to the fiber
(polymer resin, ceramic, or metal) (Figure 1.5b) to provide
good shear behavior with an ease of fabrication and with a
relatively low density. The material is generally more suscep-
tible to defects and damage from the operational environment.
Thus a composite material (i.e., structure) is formed by the
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Figure 1.5a Constituents and composite material: fibers.

combination of the fiber and matrix constituents (Figure 1.50).
The resulting structure provides an increase in the damage
tolerance and toughness of the brittle fibers with minimal loss
of their beneficial mechanical and physical properties.

The general classification of composite materials is listed in
Table 1.2.

With respect to current composite industry applications, we
will confine our discussions to ceramic/polymer composites
such as graphite (carbon)/resin (CFRP) and glass/resin (GFRP),
and polymer/polymer composites such as aramid/resin (AFRP).
The use of boron/resin (BFRP) composites is typically reserved
for a special range of higher strength and stiffness applica-
tions, particularly for compression.

Range of Composite Structural Types

The application of composite materials for structural pur-
poses has been around for a century or more. Apart from
the use of natural composites (timber), composite materials
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(b)

Figure 1.5b Constituents and composite material: matrix.

Figure 1.5c Constituents and composite material: structure.
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Reinforcement: Fiber (F) or Particulate (P)

Matrix Metal Ceramic Polymer
Metallic FIP F/P N/A
Ceramic F F(P?) F
Polymer F F/P F

Note: Bold letters indicate the focus of this book.

Figure 1.6 (See color insert.)

Wright Military Flyer B Model (1909).

Figure 1.7 (See color insert.) Supermarine Spitfire (1940).

in their current advanced form (fiber-reinforced polymer
resins) have only been in use for about six decades. This
is primarily due to the development of the advanced fibers.
This historical application of composite materials is illus-
trated in Figures 1.6 to 1.9.
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Figure 1.8 (See color insert.) de Havilland DH98 Mosquito (1938).
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Figure 1.9 (See color insert.) Lockheed P-2V Neptune (1947).

Aerospace Applications

For airframes, the design requirements for joining composite
structures can be summarized as:

High strength-to-weight ratio

High stiffness-to-weight ratio

Damage tolerance

Corrosion resistance

Manufacturing efficiency

Structural and operational effectiveness and efficiency
Structural and system compatibility

Maintainability and repairability
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Current airframe designs are steadily increasing the volume
of composite materials in use and the joining processes are
becoming of greater importance. Several applications of com-
posite joints are illustrated in the following aircraft:

Boeing/MDD Harrier (Figure 1.10)
B Wing skins and substructure
B Empennage skins and substructure
B Fuselage skins
B Forward fuselage substructure

Boeing/Bell V-22 Osprey (Figure 1.11)
B Entire wing, empennage, and fuselage structure
B Rotor blades

Airbus A380 (Figure 1.12)
B Empennage skins and some substructure
Wing skins
Flight control structure
Access panels and doors
Engine nacelle

Figure 1.10 (See color insert.) Boeing/MDD Harrier.
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Figure 1.11 (See color insert.) Boeing/Bell V-22 Osprey.

Figure 1.12 (See color insert.) Airbus A380.

Boeing/MDD C-17 Globemaster IIT (Figure 1.13)
Fuselage structure

B Empennage structure

B Wing skins

B Access panels

|

]

Undercarriage doors and wheel pod
Engine nacelle
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Figure 1.13 (See color insert.) Boeing/MDD C-17 Globemaster IIl.

Figure 1.14 (See color insert.) Sports aircraft.

Sports aircraft (Figure 1.14)
B Entire surface structure
B Wing spar
B Propeller
B Wheel pants

X-34 (NASA) (Figure 1.15)
B Entire structure
B Fuel tanks
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Figure 1.15 (See color insert.) X-34 (NASA).

Figure 1.16 (See color insert.) Wind turbines.

Civil Infrastructure Applications

The basic design requirements for the composite civil infra-
structure can be summarized as follows:

Wind turbines (Figure 1.16)
B Environmental and corrosion resistance
B Durability and longevity
B Damage tolerance
B Simple and effective manufacturing methods
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B Efficient designs
B Vibration and seismic considerations
B Improved performance and cost benefits

Marine Applications

For marine applications, the design requirements are as follows:

Luxury cruiser (Figure 1.17)
B Saltwater environment
B Slamming loads
B Non-autoclave curing
B Long working life

Land Transport Applications

Composite design requirements:

Auto racing (Figure 1.18)
B Cost efficiency
B Manufacturing simplicity
B Performance (weight, strength)
B Durability and damage tolerance

Figure 1.17 (See color insert.) Luxury cruiser.
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Figure 1.18 (See color insert.) Auto racing.

Figure 1.19 High-performance sporting equipment.

Other Applications

Design requirements for composite components:

High-performance sporting equipment (Figure 1.19)
B Economical design
B Comfortable and lightweight structure
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B Durability

B Environmental resistance
B [mpact resistance

B High performance

Design Requirements with a Focus
on the Damaging Environment

The basic design requirements for the development of com-
posite components and structure can be considered as follows:

B Performance:
— Functional performance:

Tensile, compressive, shear, and/or bearing strength
of the composite components and structures
Strength loss of composite components and struc-
tures due to defects and damage

Out-of-plane strength of composite components
and structures with and without defects

Young’s Modulus in the orthogonal directions of
composite components and structures

Axial Young’s Modulus of fasteners

Stiffness loss of composite components and struc-
tures due to defects and damage

Coefficient of thermal expansion of composite com-
ponents and structures with and without defects
Coefficient of moisture absorption of compos-

ite components and structures with and without
defects

— Spatial constraints:

Defect or damage size (three dimensional)

Relative defect or damage size to component/
structure size

Density of defect or damage

Location of defect or damage on or in the structure
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B Appearance:
— Effect of defect or damage to the surface profile of the
component or structure
B Time:
— Time to identify defect or damage
— Time to repair defective or damage structure
— Time over which defect or damage has manifested
itself
B Cost:
— Cost of identification of defect or damage
— Cost of repairing the structure
— Component or structure downtime cost impact
Manufacture/assembly:
— Repair capability
Standards:
— Defect representation
— NDI personal and equipment
— Structural repair manual guidance
Safety of personnel:
— During damage inspection
— During damage repair
Environmental issues:
— Environmental impact due to the existence of the dam-
age or defect
Maintenance and repair:
— Component/structure access
— Component/structure inspectability
— Component/structure repairability
— Facility capabilities
B Personal training

The application of Quality Function Deployment
methodology for the development of function design specifi-
cation (Ullman 2009) will assist in understanding the impact
of defects and damage on composite components and
structures.



Chapter 2

Damage and Defect
Description

Introduction

Defects and damage in structural components are common
occurrences, whether they arise during material processing,
component fabrication, or in-service action. The effect of the
defect or damage in the composite component’s structural
integrity is essential in understanding the criticality of the
defect. This chapter first reviews all of the known defect and
damage types in composites structure, with discussion and
tabulation of when they occur in the composite structure, their
general size of occurrence, and the typical location of said
defects. From this study and discussion, the defects are then
generalized into four categories.

Defect Types

There are some 52 separate defect types that composite compo-
nents are prone to or potentially subjected to. They range from
microscopic fiber faults to large, gross impact damage. In this
chapter, each defect is described in some detail, and then these

21
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defects are categorized into specific groups that will assist in the
identification of those defects that are of particular concern to
the in-service life of composite and bonded aircraft structures.

Description

A detailed description of the 52 defect types that exist in com-
posite structures is provided in Appendix A to this chapter.
These 52 defects are listed in alphabetical order in Table 2.1.

Classifications of Defect Types

Defects can be grouped into specific categories according to
when they arise during the life of the composite structure,
their relative size, their location or origin within the composite
structure, and their production of a similar effect to a known
stress state in the composite component.

Defect Occurrence

Defects occur during materials processing, component
manufacture, or in-service use. Table 2.2 lists those defects
peculiar to manufacturing (materials processing and compo-
nent manufacture) and those sustained during service life.

Materials processing. Materials-processing defects occur
during the production and preparation of the constituent
materials of a prepreg (preimpregnated composite fibers)
because of improper storage or quality control and batch
certification procedures leading to material variations.

Component manufacture. Component manufacture-induced
defects occur during either the layup and cure or the
machining and assembly of the components.

In-service use. In-service components will have defects that
occur through mechanical action or contact with hostile
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Composite Material Defect Types

Bearing surface Blistering Contamination

damage

Corner crack Corner/edge Corner radius
splitting delaminations

Cracks Creep Crushing

Cuts and scratches

Damaged filaments

Delaminations

Dents

Edge damage

Erosion

Excessive ply overlap

Fastener holes

Fiber distribution

variance
Fiber faults Fiber kinks Fiber/matrix debonds
Fiber misalignment Fracture Holes and penetration

Impact damage

Marcelled fibers

Matrix cracking

Matrix crazing

Miscollination

Mismatched parts

Missing plies

Moisture pickup

Nonuniform
agglomeration of
hardener agents

Over-aged prepreg

Over/under cured

Pills or fuzz balls

Ply underlap or gap

Porosity

Prepreg variability

Reworked areas

Surface damage

Surface oxidation

Surface swelling

Thermal stresses

Translaminar cracks

Unbond or debond

Variation in density

Variation in fiber-
volume ratio

Variation in
thickness

Voids

Warping

Wrong materials




24 m Defects and Damage in Composite Materials and Structures

Table 2.2 Listing of Manufacturing and In-Service Defects

Pull-through

* Resin-starved
bearing surface

e Tilted countersink
Fiber kinks
Fiber misalignment
Fracture
Holes

e Drill burn

Elongation

Exit delamination
Misdrilled and filled
Porosity

Tilted

Materials Component
Processing Manufacture In-Service
Damaged Blistering Bearing surface damage
filaments Contamination Corner/edge crack
F'.ber. ) Corner/edge splitting Corner radius
distribution Cracks delamination
variance C
P ree

Fiber faults Delaminations c E

rushin
Fiber/matrix Debond 8
debonds Excessive ply overlap Cuts and scratches
Fiber Fastener holes Delaminations
misalignment * Elongation Debond
Marcelled o Improper Dents
fibers installation Edge damage
Miscollination * Improper seating Erosion
Over-aged * Interference fitted Fastener holes
prepreg . Missi ]

issing fasteners Elongation
Prepreg
se * Overtorqued Hole wear

variability

Improper installation
Improper seating
Interference fitted
Missing fasteners
Overtorqued
Pull-through

Removal and
reinstallation

Tilted countersink
Fiber kinks

Fracture

Holes and penetration
Matrix cracking

Matrix crazing
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Listing of Manufacturing and In-Service

Defects
Materials Component
Processing Manufacture In-Service

Mismatched parts
Missing plies
Nonuniform

agglomeration of
hardener agents

Over/under cured
Pills and fuzz balls
Ply overlap or gap
Porosity

Surface damage
Thermal stresses
Variation in density

Variation in resin
fraction

Variation in thickness
Voids
Warping

Wrong materials

Moisture pickup
Reworked areas
Surface damage
Surface oxidation
Surface swelling

Translaminar cracks

environments, such as impact and handling damage, local

overloading, local heating, chemical attack, ultraviolet

radiation, battle damage, lightning strikes, acoustic vibra-

tion, fatigue, or inappropriate repair action.

Defect Size

The size of a defect has significant bearing on its criticality.
Therefore, composite defects are listed under the levels of
size—microscopic and macroscopic—in Table 2.3.
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Table 2.3 Listing of Defects by Relative Size

Microscopic Macroscopic
Contamination Bearing surface damage
Creep Blistering

Damaged filaments Contamination

Fiber distribution variance Corner cracks

Fiber faults Corner/edge splitting
Fiber/matrix debonds Corner radius delamination
Fiber misalignment Cracks

Marcelled fibers Crushing

Matrix cracking Cuts and scratches
Miscollination Debond

Moisture pickup Delaminations
Nonuniform agglomeration of Dents

hardener agents Edge damage
Over/under cured Erosion

Pills and fuzz balls Excessive ply overlap

Prepreg variability Fastener holes

Surface oxidation Fracture

Thermal stresses Holes and penetration

Variation in density Matrix cracking and crazing

Variation in resin fraction Mismatched parts
Variation in thickness
Voids

Wrong materials

Missing plies

Ply overlap or gap
Porosity

Reworked areas
Surface damage
Surface swelling
Translaminar cracks

Variation in thickness
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Microscopic

Macroscopic

Voids
Warping

Wrong material

Free Notch Ply Bonded

Edge (Hole) Drop Joint Delamination

RN f/

Figure 2.1 Sources of out-of-plane loads.

Defect Location

Defects may be present in isolation originating from structural

features such as cutouts and bolted joints, or a random accumu-
lation resulting from interaction between other defects. However,
they tend to concentrate at geometric discontinuities, as illus-
trated in Figure 2.1. Under the headings of geometric discontinui-
ties, free edges, projectile impact, and heat damage, the defects

are classified in Table 2.4 as location of in-service defects.

Generalization of Defect Types

The results of a literature survey (Heslehurst and Scott 1990)

indicate that defects can be listed in terms of developing a
common stress state. These common stress states are delami-

nations, transverse matrix cracks, holes or fiber fracture, and

design variance (see Table 2.5).
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Table 2.4 Location of In-Service Defects

Geometric Free Edges Projectile Heat Damage
Discontinuities Impact
Corner/edge Bearing surface | Crushing Creep
crack damage
Corner radius | Delaminations | Cuts and Matrix
delamination scratches cracking
Debond Edge damage Debond Matrix crazing
Fastener holes | Erosion Delaminations | Surface
damage
Fiber kinks Fastener holes | Dents Surface
oxidation
Reworked Holes and Fracture Surface
areas penetration swelling
Moisture Holes and
pickup penetration
Surface
damage
Translaminar
cracks
Conclusions

Advanced polymeric composite materials are prone to a large
number of defects and damage types. These defects and dam-
age types emanate from the constituent material processes,
composite component manufacture, and in-service use of the
composite component. Those defect types due to in-service
usage can be generalized further as:

a. Transverse matrix cracks
b. Delaminations
¢. Holes (fiber fracture)
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Table 2.5 Generalized Defect Types

penetration

Pills and fuzz
balls

Surface
swelling

Delaminations Matrix Cracks Holes Design Variance
Bearing Bearing surface | Bearing Creep
surface damage surface Damaged
damage Contamination | 9amage filaments
Blistering Corner/edge Crushing Dents
Contamination | crack Cuts arr‘ld Erosion
Corner/edge Cracks scratches Excessive ply
crack Edge damage Easltener overlap
. oles
Corner radius | Matrix cracking | ' Fiber
delamination Matrix crazing Fiber kinks distribution
Debond ) Fracture variance
o Porosity i
Delaminations T lami Holes and Fiber faults
ranslaminar .

Edge damage | . 15cks penetration | fiper kinks
Fastener holes - Reworked Fiber

Voids areas o
Fiber/matrix misalignment
debond Surface Marcelled fibers

damage . o

Holes and Miscollination

Mismatched
parts

Missing plies
Moisture pickup
Nonuniform
agglomeration
of hardener
agents
Over-aged
prepreg
Over/under
cured

Pills and fuzz
balls

(Continued)
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Table 2.5 (Continued) Generalized Defect Types

Delaminations Matrix Cracks Holes Design Variance

Ply underlap/
gap

Prepreg
variability
Surface
oxidation

Thermal
stresses

Variation in
density

Variation in
resin fraction

Variation in
thickness

Warping

Wrong materials

The failure modes of composite materials are numerous
and are influenced by many factors. In multidirectional lami-
nates, the prediction of failure modes is very difficult and is
usually a combination of several unidirectional failure modes
under the various loading spectrums. In the majority of failure
cases, the failure mode is determined by postmortem exami-
nation of the fracture surface.

Appendix A: Defect Type Description

The following definitions provide a detailed description of
all of the defect types that are likely to occur in a composite
component.

All these defects will affect the bearing strength to varying
degrees.
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Bearing surface damage: Occurs at the contact point
between a pin (fastener) and the hole edge. The dam-
age is likely to contain fiber fracture, delaminations,
and matrix cracking, and is a result of improper fas-
tener installation, joint overload, or loose fasteners
(Figure A2.1). Bearing surface damage is known to
reduce the joint stiffness and bearing/bypass load
response. Bearing surface damage can be treated as
delaminations and cracks.

Blistering: Localized lamina (ply) delaminations
(Figure A2.2). Blistering can occur anywhere in the
lamina and is caused by the expansion of trapped
gases within the lamina. Surface blisters can occur

Figure A2.1 Primary source of bearing failure.

Figure A2.2 Localized surface blister.
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due to chemical attack or localized heating of the
matrix. For the effect blistering has on a laminate, see
delaminations.

Contamination: The inclusion of foreign materials in the
laminate such as peel ply or backing paper, usually
between plies, during fabrication of the component.
Depending on the size and extent of the contamina-
tion, there will be a varying effect on the component.
Contaminations can be represented as delaminations.

Corner crack: Matrix crack, either perpendicular or trans-
laminar to the ply (Figure A2.3). Cracks are caused by
the same reasons as corner splitting. See cracks and
delaminations.

Corner/edge splitting: An edge delamination typically
due to edge impact (Figure A2.4). These delamina-
tions are cracks between plies that run parallel to the
ply interface as depicted in Figure A2.5. Edge delami-
nations are caused by out-of-plane stresses gener-
ated at the edge or through impact damage, usually

Figure A2.3 Corner radius cracks.
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Intralaminar Interlaminar
Flaws Flaws
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Figure A2.4 Corner edge damage from localized impact.

Corner
Cracks

Figure A2.5 Effective intralaminar and interlaminar flaws.

maintenance related. Splitting is detrimental to shear
strength. See delaminations.

Corner radius delaminations: Matrix cracks running paral-

lel to the fiber axis in the corner radius of a compo-

nent, usually a stiffener (Figure A2.6). Predominantly a
manufacturing error, corner radius delaminations result

in out-of-plane stresses being induced into the com-

ponent. The delamination will run longitudinally. See

delaminations.

Cracks: In terms of this work, cracks in a laminate are
those that occur within the matrix only; when a
fiber is cracked, it is referred to as fiber fracture.
Matrix cracks are characterized by localized partial
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Corner
Delamination

Figure A2.6 Corner radius delamination.

through-the-thickness cracking. Many cracklike failures
in continuous fiber composites and their laminates are
contained within the interface planes, where the matrix
material properties dominate the fracture response.
Cracks produce localized stress concentrations and, if
severe, can lead to fiber fracture or delaminations.
Matrix cracking is generated by overstressing of the
matrix through various loading conditions and can
occur at relatively low loads, even thermal expansion
during the cure cycle. The various types of matrix
cracks are illustrated in Figures A2.5 and A2.7. A micro-
graph of matrix cracking is shown in Figure A2.8.
Creep: The plastic deformations caused by sustained load-
ing, usually at high temperatures. Creep is a matrix-
dominated failure, and therefore it tends to affect
compression and shear performance to a greater extent
than tension. However, tests on typical structural
elements have shown creep not to be a problem, and
it is considered that there is no significant interaction
between defects and creep. However, creep must be
considered in size/shape critical components where
in-plane extension is constrained and the resulting
out-of-plane deflections may lead to buckling.
Crushing: Local indentations or surface dents caused by
impact damage. It may be a sign that there is further
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Figure A2.7a Intralaminar cracks.

Figure A2.7b Translaminar fracture.

Matrix Cracks

Delamination

Figure A2.8 Matrix crack and delamination initiation.

internal damage, such as delaminations, fiber frac-
ture, or matrix cracking. On the external surface of
the component, matrix cracks and fiber fracture can be
present with crushing. Crushing is more common in
laminate/honeycomb core sandwich constructions, as
shown in Figure A29.

Cuts and scratches: Cuts (Figure A2.10) and scratches can
be treated as surface damage. The severity of surface
scratches and notches depends on their width, depth,
and orientation to the fibers or loading direction.
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Figure A2.9 Crushing of composite sandwich panel.

Figure A2.10 Composite surface cut.

A high reduction in the static strength is possible, but
with the current design allowable strain they are not
critical. See cracks and fiber fracture.

Damaged filaments: Broken filaments (Figure A2.11a),
knots (Figure A2.11b), splices, split tow, fiber separa-
tion, hollow fibers, or interrupted fibers all come under
the heading of damaged filaments. Such damage will
reduce the filament strength and fiber/matrix interface
strength, and thus could degrade the lamina stiffness.
Filament damage is a result of poor prefabrication
control and handling.

Delaminations: Also termed interlaminar cracking,
delaminations are one of the most frequently encoun-
tered types of damage found in advanced composite
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()

Figure A2.11a Filament breakage in a tow.

Figure A2.11b Knot in a tow.

materials. Delaminations are a matrix defect, where

in-plane matrix cracks propagate between plies of

a laminate or within a laminate, where cracks run

parallel to the fiber direction. Delaminations are graphi-

cally depicted in Figures A2.5, A2.8, A29, and A2.12.

Delaminations may form and grow under static and

cyclic tensile loading, but are predominantly a com-

pression-related defect causing significant degradation

to the component’s compressive and shear strengths.

Delaminations are caused by either:

a: Impact damage where internal interlaminar failure
occurs

b:  Free edges (geometric boundaries, microcracks,
or voids), where the interlaminar stresses are high
due to the mismatched Poisson’s ratio
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Figure A2.12 Delamination in composite structure.

¢ Arresting of through-the-thickness matrix cracks at
a ply interface, after which the crack runs parallel
to the interface, as shown in Figure A2.8
In the case of impact damage, all experimental evi-
dence has shown that the visible surface damage is
considerably less than the actual internal damage
(ply delamination and fiber/matrix failure) or dam-
age to the backside of the graphite/epoxy structure.
In all instances, ultrasonic inspection of the ballistic
entry points indicated larger areas of concealed dam-
age than visible at the surface. Delaminations are
therefore often difficult to detect. The types of dam-
age resulting from various impact energies are illus-
trated in Figure A2.13, which shows the effects on
a laminate due to high-, moderate-, and low-energy
impact projectiles. The laminate response to delami-
nations is influenced by the delamination size and
location, laminate orientation/stacking sequence, and
test environment. The larger the delamination and
the deeper it is located within the laminate, the larger
the strength loss. Only delaminations near the surface
grow in a stable manner, but these induce negligible
strength losses. Small delaminations only show negli-
gible strength reductions. Delaminations induce local
interlaminar stresses.
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Figure A2.13 Impact damage at various energy levels.

Figure A2.14 Surface dent from impact.

Dents: Indentations at the point of contact of a moving body:.
They are distinct from crushing because no fibers are
broken (Figure A2.14). However, dents can result in loss
of localized stiffness. Tool impressions are a common
source of dents.
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Edge damage: Caused by the mishandling of components.
Common features of edge damage are splitting and
delaminations. Edge delaminations can arise from high
out-of-plane normal or shearing stresses produced in
the vicinity of free edges, as shown in Figure A2.4 and
illustrated in Figure A2.15. For a further description, see
delaminations.

Erosion: The removal of surface material through wear and
abrasion is called erosion (Figure A2.16). During ero-
sion, outer matrix material and fiber are effectively
removed. This will cause localized strength and stiff-
ness degradation and produce an area of asymme-
try, where out-of-plane stresses may be induced; this
degradation effect will depend on the depth of erosion.

Cut Fibers

Figure A2.15 Principal in-service damage types.

Figure A2.16 Surface erosion.
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Excessive ply overlap: Occurs when the ply is not correctly
trimmed during assembly. This can result in laminate
dimensional tolerance errors. These errors could cause
warping or induce high peel stresses.

Fastener holes: There is a wide range of fastener hole defect
types. Figures A2.17, A2.18, and A2.19 show examples
of typical fastener hole damage. The various fastener
hole defects are discussed in the following list:
Fastener removal and reinstallation: Reworking

a hole through fastener removal and reinstal-
lation can result in local ply damage. Tensile
strength appears to be insensitive and compression
strength slightly sensitive to fastener removal and
reinstallation.

Figure A2.18 Tilted countersink fasteners.

¢T_17

Figure A2.19 Interference-fit fasteners.
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Hole elongation: Overloading or bearing failure will
result in elongation of the hole. The bearing/bypass
load response will be affected. However, there
appears to be little sensitivity to out-of-round holes.

Hole wear: Movement of the fastener in the hole will
result in hole wear. The most aggressive wear will
occur when the fastener shank pulls through the hole.

Improper fastener installation and seating: If the
fastener is either over- or undersized and/or under-
or overtorqued, the joint efficiency will be affected
through changes to the bearing/bypass load
response, and there is likely a substantial reduction
in the bearing strength.

Missing fasteners: If a through-hole remains in the
component when the fastener is missing, this will
produce a stress concentration (Figure A2.20). The
joint efficiency will also be affected. See holes.

Figure A2.20 Missing fasteners.
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Overtorqued fasteners: Result in local crushing of
the outer plies (Figure A2.21). See crushing. Pull-
through of the fastener can also result.

Hole exit-side damage: Caused by high drill-bit feed,
which will produce delaminations on the back
surface of the laminate (Figure A2.22). The critical-
ity of the damage depends on the severity of the
delaminations.

Other fastener hole problems: Other defect types
that can occur in a fastener hole include: incor-
rect installation of interference-fit fasteners; pull-
through; resin-starved bearing surface; and titled
countersink holes. These are also sensitive in both
tension and compression on the bearing face.

Figure A2.21 Surface damage due to overtorqued fasteners.

Figure A2.22 Drilled-hole exit damage.
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Fiber distribution variance: Unevenness of fiber distribu-
tion or improper yarn spacing could change the lami-
nate properties to the extent that the laminate load
response will be different from design requirements.
The effects will depend on the degree of variance of
the fiber distribution, which is controlled by the curing
process and is thus a manufacture-type defect (see
Figure A2.23).

Fiber faults: Sece damaged filaments and Figure A2.23.

Fiber kinks: Sharp edge buckling of fibers within the matrix.
Previous studies have concluded that kinking is a
direct consequence of microbuckling. Excessive kink-
ing of the fibers will eventually lead to fiber fracture, as
shown in the micrograph of Figure A2.24.

Fiber/matrix debonds: Separation at the fiber/matrix inter-
face (Figure A2.25). This will result in loss of shear
transfer and degradation of the overall strength of
the laminate. Fiber/matrix interface debonding results
from excessive local shear-transfer stresses, particularly
where short fibers are present. This type of defect is
matrix cracking at the microscopic level.

Fiber misalignment: Occurs when there is either misori-
entation of the ply, deviation from predetermined

Pleplel
Cg) %8 Packing Density
o
o & 005  Fiber Shape Variation
Resin Rich Zone

Tow or Stand
Structure Variation

TELEERIT
BERETHREE

Voids & Porosity

Figure A2.23 Microscopic defect types.
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Figure A2.24

Figure A2.25 Fiber-matrix debonding.

winding patterns, or washout of fiber from excessive
resin flow (Figure A2.26). Fiber misalignment is a fabri-
cation control error. The effect is a localized change in
the load response of the laminate. Local misalignment
such as fiber kinks can cause fiber damage lead-

ing to loss of tensile strength or, under compressive
loading, can precipitate fiber buckling and premature
failure.

Fracture: Any type of cracking in the fibers, such as fiber
kinks as shown in Figure A2.25. Severe matrix
cracking is often associated with fracture. Fracture
can be the result of cuts in or penetration of the
laminate. Low-energy impact damage can also
result in back-surface fracture of thin laminates.
Impact-related fracture is illustrated in Figure A2.13.
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Figure A2.26 Fiber misalignment.

Holes

Fiber fracture severely reduces the tensile strength of
a laminate.

and penetration: A result of either a design require-
ment, penetration damage, or repair action. Holes

are generally a through-the-thickness defect, but
partial through-the-thickness damage where there
are fiber breaks can also be represented as a hole.
Figures A2.15 and A2.27 depict holes and penetration
damage. A hole in a laminate is a stress concentra-
tor under any stress state. The severity of the stress
concentrator will depend on the shape, condition,
and location of the hole. Factors that will affect the
hole severity include: drill burns, hole elongation,
drill hole exit damage, miss-drilled holes, tilted holes,
resin filled holes and free edge porosity. The type

of penetration damage may include: battle damage,
severe mishandling, countersink tear-out, or fastener
pull-through. On a comparable size of penetration,
strength losses are greater in holes than for BVID
(barely visible impact damage).

Impact damage: The principle cause of penetration and the

amount of damage depends on the energy level of the
projectile involved (Figure A2.28). The amount of dam-
age is also dependent on material properties, geom-
etry, and the velocity of imparter and superimposed
static loads. Damage propagation resulting from impact
loads depends on loading type and strain levels, where
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Figure A2.27 Projectile penetration of composite panel.
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Figure A2.28 Impact damage of a composite skin sandwich panel.

the resulting strength losses can be conservatively

approximated on the basis of an “equivalent” round hole.
Marcelled fibers: Marcelling is waviness of the fibers

(Figure A2.29). Waves in the fibers will degrade the

lamina compression strength due to a decrease in

microbuckling resilience. Marcelled fibers are a result of

poor layup control.
Matrix cracking: See cracks.
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Figure A2.29 Fiber marcelling.

Matrix crazing: Multiple cracks in all directions within the
resin. Nonstructural matrix materials are more prone to
this type of defect. Crazing is usually caused by over-
aged material or exposure to excessive heat and ultravi-
olet radiation. Matrix crazing is not applicable to epoxy
resin composites. See cracks.

Miscollination: A lack of straightness of the fibers and
somewhat similar to marcelled fibers (Figure A2.29).
Although not the same in principle as fiber misalign-
ment, the effects are the same.

Mismatched parts: Mismatched parts are a tolerance error.
They will affect the load response of the laminate and
may cause fitting errors.

Missing plies: An incorrect stacking sequence is the conse-
quence of missing plies. An asymmetric laminate may
be produced, from which out-of-plane and bending
stresses are induced. Also, the component design stress
distribution will be incorrect.

Moisture pickup: Moisture is absorbed into the laminate
through the matrix. Moisture contamination is usu-
ally contained in the outer plies, where degradation of
the resin properties such as softening will reduce the
stiffness and the fiber/matrix interface bond strength.
Swelling may also occur.

Nonuniform agglomeration of hardener agents: The
presence of a foreign body or resin-starved area in
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the matrix. There will be a degradation of the local
matrix properties.

Over-aged prepreg: A situation where the B-staged prepreg

resin has aged or partially set to a point where the final
cure will not provide adequate fiber/matrix adhesion
and volatile evacuation. Reduction in the strength or
stiffness of the laminate will result. Voids and poros-
ity are also common in over-aged prepreg because the
volatiles remain trapped within the resin.

Over/under cure: Occurs when the curing process is too

long or too short in time and/or when too high or low
a temperature is used. The laminate will have inad-
equate strength due to poor shear transfer in the fiber/
matrix interface and poor stiffness response. This is a
matrix defect.

Pills or fuzz balls: These are prepreg deviations, also

known as “furring” of the fibers (Figure A2.30). When
contained within a laminate, it can represent a contami-
nation, where the area could also become susceptible
to localized high peel stresses.

Ply underlap or gap: Occurs when the ply size is too short.

This will cause localized inadequate strength and stiff-
ness load response of the component as opposed to
the design requirements.

Figure A2.30 Fiber fuzzing of aramid after drilling a hole.
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Porosity: Evidenced by the presence of numerous bubbles
(voids) within the laminate, as illustrated in Figure
A2.23. These bubbles result from: poor material or
process control, over-aged material, moisture in the
prepreg, or an autoclave malfunction. Although the
bubbles are usually very small in size and randomly
distributed, they produce localized stress concentra-
tions. The size of the porosity is not as important as
their concentration. Porosity degrades the tension,
compression, interlaminar, and bearing properties of
composites, but especially compression properties at
elevated temperatures. The effect on the strength and
fatigue lives of matrix-dominated laminates is more
apparent. Very severe porosity levels of approximately
2% affect matrix-dominated properties significantly.

Prepreg variability: Caused by the exceedance of preset
material property levels prior to cure. See over-aged
prepreg for the effects on material load response.

Reworked areas: Areas of repair, either resin filled or
patched, can result in localized strength and stiffness
losses. The severity of these losses will depend on the
repair type and the applied load level. Reworked area
errors (Figure A2.31) can also contribute to degradation
of structural performance.

Sandwich panels: Composite facings on sandwich panels
can also be damaged or defective. Figure A2.32 illus-
trates the six principal forms of damage and defects in
composite facings. Each can be referred to similar types
of defects and damage as discussed in this Appendix.

Surface damage: Notches or any other surface irregularity
resulting from mishandling or poor release procedures
are termed as surface damage (Figure A2.33). For a fur-
ther description, see cuts and scratches.

Surface oxidation: Can result from lightning strikes
(Figure A2.34, local overheat) or battle damage
(Figure A2.35, laser). The effect on structural integrity
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Figure A2.31 Reworked area error (backing ply left in the repair
scheme stack).
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Figure A2.32a Sandwich component damage types: core crushing.

(b)

Figure A2.32b Sandwich component damage types: face dimpling.

<)

(

Figure A2.32c Sandwich component damage types: laminate local
instability (cell buckling).
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(d

Figure A2.32d Sandwich component damage types: separation from
core (debond).

()

Figure A2.32e Sandwich component damage types: filament and/or
matrix fracture.

_—/—/——\

————

(f)

Figure A2.32f Sandwich structure composite facing damage types.

Figure A2.33 Surface burning (over-heated) damage.
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Figure A2.34 Composite surface oxidation.

Figure A2.35 Composite surface swelling-blistering.

will be a degradation of the matrix properties. Surface
oxidation is similar to other surface-type damage.

Surface swelling: Blisters caused by the use of undesirable
solvents on the outer ply are examples of surface swell-
ing (Figure A2.35). A localized breakdown of the matrix
occurs, where a loss of fiber/matrix shear transfer and
stiftness will result.
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Thermal stresses: Although thermal stresses are not a true
defect as such, the resulting residual stresses in the
laminate are extraneous to the component’s design
and thus may affect the component’s structural per-
formance. Thermal stresses are a result of the curing
process. Severe thermal stresses are known to occur in
components upon removal from the autoclave or during
cooldown in repairs. Cooldown rates must be carefully
set and monitored.

Translaminar cracks: Through-the-thickness cracks where
fibers are broken are translaminar cracks (Figure A2.7).
Translaminar cracks are a direct result of extreme over-
load or impact damage and have the same effect as a
hole stress concentrator. See fracture and holes and
penetration for a further description.

Unbond or debond: Debonds are separations in a secondary
adhesive bond or sandwich facing. An illustration of
debonding is shown in Figure A2.32. They occur due to
poor process control or fitting (Figure A2.36) and often
by the inclusion of release film. In-service debonds
are caused by impact damage, thermal spikes, over-
load, or freeze/thaw cycle. Debonds will reduce the
local stiffness of a component; however, strength is not

Figure A2.36 Skin-to-core debond due to poor fitting.
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necessarily affected. Basically, debonds are delamina-
tions between bonded structures.

Variation in density: Variation in the density of the lami-
nate is associated with resin inconsistencies, voids, or
porosity. Their effect on the laminate is similar to that
stated in prepreg variability.

Variation in fiber-volume ratio: Resin-rich or
resin-starved areas produce variations in the fiber-
to-matrix ratio (fiber-volume ratio). The fiber-volume
ratio is an important parameter for determining the
strength and stiffness of a laminate by micromechan-
ics. Variation in the fiber-volume ratio is brought
about by changes in the prepreg resin content
through improper resin bleed-out during cure. For
further information and description, see prepreg
variability and over/under cured. Figure A2.23
illustrates variations in the resin fraction.

Variation in thickness: Normally associated with inconsisten-
cies in the resin content of the laminate or the adhesive
layer in a bonded joint (Figure A2.37). As a result, exces-
sive peel stresses may occur, particularly in a bonded
joint. The bond joint efficiency may also be degraded.

Voids: Voids are trapped air or other volatiles in the resin
(Figure A2.38). They are caused by poor process control
and can be localized or uniformly distributed (porosity).

Figure A2.37 Adhesive layer thickness variation during assembly.
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Figure A2.38 Voids in resin filler.

Voids are a single bubble, whereas porosity is a cluster
of several microscopic voids. Voids generate from:
Dissolved air within the resin
Air stirred into the resin
Trapped air in a filament bundle
Residual solvent carrier
Reaction products from the curing process
Volatilization of low-molecular-weight components
of the resin, or of organic inclusions, at high cure
temperatures
The extent to which voids produce deterioration in
mechanical and other properties is a function of
void content, void distribution, and void shape. Voids
reduce the magnitude of the following mechani-
cal properties: interlaminar (short beam) shear
strength, longitudinal and transverse flexural and
tensile strength and modulus, compressive strength
and modulus, and fatigue resistance. However, only
rather large voids reduce interlaminar shear strength
significantly.
Warping: Warping is a result of detailed or assembly part
mismatch. Also, residual thermal stresses remaining
in the laminate after fabrication can produce warp-
ing (Figure A2.39). The main concerns are that the
part may not fit at the next assembly or, if fitted,
out-of-plane stresses may be induced.

SN i
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Figure A2.39 Thermally warped panel due to layup error.

Wrong materials: Wrong materials used in the fabrication
of the component are a blueprint error. The resulting
component’s stress and stiffness characteristics will not
match that of the design requirements and therefore
may produce an inferior component.






Chapter 3

Finding the
Nonconformity

Introduction

Nondestructive inspection (NDD methods are employed in the
repair process of composite and bonded structures in three
ways:

1. Damage location

2. Damage evaluation, i.e., type, size, shape, and internal
position

3. Post-repair quality assurance

The first and most important activity in a repair process is to
identify the defect or damage. Assessment of the damage is
initially achieved by visual inspection. This localizes the dam-
aged area, and then a more sensitive NDI method is employed
to map the extent of any internal damage. Detailed NDI is very
important when dealing with composite and bonded structures
because damage is often hidden within the structure, with little
to no surface indication. See Figures 3.1 and 3.2 for respective
examples of visible and nonvisible composite damage.
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Local Indentation and Crushing
(visible damage)

Internal Delaminations
Fiber Fracture on Back Face (non-visible damage)
(visible damage)

Figure 3.1 Internally hidden damage with external visible damage.

Impact Site
(little damage evidence)

_
> == = 5

Extensive Internal Damage
(delaminations and matrix cracking)

Figure 3.2 Barely visible impact damage (BVID).

The types of NDI methods currently available are:

B Visual, which includes methods with optical magnification
and defect enhancement

B Acoustic methods, which identify changes in sound

emission

Ultrasonic methods, such as A-scan and C-scan

Thermography

Interferometry

Radiography

Microwave

Material property changes, i.e., stiffness and dielectric

Each of these methods is briefly discussed in the follow-
ing sections. A more detailed examination of the various NDI
methods can be found in references such as ASM International
Engineered Materials handbooks (1988, 1990), Hoskins and
Baker (1986), Summerscales (1987), and Hsu (2008), or see the
Bibliography at the end of this book.
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NDI Methods

The majority of NDI methods available for use on composite
and bonded structures have been used successfully with
metallic structures. However, for application of these

NDI methods on composite and bonded structures, some
changes to operating parameters and results interpretation
are required. Due to the diversity of defect types likely to
be found in composite structures, several methods may be
required to fully detail the damage state. Thus, with several
methods required to find and assess the damage type in
composite structures, a larger investment in NDI equipment
and correspondingly more highly trained NDI assessors are
needed.

Visual Inspection

Apart from simply using the assessor’s eye, which only
identifies obvious defects such as that shown in Figure 3.2,
simple magnification can identify quite small surface defects.
To improve the visual clarity of defects or matrix cracks,
enhancement with a dye penetrant can be used. Some
internal defects can also be found using boroscope methods,
but access is still required, i.e., through a fastener hole.
Bondline visual inspection will provide some assessment of
the resin flow. The typical resin flows from a bonded joint
edge, shown in Figure 3.3, can be judged by simple visual
means.

Visual methods can be summarized as follows:

B Visual methods:

— Are inexpensive

— Are simple

— Require low skill levels
Need the surface in question to be relatively clean
Are suitable for surface defects only



62 m Defects and Damage in Composite Materials and Structures

Adhesive Hard Adhesive Tacky
with Fillet or Soft
\‘\‘m
g Damaged Component {
Properly Cured Undercured
Resin Over-aged or Poor Fitting or Lack of Pressure

Heat up Too Slow

i —

Lack of Fillet Poor Flow

Figure 3.3 Bonded-joint-edge resin flows.

B Dye-penetrant methods:
— Contaminate the surface to be inspected
— Are suitable for surface defects only
— Require pre-cleaning and post-cleaning of the part
— Are portable
— Are simple to apply
B Require some level of operator skill

Acoustic Methods

All of the acoustic emission methods currently considered for
composite structures require the operator or acoustic noise-
detecting equipment to listen to crack growth and movement
via changes in sound from a light impact or propagation of
elastic wave energy. Acoustic methods include:

B Coin-tap (hammer) method (Figure 3.4):
— Is simple to use
— Is suitable only for near-surface defects (shallow)
— Is geometry dependent
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Figure 3.4 Tap-test hammer (dimensions in mm).

— Usually requires two-sided access for sandwich panels
— Is portable
— Requires the operator to have a good ear
B Acoustic emission (Figure 3.5):
— Requires experienced operators to set up the system
and interpret the results
— Has complex output to be understood
— Is portable and recordable
B [s reasonably sensitive to small changes in defects

Ultrasonic Methods

The implementation of ultrasonic inspection can range
from inexpensive to quite costly in terms of the equipment
required to undertake the process. The methods can simply
provide details of depth and size of the nonconformity, or
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Acoustic
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Figure 3.5 Acoustic emission detection of corrosion in honeycomb
sandwich panels.

full details of the topography of subsurface defects. There

are two principal ultrasonic methods: pulse-echo (A-scan) or
through transmission (C-scan). Both methods measure change
in sound attenuation (amplitude loss) as the sound passes
through the area of interest. C-scan ultrasonic methods are
illustrated in Figures 3.6-3.8, and the typical C-scan results
are shown in Figure 3.9. The types of C-scan ultrasonic NDI
methods are:

B Pulse-echo method:

Displays amplitude of the return signal versus time
Requires a coupling agent to allow sound wave
through the transducer to the part

Provides information on defect type, size, location, and
depth

Is reasonably sensitive to find (identify) small defects
Requires a standard specimen to compare the results
with

Requires experienced operators

Is portable and recordable

Requires pre-cleaning and post-cleaning of the part
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Figure 3.6a Ultrasonic inspection techniques: contact pulse-echo.
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Figure 3.6b Ultrasonic inspection techniques: contact
through transmission.
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Figure 3.6c Ultrasonic inspection techniques: immersion pulse-echo.
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Figure 3.6d Ultrasonic inspection techniques: immersion
through transmission.
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Figure 3.6e Ultrasonic inspection techniques: immersion reflection.
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Figure 3.6f Ultrasonic inspection techniques: water jet

through transmission.

(a)

Figure 3.7a Representative ultrasonic pulse-echo results of a graphite/

epoxy composite skin and honeycomb core: a well-bonded sample.

—
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N

Figure 3.7b Representative ultrasonic pulse-echo results of a

graphite/epoxy composite skin and honeycomb top: skin delamination.
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(©

Figure 3.7c Representative ultrasonic pulse-echo results of a
graphite/epoxy composite skin and honeycomb: debond between
skin and core.

Probe

Porosity

Delamination

Figure 3.9 (See color insert.) Ultrasonic C-scan results of a graphite/
epoxy laminate.

B Through transmission (immersion) method, which is basi-
cally the same as pulse-echo, except that it:
— Is automated and therefore faster
— Only provides accurate definitions of defect size and
location
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— Provides full coverage of the component
— Requires double-sided access
B [s for internal defects only

Thermography

Thermography is an NDI technique that measures the
response of a structure to either thermal energy dissipation

or induced temperature through thermoplastic characteristics.
Passive thermography methods identify internal noncontacting
defects, where the rate at which thermal energy dissipates is
reduced. Active thermography activity vibrates or load-cycles
the structure, and the localized stress increase in the presence
of a defect generates heat. Both thermography methods:

B Require standards to verify results

B Are portable and recordable

B Require experienced operators to operate and assessors to
interpret

B Are geometry dependent

Typical thermography results are shown in Figure 3.10.

Interferometry

The use of light and its reflective properties to identify
defects is known as optical interferometry. There are
three basic methods: moiré (including shadow moiré),

®
<@

Figure 3.10 (See color insert.) Schematic of thermography results.
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Figure 3.11 Schematic of moiré interferometry of composite laminate
with hole.

holography, and shearography (see Figures 3.11-3.13).
Interferometric methods:

B Typically require expensive equipment

B Need skilled equipment operators and interpreters

B Are generally not portable

B Provide a full-field record of the defect behavior under load
B Are very sensitive

B Show how the structure and defect react under loading

Radiography

The principle of radiography as an NDI technique is illustrated
in Figure 3.14. The two main radiography methods are X-ray
and neutron radiography. Typical X-ray radiography results are
shown in Figures 3.15 and 3.16.

B The X-ray method:
— Is easy to interpret
— Is excellent for honeycomb sandwich panel inspection
— Provides a permanent record
— Requires expensive equipment
— Can be portable
— Requires strict safety procedures
— Requires experienced operators
— Can be enhanced with dye penetrants
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Figure 3.12 Double-exposed holography showing defects.

Figure 3.13 Defect evaluation using shearography.
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Figure 3.14 Principle of radiography.

Figure 3.15 Schematic of X-ray radiographs of honeycomb core:
edge crush.

Figure 3.16 Schematic of X-ray radiograph of honeycomb core with
water entrapment.

B Neutron radiography:

— Is very expensive to use

— Is basically similar to the X-ray method

— Is excellent for composites and moisture entrapment
B Provides better resolution of results

Microwave

Microwave NDI is used mainly on nonmetallic materi-
als to determine the degree of moisture content through
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the measurement of microwave absorption. The method
requires:

B Two-sided access to the composite panel or structure
B Application of metal component shielding

B Significant operator safety

B The component to be clean

Material Property Changes

The two major NDI methods based on material property
changes are dielectric and stiffness. Dielectric measures the
degree of adhesive or composite cure by reading inductance,
and stiffness changes are determined from mechanical testing
and comparison with theoretical analysis. Both methods have
their limitations.

In Situ Methods

Several in situ methods are currently explored in compos-
ite laminated structure. These in situ methods are briefly
discussed here:

B Optical fibers: The embedding of optical fibers into
the laminated structure provides a source of localiz-
ing damage only if the optical fiber is also damaged.
However, with the optical fiber damaged, the precise
location of the damage can be quickly identified. This
is ideal for BVID (barely visible impact damage) or
NVID (nonvisible impact damage) in laminated mate-
rials. The optical fiber is typically placed close to the
surface of the structure that is likely to be damaged
and spaced appropriately to ensure a high reliability
of damage detection.

B Piezoelectric sensors: Piezoelectric sensors provide
an electrical current when subjected to stress or
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deflection. These electrical currents can identify local
overload conditions and, in particular, out-of-plane
loadings. Like optical fibers, piezoelectric sensors are
placed in the areas of greatest concern or likelihood
of damage.

B Embedded strain gauges: Along with the same rea-
soning as piezoelectric sensors, the embedded strain
gauge will identify local overload conditions through
the generation of excess strain readings. Placement of
the embedded strain gauges is very important, and the
interpretation of the strain data is crucial in obtaining
relevant overload outcomes.

A significant issue with the use of embedded sensors is the
repair of the sensor if the composite is damaged.

Application of NDI Methods

Successftul application of any NDI method depends on the
selection of the most suitable method as well as the availability
of personnel with the required skills.

NDI Selection Process

The NDI selection process is based on:

B The configuration of the component and the materials it
is made from

B The type and size of defects to be inspected

B Accessibility to the assessment area

B The availability of both equipment and skilled operators

The ability of the various NDI methods to find vari-

ous defects in composite and bonded structures is listed in
Table 3.1.
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NDI Methods versus Defect Type

Table 3.1
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NDI Methods versus Defect Type

Table 3.1 (Continued)
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Note: 1 = open to surface; 2 = unreliable detection; 3
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NDI Personnel

The NDI operator and assessor must be:

B Conversant with several different inspection techniques

B Able to set up the equipment and effectively modify the
standard diagnostic arrangements to suit the target

m Skilled to interpret the resulting NDI information

B Knowledgeable of safety standards and procedures

B Able to comply with MIL-STD-410 or its equivalent

Important Requirements

For NDI to be successful in detecting the extent of damage in
composite and adhesively bonded structures and components,
three requirements must be satisfied. They are as follows:

1. Equipment and facilities: The suitable NDI equipment and
facilities, including personnel safety and environmental
health procedures, must be available, calibrated, and in
good working order.

2. Trained operators: The operators of NDI equipment must
be adequately trained and experienced to ensure that
the results from any damage assessment survey are both
accurate and reliable.

3. Comparative specimens: Any NDI technique is compara-
tive in nature, i.e., the results of an assessment survey are
usually compared with a good or a like damaged speci-
men. This is particularly important when calibrating NDI
equipment.






Chapter 4

Failure Mechanisms

Introduction

Knowledge of the failure modes and mechanisms in com-
posite materials and structures will provide information
enabling the most appropriate stress analysis method to

be used in determining defect and damage criticality. The
possible failure modes can range from simple loss of struc-
tural stiffness due to instantaneous first-ply failure, through
to reduction in load-carrying capacity due to localized
deformation and damage growth, or complete loss of load-
carrying capacity because of the presence of the defect or
damage. This chapter first reviews the various failure modes
and mechanisms associated with composite materials and
structures, then details both the simple and complex failure
modes of composite materials, and finally discusses the
mechanisms of fracture and failure in the composite material
that leads to ultimate loss of performance.
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Failure Modes and Mechanisms

The level of structural degradation in engineering material
properties varies with several factors. These factors are defined
as follows:

Defect severity: The severity of the defect will be determined
from the stress state of the defect on the local compos-
ite structure. The stress state will be briefly discussed in
Chapter 5.

Defect location and orientation: Specific locations of the
defect will have a different impact on the defect stress
severity. The physical orientation of the defect can result
in the defect being either severe or benign.

Frequency of defect occurrence: The frequency of the
defect’s occurrence will also affect the severity or
impact on the structural integrity of the composite
material.

Component load path criticality and stress state: The load
state will interact with the defect location and orientation
to either increase or reduce the defect criticality.

Defect idealization: Previously, the defect type was general-
ized to be either intralaminar matrix cracks, interlaminar
matrix cracks, or fiber fraction or design variance. This
idealization may not be adequate for the stress analysis
and determination of defect criticality.

Design load levels and nature: The loading levels in the
component and the nature of the load (static or dynamic)
will also impact the severity of the stress state in the pres-
ence of the defect.

Defect detectability and detection capabilities: The ability
to find the defect and then classify the defect type will
depend on the capabilities of the detection equipment
and the skill level of the operator. This is a very crucial
aspect of defect criticality identification.



Failure Mechanisms ®m 81

Local repair capabilities: In addition to defect detectability,
another important consideration is the repair capabilities
of the facility involved in restoration of composite per-
formance. The local repair capabilities may not be able
to rework the damaged or defective area back to opera-
tive levels. Also, the repair capability may increase the
loss of structural integrity if skill and knowledge are
inadequate.

Component configuration: The configuration of the com-
ponent leads to the specific types of defects and damage
while also influencing how the defect reacts to imposed
loading. Careful examination of the component configura-
tion is required to ensure full understanding of its impact
on the presence of the defect.

Environmental condition: The environmental condition of
the composite component will typically be based on the
moisture content of the composite and the operational
temperature. Other environmental conditions, such as sea-
water and other fluids, need to be considered and under-
stood as to their impact on the structural performance
with defects.

Loading bistory: The load history may impact how the
defect influences the changes in structural integrity.
Loading conditions on the defect prior to the defect’s
identification may provide an indication of the structural
defect criticality.

Material property variations: The variation in material prop-
erties, in particular fiber-volume ratio, can have a signifi-
cant impact on the structural performance in the presence
of defects and damage. This is particularly true for defects
in the matrix and matrix-dominated behavior.

Acoustic vibration response: High-frequency cyclic loading is
of particular interest for several defect types. Thus acous-
tic vibration is considered a specific focus in the under-
standing of defect failure modes and response.
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Basic Modes of Failure

There are four types of failure modes distinguishable in com-

posite materials. Each of the four types of failure can act inde-
pendently, or as a pair, or all together. The four failure modes

are defined as:

1. Fiber failure: Any particular fiber breakage is considered a
fiber failure. However, buckling fibers can also be a form
of fiber failure, since the fiber is unable to support the
design load.

2. Transverse matrix failure: The failure of the matrix within
a ply is considered as the transverse failure or crack-
ing of the resin system and is independent of the fibers.
Transverse matrix cracking is also known as intralaminar
cracking. Matrix property degradation due to environmen-
tal aggravation (chemicals, fluids, or moisture); and aging
under solar radiation, thermal cycling and attack; and
other forms of radiation—all of which attack and degrade
the resin properties—also can be considered transverse
matrix failure.

3. Interfacial failure: Failure of the bondline interface
between fiber and matrix is the interfacial failure of com-
posite materials. This failure mode is primarily attributed
to poor resin/fiber selection, but can occur with aging
due to environmental conditions.

4. Delaminations: Failure of the interface between adjacent
plies where separation occurs is termed as a delamina-
tion. Delaminations are also known as interlaminar crack-
ing. Delaminations are another form of matrix cracking,
but the failure locus is within the plane of the local lami-
nated structure.

All of the basic failure modes are distinguished by their mac-
roscopic failure characteristics, which consist of microscopic-
initiated cracking in the matrix or fiber.
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Under in-plane loading, the failure appearance can be
described as follows:

Longitudinal tensile failure: Longitudinal tensile failure
shown in Figure 4.1 is characterized by either brittle
fiber fracture (Figure 4.1a), brittle fiber fracture with fiber
pullout (Figure 4.1b), or staggered failure (Figure 4.1¢).
Staggered failure is brittle fiber fracture and fiber pullout
combined with matrix shear and longitudinal splitting.

Longitudinal compression failure: Longitudinal compres-
sion failure consists of fiber microbuckling, matrix yield-
ing, panel buckling, shear failure, or ply delamination by
transverse tension. These failure modes are illustrated in
Figures 4.2, 4.3, and 4.4.

Filament Debonding

Pullout Initial Crack

(a) (b) (©

Figure 4.1 Longitudinal tensile failure modes.

Figure 4.2 Longitudinal compression failure mode: microbuckling;
(@) asymmetric buckling, (b) symmetric buckling.
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Figure 4.3 Longitudinal compression failure mode: constituent
debonding.

Figure 4.4 Longitudinal compression failure mode: panel buckling-
splitting and shear.

Transverse tension failure: Transverse tension failure can be
matrix tension failure, fiber/matrix interface debonding, or
longitudinal splitting of the fibers. Figure 4.5 depicts the
matrix tension mode of failure. This is a preferred failure
mode for transverse tension loading as it tends to be the
weak link with appropriate selection of the resin.

Transverse compression failure: Transverse compression fail-
ure consists of matrix compression failure, matrix shear
failure, fiber/matrix interface shear failure, or fiber crushing.
Figure 4.6 illustrates the most common of these modes.

Intralaminar shear failure: Intralaminar shear failure covers
matrix intralaminar shear, matrix shear, or matrix/fiber
debonding (Figure 4.7).

Woven-cloth failure modes: Woven cloth will exhibit many
of the failure modes previously discussed that pertain to
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Figure 4.5

Figure 4.6

Figure 4.7 Intralaminar shear failure mode.

unidirectional composite plies. However, the cross-woven

fibers (the fill fibers) have a major influence in inhibiting

many of the matrix-dominated failure conditions. Woven-
cloth failure modes consist of the following:

Fiber tensile fracture: Fiber fracture in woven-cloth com-
posite plies is much the same as for unidirectional
plies. The fracture path is very much localized over a
specified perpendicular plane to the tensile loading
direction, as illustrated in Figure 4.8.

Fiber compression microbuckling: The microbuckling of
the warp fibers is more pronounced in woven com-
posites due to the already kinked fiber tows/yards.
The warp fiber is constrained from microbuckling
by the through-the-thickness tensile strength of the
matrix material that binds the warp fiber to the fill



86 m Defects and Damage in Composite Materials and Structures

I
T

Tensile
Splitting

(év

Fill Fiber

Figure 4.9 Microbuckling of woven-cloth composites.

fiber (Figure 4.9). Harness stains tend to microbuckle at
lower loads than plain-weave cloth composites.

Matrix tensile fracture: Under tensile loads (axial or
transverse), the matrix fractures slightly before the
fibers fracture. First-ply failure (matrix cracking) is
typically at 85%-95% of ultimate load (fiber fracture).

Fiber/matrix interfacial compression splitting: In combina-
tion with microbuckling, the splitting of the matrix/

fiber bonds occurs prior to unstable fiber tow/yarn
buckling (see Figure 4.9).

Matrix shear fracture: The fracture of the matrix in shear is
most common with angle fiber cloth layups (Figure 4.10).

The failure modes of unidirectional plies, under simple
loading conditions, are summarized in Table 4.1. A similar
summary for woven cloth materials is provided in Table 4.2.
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Figure 4.10 Matrix shear failure of woven angle-ply layups.

Complex Modes of Failure

Because of the laminated nature of fiber composite materials,
the modes of failure can be quite complex. This complexity
originates in that crack initiation resembles one of the typical
modes detailed previously for a unidirectional laminate, but
it propagates to another mode of failure and ultimately fails
catastrophically by fiber failure.

Angled fiber composites: The simplest failure modes in the
complex system are those of angled fiber composites.
Angled fiber composites all show failure initiating by intra-
laminar cracking and then delaminations. The three pos-
sible failure modes in an angled-ply laminate are illustrated
in Figure 4.11. These modes are controlled by the fiber
orientation percentage in the laminate. The failure mode is
predominantly an interlaminar shear initiated for small fiber
angles and then propagating to fiber breakage (FB mode).
This mode shifts to a combined interlaminar normal,
in-plane shear, and in-plane normal fracture (fiber shear/
delamination [FS/DEL) for intermediate angles and is pre-
dominantly transverse tension for larger fiber angles.

Fiber Shear/Delamination Partial Fiber Breakage
FS/DEL Mode FB Mode FB Mode

Figure 4.11 Three possible failure modes for the angled-ply laminate.
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Table 4.1 Failure Modes of Unidirectional Plies
Nature of Secondary
Mode of Failure Loading Primary Factors Factors
1. Fiber failure Longitudinal | (-) Fiber (=) Cure
transmitted tension tensile shrinkage
laterally strength stresses
(brittle failure) (=) Fiber
volume
fraction
(+) Matrix
stiffness and
strength
(+) Interface
bond strength
2. Fiber failure (=) Fiber tensile | (+) Fiber
transmitted strength strength
longitudinally (-) Fiber variability
and laterally volume
(brushing) fraction
(=) Matrix
stiffness and
strength
(=) Interface
bond strength
(=) Cure
shrinkage
stresses
3. Brittle fiber Longitudinal | (-) Fiber
failure compression | strength and
(inclined volume
shear) fraction

(+) Local and
overall stability

(=) Local
distortion/
eccentricity
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Table 4.1 (Continued) Failure Modes of Unidirectional Plies
Nature of Secondary
Mode of Failure Loading Primary Factors Factors
4. Kink-band (=) Matrix (=) Fiber shear
failure shear stiffness | stiffness
(timberlike) (+) Local (<) Fiber
distortion/ volume
eccentricity fraction
(-) Fiber (+) Moisture
diameter and
temperature
(matrix)
5. Fiber (=) Matrix (+) Moisture
microbuckling transverse and
stiffness temperature
(+) Fiber (matrix)
diameter/
eccentricity
(=) Matrix
tensile strength
6. Locally (+) Local (=) Matrix
orientated distortion/ shear stiffness
delamination eccentricity (+) Moisture
(=) Fiber and
diameter and temperature
modulus (matrix)
(=) Matrix
tensile
strength

(Continued)
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Table 4.1 (Continued)

Failure Modes of Unidirectional Plies

temperature
(matrix)

Nature of Secondary

Mode of Failure Loading Primary Factors Factors

7. Matrix/ Transverse (=) Matrix/ (+) Displaying

bondline tension fiber average between fiber
tension failing strain and matrix
fracture (=) Fiber/ stiffness
matrix bond (=) Matrix
strength strength
(+) Cure (+) Fiber
shrinkage distribution
stresses irregularity
(+) Fiber
volume
fraction
8. As for Mode 7 | Short As for Mode 7 | Asfor Mode 7
(delamination | transverse (+) Curved
possible) tension laminate
(normal) bending
9. Matrix/ Transverse As for Mode 7 | Asfor Mode 7
bondline compression
(inclined
shear
fracture)

10. Transverse (=) Matrix/fiber | (+) Fiber
layer transverse volume
buckling modulus fraction

(=) Matrix/fiber
shear modulus

11. Shear in Longitudinal/ | (=) Matrix (+) Fiber
matrix, fiber/ | short shear strength volume
matrix transverse (=) Fiber/matrix fraction
fjebondi.ng, shear adhesion (+) Cure
mterla.mmar (+) Moisture shrinkage
shear in and stresses
laminate
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Failure Modes of Unidirectional Plies

Nature of Secondary

Mode of Failure Loading Primary Factors Factors

12. Shear in Longitudinal/ | (-) Matrix (+) Cure
matrix, transverse shear strength | shrinkage
interlaminar shear stresses
shee'ir n (+) Moisture
laminate and

temperature
(matrix)

13. Shear in Transverse/ As for Mode 10 | As for
matrix, short Mode 10
(cross-fiber transverse
shear) shear
interlaminar
shear in
laminate

Source: Revised from ESDU 82025.

(+): The greater the quantity, the more likely it is to fail.
(-): The lower the quantity, the more likely it is to fail.

Multidirectional laminates: The failure modes of multi-
directional laminates incorporate the failure modes of
on-axis and off-axis unidirectional laminates, angled fiber
laminates, and matrix cracking failure modes. The ulti-
mate failure is often very complex. Usually one of the
previously mentioned failure modes will initiate at the
individual-ply level and proceed to ultimate failure by
another failure mechanism. An excellent summary of
multidirectional laminate failure modes is provided in
Table 4.3. The state of stress in a multidirectional laminate
is truly three dimensional, and therefore the significance
of Mode I and Mode III loadings are greater than for
unidirectional laminates, where Mode I loading failures
predominate. For a given matrix crack, its propagation is
controlled by the opening (Mode 1), shearing (Mode 2),
tearing (Mode 3), or mixed-mode failures (see Figure 4.12).
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Table 4.2 Failure Modes of Woven Plies

(+) Matrix stiffness
and strength

(+) Interface bond
strength

Nature of Secondary
Mode of Failure Loading Primary Factors Factors
1. Fiber failure Longitudinal | (-) Fiber tensile (=) Cure
transmitted tension strength shrinkage
laterally (=) Fiber volume stresses
(brittle fraction
failure) (+) Matrix stiffness
and strength
(+) Interface bond
strength
2. Fiber failure Transverse (=) Fiber tensile (=) Cure
transmitted tension strength shrinkage
longitudinally (=) Fiber volume stresses
and laterally fraction
(brushing) (+) Matrix stiffness
and strength
(+) Interface bond
strength
3. Fiber failure Longitudinal | (-) Fiber tensile (=) Cure
transmitted compression | strength shrinkage
laterally (-) Fiber volume stresses
(brittle failure) fraction
(+) Matrix stiffness
and strength
(+) Interface bond
strength
4. Fiber failure Transverse (-) Fiber tensile (=) Cure
transmitted compression | strength shrinkage
longitudinally (-) Fiber volume stresses
and laterally fraction
(brushing)
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Table 4.2 (Continued) Failure Modes of Woven Plies

Nature of Secondary
Mode of Failure Loading Primary Factors Factors
5. Fiber failure In-plane (=) Fiber tensile (=) Cure
transmitted shear strength shrinkage

laterally stresses

(=) Fiber volume
(brittle failure)

fraction

(+) Matrix stiffness
and strength

(+) Interface bond
strength

(-) Fiber compressive
strength

(+): The greater the quantity, the more likely it is to fail.
(-): The lower the quantity, the more likely it is to fail.

Mode 1 Mode 2 Mode 3

Figure 4.12 Three basic modes of failure.

Loading mechanisms: The loading mechanism in a
composite laminate also governs the failure modes.

Here the three principal loading methods are discussed

briefly: tension, compression, and shear.

Tension: The fracture process of composites under tensile
loading depends on the fiber angle. By characterizing
failure surfaces and associated load angle ranges, the pre-
dominant failure modes of off-axis tensile specimens are:
0° fibers: Irregular fracture surface with fiber pullout
5°to 30° Regular fracture surface with extensive

matrix lacerations
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Table 4.3 Failure Modes of Multidirectional Laminates

temperature
(resin), varies with
layup and stacking
sequence

Mode of Nature of Secondary
Failure Loading Primary Factors Factors
Layer Tension, (+) Transverse Some effective
transverse shear, and tensile strain transverse and
tension compres- components in stiffness
cracking sion layer, crack retained
(regularly frequency initially via
spaced crack increases with uncracked
through strain zones
independent (+) Cure
layers) shrinkage stresses
Layer As unidirectional | Laminate layup
longitudinal longitudinal and stacking
tension tensile sequence
fracture (+) Stress (+) Cure
concentration shrinkage
from adjacent stresses
cracked layers
Delamination/ (=) Interlayer Tension or
layer free shear strength shear,
edges or (+) Moisture and delamination
notches often local to

raisers; usually
catastrophicin
compression

Delamination/
layer buckling

(+) Local layer
distortion

(+) Layer
thickness

(-) Longitudinal
fiber modulus
(=) Matrix tensile
strength

(=) Matrix shear
stiffness

(+) Moisture
and
temperature
(resin)




Table 4.3 (Continued)

Failure Mechanisms ® 95

Failure Modes of Multidirectional Laminates

Mode of Nature of Secondary
Failure Loading Primary Factors Factors
Interlaminar Short As for Modes As for Modes
shear transverse 11 and 13 11 and 13

shear (unidirectional), (unidirectional)

(normal) will vary with layer

stacking sequence

Interlaminar Normal As for Modes 7 As for Modes 7
tension tension (unidirectional), (unidirectional)

will vary with layer
stacking sequence

Source: ESDU 82025.

(+): The greater the quantity, the more likely it is to fail.
(

-): The lower the quantity, the more likely it is to fail.
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Figure 4.13 Failure modes for unidirectional composites subjected to
compressive loading.

30° to 45°: Combined matrix lacerations and cleavage
45° to 90°: Extensive matrix cleavage
Compression: The many modes of compression loading
failure of composites are illustrated in Figure 4.13,
and like tension loading, they are dependent on the
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fiber direction. In longitudinal loading, the fibers
support the load up to buckling. Microbuckling (short-
wave stability) is representative of the failure modes
of current graphite/epoxy composites, and forms of
microbuckling are either in-phase buckling (kinking),
in which the matrix shear stiffness is inadequate

and the whole layer shears sideways, or out-of-phase
buckling, in which the matrix direct transverse exten-
sional stiffness is inadequate. The matrix supports
transverse and normal compression loading, and so
the failure process is dependent on the matrix stiff-
ness. If the matrix is stiff enough to resist buckling,
then fracture is by transverse shear cracking (see
Figure 4.14).

Shear: The interlaminar shear and in-plane shear
strengths of composite laminates are also matrix-
controlled strengths. Matrix shearing action will initiate
cracks in the lamina, and these will propagate paral-
lel to the fiber direction. Interlaminar shear loading
has a major bearing on the initiation of delaminations
at free edges. Interlaminar crack propagation due to
shear is the same as normal compression cracking (see
Figure 4.14).

Transverse

Shear Transverse

Compression

Figure 4.14 Matrix cracking under transverse shear or compression.
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Failure Mechanisms

There are three basic stages of damage development in
composite materials. These basic stages are crack initiation,
crack growth, and localization of cracks leading to ultimate
failure. The basic failure mechanisms of these stages of dam-
age development are therefore:

1. Matrix cracking (delaminations and transverse)
2. Interface failure (fiber/matrix debonding)
3. Fiber fracture

These basic failure mechanisms correlate well with the in-
service damage types discussed previously.

In an isotropic body, there are six possible crack orienta-
tions, as seen in Figure 4.15. With the introduction of fibers
into such a body, certain crack orientations are preferred.
Crack propagation tends to be along the lowest-strength
path. Hence, planes of weakness in the composite lamina
and composite laminate would develop. Because the matrix
generally has a lower strength than the fibers in polymeric
composites, crack orientation would be predominantly
through the matrix, parallel to the fibers. Using Figure 4.15
as an illustration, if the fibers are parallel to the longitudinal

Transverse /;hickness

Longiiiudinéi

. - - - "

ENE B e
bt N IR DT e

Figure 4.15 Crack orientation in an isotropic body.
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direction, then cracks a, ¢, d, and fwould be more likely to
propagate.

Invariably, in multidirectional composites, the first mode
of damage is matrix cracking, with the fibers acting as matrix
crack arresters. Fortunately, the structure can develop micro-
cracks in the matrix without endangering the structural integ-
rity of the component. Impact damage is a good example of
this, in that transverse matrix cracks and delamination form
in a truncated pyramid pattern (Figure 4.16), but under tensile
loading the strength is still quite high (typically >85% of the
undamaged state).

The fracture behavior of composite laminates with
through-the-thickness holes, and under in-plane loading,
depends on:

Notch tip radius

Hole and panel geometry
Loading type

Laminate thickness

Ply orientation

Stacking sequence
Material properties

A phenomenon known as hole-size effect in composite
laminates is where, under in-plane loading, a larger hole causes
a greater stress reduction than a smaller hole, although the

Figure 4.16 Matrix crack pyramid pattern from impact damage.
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maximum in-plane stress on the boundary of the hole is the
same for all hole diameters. Moiré interferometry has indicated
that high out-of-plane deflections or buckling increase the edge
out-of-plane stresses. The fibers at the hole edge locally buckle,
and the damage propagates by shear crimping and delami-
nation up to ultimate laminate failure. This buckling is more
severe when the ratio of hole diameter to panel width is small.
The effect is primarily due to interlaminar stresses induced

at the free edge, where cracks initiate and propagate in the
matrix. However, the final fracture mode does change from
one point to another around the hole boundary, and in the
end the failure tends to be less than that predicted by classical
lamination theory:.

The fracture process of delaminations simply involves
interlaminar cracking between two highly anisotropic fiber-
reinforced plies. However, the fracture process is very
complex because it depends on material and geometric dis-
continuity, and it appears to involve coupling effects of the
three distinct modes of crack propagation: Modes I, 11, and
III. Delaminations are initiated from either the free edge
out-of-plane stress induction or the growth of matrix cracks
to ply interfaces (Figure 4.17). The progressive fracture behav-
ior of delaminations is shown in Figure 4.18, which illustrates
the characteristics of matrix tearing and hackle formation.

Intralaminar Crack

Interlaminar Crack

Figure 4.17a Matrix cracks and delamination initiation.
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Figure 4.17b  Matrix cracks and delamination initiation.

Figure 4.18 Delamination initiation and hackle formation.

Due to the low interlaminar strength of untoughened graphite/
epoxy composites, delaminations are easily initiated through
impact damage or simple out-of-plane—induced stresses under
in-plane loading conditions.

The propagation of delaminations in graphite/epoxy com-
posites is sensitive to:

Matrix toughness

Ply stacking sequence
Component shape and constraints
Delamination position
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Delamination size
Load type and magnitude
Environmental effects

Generally, the presence of a delamination reduces the over-
all stiffness of a composite structure. This lowers the critical
buckling load and can result in local laminate structural insta-
bility under compressive loading. The final failure of a delami-
nated structure is by:

Increased net section stresses
Out-of-plane bending
Asymmetric twisting

Conclusions

Advanced polymeric composite materials are prone to

a large number of defects and damage types. These
defects and damage types emanate from the constituent
material processes, composite component manufacture,
and in-service use of the composite component. Those
defect types due to in-service usage can be generalized
further as:

Transverse matrix cracks
Delaminations
Holes (fiber fracture)

The failure modes of composite materials are numer-
ous and are influenced by many factors. In multidirectional
laminates, the prediction of failure modes is very difficult
and is usually a combination of several unidirectional failure
modes under the various loading spectrums. In the majority of
failure cases, the failure mode is determined by postmortem
examination of the fracture surface.
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Damage progression in composite components can be sum-
marized as follows:

1. Multiple matrix cracking (termed the characteristic dam-
age state) is the first stage of damage, where the damage
pattern is random and scattered over the laminate.

2. The second stage of damage progression is the initia-
tion of delaminations, or damage localization. Here the
damage develops at preferred sites, such as free edges
or ply interfaces.

3. The final fracture is often multimoded with severe crack-
ing, but fiber fracture appears to be the controlling factor.

Composite fracture behavior for untoughened graphite/
epoxy laminates in the presence of holes and delaminations is
governed by the interlaminar integrity of the laminate.



Chapter 5

Loss of Integrity

Introduction

From the review of defect and damage types in composite
and adhesively bonded joints (Chapter 2), we need to
determine which defects are more serious in terms of
structural integrity. The three generic defect or dam-

age types that classify the majority of the 52 defect types
in composite materials and 6 defect types in sandwich
structures are matrix cracks (intralaminar), delaminations
(interlaminar matrix cracks), and fiber fracture (holes). The
two general defect types on adhesively bonded joints are
debonds and weak bonds. The structural significance of
these is discussed herein.

Definitions

This chapter presents a brief definition of the three types of
generic defects found in composite structures and the two for
adhesively bonded joints. For the sake of clarity, the chapter
also discusses what is meant by the term structurally signifi-
cant defects.
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Cut Fibers

Figure 5.1 Principal defect types in composite structures.

Adherends Adherends

Adhesive  Debond  Adhesive Adhesive Weak bond Adhesive

Figure 5.2 Typical defect types of adhesively bonded joints.

Generic Defect Types

The three generic defect types in composite structures are
depicted in Figure 5.1, which clearly highlights their defini-
tions. Figure 5.2 shows the two generic types of defects in
adhesively bonded joints.

Structurally Significant Defects

Structurally significant defects or damage can be defined in
terms of:

B Degradation of the structural strength and/or stiffness,
and/or
B Defect instability under the in-service loading spectrum

General Representation

The general representation of all defects is listed in Tables 5.1
and 5.2 for those found in adhesively bonded joints and com-
posite structures, respectively.
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Table 5.1 Generalized Defect Types for Adhesively Bonded Joints

Debonds

Weak Bonds

Debond or unbond

Adhesion variability

Edge damage

Inclusion

Impact damage

Moisture pickup/aging

Inclusion

No fillet

Missing adhesive

Over/under cured

Porosity

Poor adhesion

Retained release film

Porosity

Voids

Retained release film

Thermal stresses

Variation in adhesive properties

Variation in adhesive thickness

Criticality of Defects

The assessment of a defect’s criticality is based on several
factors. When assessing the criticality of a particular defect, each
of these factors must be considered and their weighted impor-
tance judged accordingly. The influencing factors are as follows:

B The severity of the defect, taking into consideration its
size, shape, volume, distribution, and nature

B The location and orientation of the defect as to whether it
goes through all plies in the laminate or if it is related to

one particular ply

B The frequency of the defect’s occurrence

B Component load-path criticality and stress state

B How the defect is idealized in the assessment

B The local design load levels and their nature—for instance,
tension, compression, shear, or a combination of the
three—and whether the loading is in-plane or out-of-plane
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B Defect detection capabilities and detectability

B Local repair capabilities

B The component’s configuration, which includes layup,
thickness, joint type, and structural constraints

B Environmental conditions of the component

B The load history of the local area

B Variations in the material system, i.e., changes in material
toughness due to moisture degradation

Table 5.3 shows the effect on the residual strength of a
component where the three general defect types in composite
structures are present. From this result, we can conclude that
matrix cracks show no significant effect on strength degrada-
tion and that it is only delaminations and cut fibers that have
a strength-reducing influence.

Matrix Cracks (Intralaminar)

As shown in Table 5.3, matrix cracks have no immediate effect
on the component’s strength. However, they should not be

Table 5.3 Effect of Local Damage on Residual Strength

Resulting Local Damage
Cut Fibers Matrix Cracks | Delaminations
Material or Few Few to very Minimal
Manufacturing many
Error
Impact or Many Moderate
Puncture
Battle Damage | Very large Extensive
number
Residual Above or below | No effecton | Above or
Strength Pthresholds residual below Pthresholdr
depending on strength depending on
number of cut delamination
fibers size
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ignored either. Intralaminar matrix cracks do cause concern,
and therefore they need to be repaired. The reasons for this
concern are:

B They open the component to further environmental
degradation such as increased moisture degradation
of composites and adhesives, corrosion of adherents
and metal honeycomb core, and the induction of
other harmful chemicals and fluids that are difficult to
remove.

B They are a source of delamination initiation, which fur-
ther degrades the component strength and eventually can
lead to ultimate or gross failure.

B They are an area of local stiffness reduction and therefore
can propagate by local structural instability.

Delaminations (Interlaminar Matrix Cracks)

The size and location of a delamination in composite
materials and of a debond in adhesively bonded joints are
the critical issues for strength reduction. Delaminations
(which also cover debonds) can severely reduce the
strength and stiffness of components. However, it is only
under compressive loads, and to some lesser degree
shearing loads, that this is degradation is true. When a
delaminated composite material is subjected to tension, the
residual strength is generally reduced by only 10% to 15%.
The stiffness is only slightly affected due to asymmetric
warping of the outer plies. Figure 5.3 illustrates the
local warping of a delaminated composite panel under
tensile loads.

The compressive loads in a delaminated compos-
ite component cause severe out-of-plane bending or
buckling (see Figure 5.4), and these induce the out-of-
plane interlaminar stresses that ultimately cause crack
growth.
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Figure 5.3 Holographic interferogram showing asymmetric warping
of a delaminated composite plate under tension.

Figure 5.4 Holographic interferogram showing out-of-plane buckling
of a delaminated region.

In adhesively bonded joints, the severity of the debond
depends on the degree of damage tolerance that has been
designed into the joints. Most bonded-joint overlaps pro-
vide a significant amount of damage tolerance, as shown in
Figures 55-5.7.

Fiber Cuts and Holes

Whenever fibers are cut, which is generally in the presence

of a hole, we have a concentration of stress distribution. The
effect on the residual strength is significantly affected under all
loading conditions, and the resulting stress concentration factor
will indicate the severity of the hole.
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Stress with Debond
(minimal increase in peak stress)

Stress without

Debond \

Adhesive
Shear Stress

Figure 5.5 Internal edge debond in an adhesively bonded joint.

Stress without Stress with Debond
Debond  (minimal increase in peak stress)

Adhesive
Shear Stress

Debond

Figure 5.6 Edge debond in an adhesively bonded joint.

Zero Stresses over Stress with Debond
Debond Region  (minimal increase in peak stress)

Adhesive
Shear Stress

Debond

Figure 5.7 Central debond in an adhesively bonded joint.
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Summary

From the previous discussions, it is clear that the defects
posing the most concern to the structural integrity of a
component during its service life are

B Intralaminar matrix cracks
B Delaminations (interlaminar matrix cracks) and debonds
B Holes



Chapter 6

Restitution and Repair

Introduction

Once the damage of a defect has been identified and
evaluated against appropriate criteria to determine the loss of
structural or performance integrity, a repair scheme is devel-
oped. This chapter examines the fundamentals of developing
the repair scheme.

The development of a repair scheme will need to
consider several practical implementation issues and review
the specific repair requirements for successful design and
installation. This chapter presents these repair design and
installation requirements. The chapter also discusses the
development of generic repair types in composite structures
and describes repairs for the generalized defect/dam-
age types (intralaminar matrix cracks, delaminations, and
broken fibers).

The concluding section of the chapter provides an overview
of the damage removal and repair scheme installation process.
This final section also includes a detailed discussion on sur-
face preparation requirements and processes.
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Selection of the Repair Method

The repair design is primarily driven by nonengineering
requirements such as:

B The repair facility capability

B The type of damage found

B Whether or not the repair scheme is to be installed on or
off the aircraft

B The accessibility of the damaged area

Repair facility capability: The capability of suitable repair
facilities has the strongest influence on the repair
design. Without the appropriate tools, equipment, and
materials at hand, even the best repair designs cannot
be installed. The level of repair a facility is authorized
to undertake is dependent on the capability of the
appropriate facilities. For example, flight-line repairs are
generally restricted to simple plug/patch repair types,
whereas a depot-level repair should cover all repair
types.

Types of damage: The types of damage that have already
been reviewed in terms of their structural significance
often dictate the repair design. The damage types dis-
cussed in terms of repair design will be

Matrix cracks
Delaminations
Debonds
Holes

On or off structure: When repairing a damaged structural
component, the question arises of whether the compo-
nent should be removed. Some components, such as
access panels and doors, can be easily removed and
replaced by a serviceable component. The damaged
door can then be repaired in the repair facility, where
appropriate environmental conditioning can take place.
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However, external skins on wings, fuselages, etc., cannot

be removed, and repairs must be done on the structure.

There are two criteria that guide the decision to conduct

repairs on the aircraft or to remove the component for

repair:

1. A comparison of time to remove and install the com-
ponent to the time to repair it

2. The hours to repair directly on the aircraft as opposed
to removal, repair, and reinstallation of the component

Damaged component accessibility: The location of the dam-

aged component is a serious limitation to repair design.

If two-sided access is available, the repair design is

often more effective. There are also specific application

methods that allow repairs to damaged components when

only one-sided access is available, and these are discussed

later in this chapter.

Repair Criteria

The basis of the repair design follows a logical repair criterion.
The parameters of the repair criteria are listed in Table 6.1 and
are detailed in the following list.

Static strength and stability: Any repair must be capable of
supporting the design loads that are applied to the origi-
nal structure. The two major aspects of this are:

1. Strength restoration: The first question to ask is if full-
strength restoration is required. The answer to this ques-
tion is determined on the results of the damage analysis.

2. Stability requirements: The greatest concern in many
of the damaged structures is instability under compres-
sive loading and how to restore structural stiffness.
The damage analysis will indicate where structural
instability exists and specify the methods of designing
a repair to overcome this instability.
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Table 6.1 Repair Criteria

1. Static Strength and Stability
e Full- versus partial-strength restoration

e Stability requirements

2. Repair Durability
e Fatigue loading
e Corrosion

* Environmental degradation

3. Stiffness Requirements
¢ Deflection limitations
e Flutter and other aeroelasticity effects

e Load path variations

4. Aerodynamic Smoothness
e Manufacturing techniques

¢ Performance degradation

5. Weight and Balance
e Size of the repair

e Mass balance effect

6. Operational Temperature
¢ Low- and high-temperature requirements

e Temperature effects

7. Environmental Effects
¢ Types of exposure

e Effects to epoxy resins

8. Related On-Board Aircraft Systems
* Fuel system sealing
e Lightning protection

* Mechanical system operation
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Table 6.1 (Continued) Repair Criteria

9. Costs and Scheduling
* Downtime
e Facilities, equipment, and materials
e Personnel skill levels

* Materials handling

10. Low Observables

Repair durability: Any repair designed to restore the aircraft
to flying conditions is generally expected to remain an
integral part of the airframe for the aircraft’s remaining
service life (exceptions are rapid-action-type repairs). For
commercial aircraft, their serviceable life is 50,000 flight
hours, and for military aircraft it is 4,000 to 6,000 flight
hours, plus any life-of-type extensions. Thus, the durabil-
ity of the repair scheme must consider the following in its
design phase:

— Fatigue loading of the structure and the effects on
bolted and bonded joints, damage growth, and
monitoring the repair for continuing airworthiness
assessment

— Corrosion of components where dissimilar materials
have been used in the repair to ensure that corrosion
protection precautions are still in place

— Environmental degradation of resin-type repairs, par-
ticularly moisture absorption and performance in hot/
wet environments

Stiffness requirements: In aircraft where lightweight struc-
tures are an essential design requirement, stiffness is often
more critical than strength. The same goes for repairs,
as they must maintain the integrity of structural stiffness.
The following must be considered in a stiffness-repair
design requirement:

— Deflection limitations of flying surfaces such as wings
and flight controls are based on the aerodynamic
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performance of the aircraft; repair should not unduly
alter the aircraft’s flying characteristics.

— Flutter and other aeroelasticity effects restrict the
design of a repair so that its stiffness should be almost
equal to the parent structure. Increased stiffness will
decrease the flutter speed, and a decrease in stiffness
can also change the flying characteristics.

— Load-path variations obviously are undesirable in that
areas within the structure will be loaded in excess of
their design allowables. As a general rule, the repair
area stiffness should match that of the parent structure.

Aerodynamic smoothness: Aerodynamic smoothness is an
important consideration when maximum speed or fuel
efficiency is required. Those parts of the aircraft that
require good aerodynamic smoothness, i.e., leading edges
and where the boundary layer is laminar, must have flush
or very thin external patch repair schemes. These repair
types are based on local capabilities in manufacturing
techniques, the effects of performance degradation, the
repair size, and the possible effects of multiple damage
sites.

Weight and balance: The size of the repair and the local
changes in weight can be insignificant to the total com-
ponent weight, but in weight-sensitive structures, such as
flight control surfaces, the effect to the mass balance can
be highly significant. The effective change in local weight
must be controlled to within certain limits, and in some
cases rebalancing of the component may be necessary.

Operational temperature: The operating temperature influ-
ences the selection of repair materials, particularly
adhesives and composite resins. Materials that develop
adequate strength within the required operational tem-
perature range must be selected. The combination of
extreme temperatures with environmental exposure, the
hot/wet condition, is often the critical condition to which
the repair must be designed.
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Environmental effects: Composite and adhesive bonds
are prone to significant degradation when exposed to
various environments, in particular fluids and thermal
cycling. However, absorbed moisture is frequently the
major long-term concern in terms of durability of the
repair design.

Related on-board aircraft systems: The repair design must
also be compatible with other onboard aircraft systems.
Typically these systems are as follows:

— Fuel system sealing: In modern aircraft, the fuel is car-
ried within the wing as a “wet wing.” Hence any repair
to wing skins that are in direct contact with the fuel
system must seal the fuel tank, cater for out-of-plane
fuel pressure forces, and not contaminate the fuel sys-
tem during the repair process.

— Lightning protection: If electrical conductivity in the
parent structure has been required for lightning pro-
tection, then the repair must also incorporate the same
degree of electrical conductivity.

— Mechanical system operation: Any component that is
required to move during the operation of the aircraft
or is in close proximity to a moving component, and
is subsequently repaired, must ensure that the repair
does not impede component operation. For example,
retracting flaps must be repaired such that the repair
still provides the adequate retraction clearance.

Costs and scheduling: Repairs and their design cost are
considered in light of aircraft downtime and operating
expenses. However, it is well established that it is cheaper
to repair than replace, given appropriate facilities and
adequate personnel skilled to do the repair.

Low observables: A most important attribute for today’s
military aircraft is its reduced radar cross-section (RCYS),
which is a major contributor to its stealth characteristics.
If the aircraft is a stealth type of design, then repairs
must be designed to maintain the mold line and not
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have reflective corners. For aircraft that have low stealth
characteristics, like the F-16 and F-18 types, the repair of
stealth design is not a concern.

Generic Repair Designs

There are four basic levels of generic repair designs.
There are:

1. Filling and sealing the damaged area (cosmetic)

2. Filling and applying a doubler patch to the damaged area
(semistructural)

3. Bonding a flush patch to the damaged area (structural)

4. Bolting a patch to the damaged area (structural)

Filling/Sealing Repair Scheme

When the significance of the damage is small and the main
requirement to repair is for environmental protection, a cos-
metic repair is all that is necessary. In such a repair scheme,
the damage may not necessarily be removed, but moisture
removal is still required. The damaged area is filled with a
suitable potting compound (neat resin or mixed with chopped
fiberglass) and then sealed with a layer of fiberglass/epoxy
woven cloth (Figure 6.0).

Remove Sharp Edges
Fill to Mold Line with Resin

S—— ~— — =
Composite Abrasions, Cuts, Dent

Laminate Skin  Scratches, Erosion

Figure 6.1 Cosmetic repair (nonstructural).



Restitution and Repair ® 121

Inverse Structural Doubler
Film Adhesive

L ————

Damage Removed
Low-Modulus Plug

Figure 6.2 Semistructural plug-patch repair.

Filling/Doubler Patch Repair Scheme

As the structural severity of the damage increases, particu-
larly for thin skins and honeycomb sandwich panels, some
load transfer over the damaged region will be required.

Such a repair scheme is both cosmetic and semi-structural
(Figure 6.2). The damage is usually removed, and so is mois-
ture; honeycomb core is replaced or a foaming resin plug
inserted, over which a doubler is bonded. The plug must be of
low modulus so as not to attract load; hence the load is trans-
ferred from the parent laminate into the doubler and out again
into the parent laminate. The plug should not draw much load
from the doubler.

Flush-Bonded Patch Repair Scheme

In relatively thin structures that have been significantly
reduced in strength by the presence of damage, a flush-
bonded patch repair scheme will provide the greatest strength
restoration where aerodynamic smoothness is essential.

The repair process is to remove the damage and carefully
scarf or step the hole out. Again, drying the laminate prior

to repair is important. The patch, designed and cut to fit in
the hole, can by either pre-cured and secondarily bonded or
co-cured to the damaged area. Co-cured patches are gener-
ally stronger. A doubler patch is also included in the repair
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scheme as a sealing patch for the flush patch. The doubler
patch is no more than four plies in thickness and can be of
a lower-modulus material. Figure 6.3 illustrates typical flush-
bonded patch repairs.

Bolted-Patch Repair Schemes

The bolted-patch repair is restricted to thicker laminated sec-
tions that require ample structural integrity to be restored.
Although the full structural strength is unlikely to be achieved,
restoration of the design load-carrying capacity can be
achieved with a bolted patch repair. The bolted patch repair
can be a semi-flush or double-lap repair scheme, depending
on the design requirements, and is typical of that shown in
Figure 6.4. The repair process is to remove the damage and
create a hole with circular ends, remove any moisture, drill
the locating fastener holes in the parent laminate, and attach
the inner, flush, and outer patch panels. The patch panels
and fasteners should be coated with a sealing compound and
fitted wet.

Cobonded Patch ~ Scarf Angle Film Adhesive
N

5-10 degree
% — /
$ \ Parent Laminate $

Figure 6.3 Flush-bonded patch repairs.

Low-Modulus Filler Thick Parent Laminate
Metal Patch

Metal
Backing Patch

Figure 6.4 Bolted patch repair.
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Matrix Cracks

We recall that matrix cracks have little effect on the structural
strength integrity, but they can cause local stiffness losses and
thus instability problems under compressive loading. Hence,
there are two types of repairs required:

1. If the matrix cracks are insignificant as a damage type on
the structural integrity of the composite laminate—and
if they are exposed to the surface—then only a filling/
sealing-type repair is warranted (Figure 6.1). This type
of repair will ensure that moisture is excluded from the
damaged area.

2. If damage analysis indicates that local structural instabil-
ity is likely, then the damaged region is filled and sealed
with a doubler patch to restore local stiffness (Figure 6.5).
The E,.y...q Should be equivalent to the undamaged stift-

restore

ness such that:

E _ E parenty h _ E patchy 4 patch +E damage 3 damage
restored; — -

14 repair 3 repair

= Effective Patch Stiffness + Effective
Degraded Stiffness

where:
Epenn = parent laminate effective principle
stiffness
b = laminate thickness
13 = thickness of repaired region

repair

E, e = patch stiffness

Louwen = Patch thickness

Egymager = damaged region stiffness
liamage = depth of damaged region

E,ioreqr = restored stiffness
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Inverse Patch Lay-up

\ Fill & Seal

W

Matrix Cracks

Figure 6.5 Doubler-patch installation.

In the repair scheme designs:

1. The damage is not cut out because load-carrying fibers
are still in place.

2. Prior to repair scheme installation, the local damaged
region is dried out.

3. A low-viscosity filling/sealing resin is used.

As a good design practice, doubler patches are stacked in
reverse order with the largest ply on the top (Figure 6.5).
This practice provides both a final seal to the repaired
area and reduces peel stresses due to any load transferred
through the patch.

Delaminations

Delaminations are more of a concern to the structural stabil-
ity of composite laminates rather than strength degradation;
hence only a fill/doubler patch repair is normally warranted.
If the delamination effect on the structural integrity is within
the damage-tolerant design strain allowables, then no repair
is required; however, if the delamination is exposed to a free
edge, then filling with a low-viscosity resin and sealing is
necessary against environmental degradation. The structural
repairs of internal and edge delaminations are as follows:

Internal delaminations: Those internal delaminations under
compressive loading that are close to the surface—and
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Figure 6.6 Doubler-patch installation over delamination.

where the damage analysis shows that the sub-laminate
is likely to buckle under design-allowable strains—
requires a doubler patch to increase the local stiffness of
the sub-laminate (Figure 6.6). Determination of the patch
stiffness is based on the previous analysis, but here the
stiffness of the sub-laminate and patch needs to be such
that the critical buckling load is greater than the applied
design allowable load. Or, more simply, the stiffness of
the patch must be equivalent to the undamaged stiffness,
such that

_ E parcntb
E patch —
patch

Edge delamination: With an edge delamination, the first
requirement of the repair is to seal the edge from fur-
ther moisture absorption, and again a low-viscosity resin
is used. Local stiffening of the edge is more difficult,
since the driving out-of-plane forces are still present.
The most effective repair design is to simply reinforce
the out-of-plane direction. Since the out-of-plane stresses
are much lower than in-plane, a fastener or thin capping
patch is all that is required (Figure 6.7).

If the delaminations are severe, then the damaged
region will have to be removed, and the repair scheme will
then be for that of a hole. Prior to repair scheme installa-
tion, the damaged region will require the moisture to be
removed.
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:fdge Delamination Resin Seal

4; Patch Adhesive

Fiberglass/Epoxy Cross-ply
or Titanium Foil

Figure 6.7 Out-of-plane reinforcing capping patch over edge
delamination.

Holes and Fiber Fracture

Low-Strength Degrading Holes

Where the hole in the laminate presents a low-strength degra-
dation to the overall laminate structural integrity, the general
repair is a plug/patch scheme, as shown in Figure 6.2. For

a rapid type repair, the damage is not necessarily removed,
but in most cases it will be removed. The amount of dam-
age removed should be minimal and be of simple geomet-

ric design, i.e., circle or circular ended. The plug and patch
should be of a lower modulus than the parent material so that
the repair area does not attract load. With a low-modulus plug,
the stress concentration factor will reduce due to hole defor-
mation constraints, and the patch is mainly used as a sealing
cover over the plugged hole.

Moderate-Strength Degrading Holes

In the case where the damage analysis of a hole in a com-
posite laminate indicates that there is moderate strength deg-
radation, i.e., where the current level of damage tolerance

is significantly reduced but catastrophic failure would only
occur with severe overload, then a plug and structural doubler
patch is recommended (Figure 6.8). Again, the plug is of low
modulus so that the load path is from the parent laminate into
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Figure 6.8 Structural doubler and plug repair.

the doubler, but not into the plug. The design of the patch fol-
lows a simple method, such that the conditions are as follows:

1. Half a double-lap joint is designed, acknowledging sup-
ports for bending resistance.

2. A tapered patch is used to reduce peel, particularly when
the thickness of the patch is greater than 1 mm (eight
plies).

3. The patch stiffness and thermal expansion coefficients are
matched.

4. The hole is not tapered.

Fully Structural Repairs to Holes

When the hole causes a significant reduction to the lami-
nate strength, a fully structural restoring repair is required.
The repair will either be a scarf (stepped-lap) bonded patch
for thinner structures; for thicker sections, a bolted patch is
required.

Thin-section flush repairs: A flush repair to a thin lami-
nated section will either be a scarf joint or stepped-lap.
Generally, the damage removed results in a stepped
hole; however, using a scarf joint analysis, the final repair
design will suit both joint types. In the simple analysis,
we try to maintain stiffness and thermal coefficient of
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(—r == )

Figure 6.9 Scarf joint analysis geometry.

S
—

Figure 6.10 Scarf repair length geometry.

expansion balance. Therefore, if the load is acting over

a scarf angle of 6°, the normal and shear stresses are

as shown in Figure 6.9. Using Figure 6.10 and a func-

tion of the laminate thickness for a hole size of 2 inches,
Table 6.2 illustrates the increasing patch size if a scarf
joint is used, clearly showing that this repair design is lim-
ited to thinner sections.

Thick section bolted repairs: As the skin thickness increases,
scarf repairs become impractical in terms of repair design.
At this stage, a bolted repair is more practical. The follow-
ing design points are recommended for a bolted repair
design:

1. Attempt to use a low-modulus plug that restricts the
load into the filled hole, as a loaded hole has a greater
strength reduction than an open hole.

2. Where a patch is relatively thick, taper the edges or
use a stepped-lap configuration, as this will reduce the
load on the first row of fasteners, which are the criti-
cally loaded ones.

3. Seal the patch to the parent laminate and install the
fasteners with sealant in the wet condition.
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Damage Removal and Surface Preparation

For successful installation of the repair scheme, the damaged
area and potentially degrading locally induced environment
need to be effectively prepared.

Removing the Damage

The basic principles of damage removal are to first make the
installation of the repair scheme relatively easy to accomplish
but also to avoid inducing poor load paths and stress-intensity
areas of load from the parent structure through the patch and
back out into the parent structure. Hence simple geometric
patterns for the damage removed are highly recommended.
Such simple geometric patterns include circular holes and
domed-ended rectangles (Figure 6.11). Tight-radius cutouts
should be avoided, as the tight radial produced, for example,
with an elliptical cutout can induce high stress concentrations.
The repair scheme should always attempt to minimize the
amount of undamaged structure removed. Thus straight-edged
holes that would incorporate a doubler repair are ideal for
this requirement. However, for flush repairs, the scarfing of
the parent structure away from the damaged hole site requires
specific angles of the scarf. As a rule of thumb, a 1° scarf

(@

Figure 6.11a Damaged composite sandwich panel skin.
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(b)

Figure 6.11b Domed-ended rectangular cutout.

angle that corresponds to a V-in. per ply for a 0.005-in. ply
thickness is common practice (see Figure 6.12). A Y%-inch per
ply scarf slope giving a 2.5° scarf angle is also acceptable. Poor
damage removal can result in extensive rework of the dam-
age/repair site and can significantly increase the repair scheme
size (Figure 6.13).

Moisture Removal

Moisture ingress will have a significant effect on the instal-
lation of the repair scheme in two ways. Firstly, the uncured
resin of the composite patch and the adhesive is hygroscopic,
and any absorbed moisture in the resin will reduce the resin
and adhesive properties. This problem can be eliminated by
ensuring that the uncured resins and adhesives are not open
to the atmosphere for extensive lengths of time (typically less
than one hour, but the specific time is dependent on the resin
system). Materials that have been in cold storage must be
brought up to temperature while still wrapped in the protec-
tive packaging. The package is only opened when the material
is up to room temperature.

The second issue with moisture at the repair site is the form
of the moisture in the parent composite laminate or sandwich
structure. Sandwich structure with trapped water in the core
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()

Figure 6.12a Scarf slope of Y in. per ply.

(b)

Figure 6.12b Scarf slope of s in. per ply.

(especially honeycomb core) can create serious repair installa-
tion problems. Particularly with heat-cured repairs, the stand-
ing water in the core cells will boil and expand (Figure 6.14).
There are several instances where the skin of the parent mate-
rial has blown off the core as a result of this water expansion.
Moisture absorbed in the parent composite laminate will also
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Figure 6.13 Poor damage removal during scarfing.

Figure 6.14 Standing water in honeycomb cells of sandwich panels.

evaporate off during the heat-cured installation of the repair
scheme. This evaporating water will create porosity in the
repair scheme bondline, as shown in Figure 6.15.

Prior to repairing a composite laminate when using heat-
cured adhesives, the parent laminate must be dried. Drying is
normally done at 150°F-180°F, but can be higher if vacuum is
used. The drying time is dependent on the drying tempera-
ture and the relative thickness of the laminate. Figures 6.16
and 6.17 illustrate the moisture absorption/desorption time
as a function of temperature and laminate thickness, respec-
tively. Best practice is to place the component to be repaired
into an oven while developing the repair procedure or,
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Figure 6.15 Bondline porosity due to moisture-contaminated parent
composite laminate (from Advanced Composite Repair Guide, 1982).
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Figure 6.16 Temperature effects on the rate of moisture absorption.
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Figure 6.17 Laminate thickness effects on the rate of moisture
absorption.
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for components that can be removed from the larger struc-
ture, using a vacuum bag and heater blanket with temperature
control.

Surface Preparation

Surface preparation of the adherend is critical for the durabil-
ity or longevity of the bonded joint. The surface preparation of
the adherend will depend significantly on the adherend type.
In the case of composite materials, the surface preparation
requirements are less stringent than those of metals.

Adherend Preparation (Surface Conditioning)

The key to effective adhesive bonding is a well-prepared
adherend surface. The bondline is a complex interaction
between the adhesive and adherend. It is made up of several
interacting layers, as illustrated in Figure 6.18.

The bonding mechanism itself is quite complex, but it is
essentially a combination of secondary bonding forces (van
der Waals forces, Figure 6.19) and mechanical interlocking
(Figure 6.20). Both of these primary bonding mechanisms
are achieved through surface preparation. The electrostatic
bonding is a result of surface cleanliness and adherend
surface electron removal. Mechanical interlocking is achieved
through surface roughening. Beyond these two types of
surface preparation for bonding mechanisms, the addition of a
surface-coupling agent can also be used. The surface-coupling

Adherend

Oxide Layer

Primer Surface Coating
Adhesive

Primer Surface Coating
Oxide Layer

Adherend

Figure 6.18 Adhesive bondline structure.
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Adherend
R T S A A A R 3

Adhesive
Adherend

Figure 6.19 Effect of van der Waals force (electrostatic bonding).

Adherend

Adherend

Figure 6.20 Effect of mechanical interlocking.

Adherend

m
Adherend

Coupling Agent

Figure 6.21 Effect of chemical bonding.

mechanism provides a chemical bond between the adherend
and the adhesive independently (Figure 6.21). Surface-coupling
mechanisms are more applicable to metal adherends than
composite adherends.

The surface preparation process depends on the type of
adherend material being bonded. For the common aerospace
materials, the process is as follows:

1. Composite adherend (Figures 6.22—6.24):
a. Removal of the peel ply, as voids are likely to result
b. Solvent cleaning to remove oil and grease
¢. Grit blasting (aluminum oxide preferred) to roughen
the surface
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Figure 6.22 Peel-ply removed surface at 30x magnification (courtesy
L.J. Hart-Smith).

Figure 6.23 Peel-ply removed and hand-sanded surface at 30x
magnification (courtesy L.J. Hart-Smith).

Figure 6.24 Peel-ply removed and grit-blasted surface at 30x
magnification (courtesy L.]. Hart-Smith).
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Figure 6.25 Poor surface-preparation outcome.

2. Titanium patch:
a. Solvent cleaning and abrasion
b. Chemical etching (PASA jelD) or silane pretreatment
¢. Corrosion-inhibiting primer (uniform layer)
d. Preferably done in workshop, not field
3. Aluminum structure:
a. Degreasing with solvent
b. Grit blasting or mechanical abrasion
c. Etching, if possible, or silane pretreatment
d. Primer

Poor surface preparation of metal structures will typically
be seen as one side of the fracture bondline showing the
entire adhesive and the other side of the bondline as a clean
metal surface (Figure 6.25).

Repair Scheme Fabrication and Application

Following the design of the repair scheme and removal of
the damaged area, the repair patch (scheme) is fabricated

and installed on the parent structure. The size of the repair
scheme is very much dependent on the damage removed and
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may require a quick review of the repair scheme size due to
an increase in the size of the damage removed. As part of the
design of the repair scheme, the adhesive would have been
selected. If the adhesive is a cold-storage film adhesive that
will be cured at high temperature, it must removed from the
freezer and allowed to come up to room temperature before
opening the protective package. If the adhesive is a two-part
mixed adhesive, the preparation of the curing-process materi-
als must be done before the adhesive is mixed.

The following aspects must be considered in the develop-
ment of the repair installation:

1. Simplicity of the repair:

a. A simple repair is easier to install and thus reduces the
potential of installation errors.

b. Achieving the design requirements is more likely if
a simple repair reduces the likelihood of installation
error.

¢. Alignment of the honeycomb core ribbon direction is a
good installation practice. In a few circumstances, the
alignment direction of the core ribbon will maintain
the parent structural and operational performance.

d. A low-modulus plug is best included in the repair if
load transfer into the plug is not desired or designed
for. The low-modulus plug is installed to avoid attract-
ing a load.

e. The precision of the repair patch alignment to the
parent structure is very much dependent on the load
level being transferred through the repair patch and
the magnitude of the parent/repair stiffness properties.
Misalignment of the repair patch will require engineer-
ing disposition to determine if the repair scheme is to
be accepted or reworked.

f. The configuration of the repair’s ply-stacking sequence
is best mirrored by the parent structure for a doubler
repair to maintain stack balance. For scarf repairs,
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the repair ply configuration is best laid up to match
the parent stack, as this arrangement will provide the
more effective property restoration. See Figure 6.26 for
the repair doubler arrangement and Figure 6.27 for a
scarf repair arrangement.

2. A cover ply is often included on the repair patch
scheme to act as an environmental seal. This ply is best
made of a low-modulus material and configuration so as
not to influence the engineering properties of the repair
patch.

Cure Process

There are three important cure-process functions to con-
sider when repairing defects/damage in composite structures.
These three cure-process functions are the placement of the

Inverse Structural Doubler
Film Adhesive

L o———— 0\

Damage Removed
Low-Modulus Plug

Figure 6.26 Repair ply-stacking sequence: doubler repair patch
stacking sequence.

Cobonded Patch Scarf Angle Film Adhesive
5-10 degree

Parent Laminate

Figure 6.27 Repair ply-stacking sequence: scarf repair patch stacking
sequence.
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thermal-couple wires, a check for vacuum bag leaks, and a
further check for a difference between positive and vacuum
pressure during the process. Each of these three process func-
tions are discussed as follows:

1. Thermal-couple placement. Thermal couples are placed in
the repair assembly to both monitor and regulate (con-
trol) the cure temperature. Ideally the temperature over
the repair assembly would be uniform, but this is not the
case in reality. Variation in the heater blanket’s thermal
pattern, as well as repair structure heat sinks, will set up
a varying thermal profile. Hence, prior to undertaking the
actual repair, a thermal survey of the repair area is highly
recommended. The thermal survey will indicate the area
that is the coldest (due to a heat sink) and the hottest area
(typically a thinner section of the structure). The hottest
area is used to control the maximum temperature, and
the cold spot can be used to determine the length of the
cure time.

2. Bag-leak check: Prior to running the cure cycle of the
repair, it is important to run a leak check of the vacuum
bag. If an existing leak is not identified in the vacuum
bag, there is a significant chance of the repair patch and
adhesive bondline showing major porosity. The vacuum
leak check is such that if a vacuum dial gauge loses pres-
sure at 1 in. Hg over 60 seconds, then the leak check has
failed.

3. Positive pressure versus vacuum pressure: Surface pres-
sure over the repair area can be maintained by the
vacuum itself (1 atmosphere). Note that the magnitude
of the vacuum pressure is a function of the local air
pressure. Positive pressure can also be applied through
mechanical or pressure-vessel (autoclave) systems.
Positive pressure is typically better for control of poros-
ity and thickness (fiber-volume ratio) than vacuum
pressure.
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Post-Repair Inspection

Following restitution of the defect/damage, an inspection of
the repaired area is highly recommended. Inspection of the
repaired area provides evidence of appropriate restoration
action. This inspection process will depend on the NDI
equipment available and the skills of the NDI technicians.
However, at a minimum, the repair area needs to be inspected
visually and tap tested.

Visual inspection of the repaired area entails looking for
obvious signs of resin flow at the edge of the repair scheme
(Figure 6.28). Bleed evidence during repair teardown is also
a visual inspection process. The visual inspection should also
identify the quality of the fillet and establish whether the
resin is still tacky. Evidence of resin flow in the repair patch
(in the bleeder cloth) is part of the visual inspection process
(Figure 6.29).

The second NDI post-repair method is simply the tap ham-
mer test. The repair region is lightly tapped both around the
region periphery and through the center of the repair patch.
The tap test is an attempt to ensure bondline integrity by listen-
ing for the quality of the sound level. If tapping produces a rel-
atively dull sound when compared to other areas of the repair
patch, then this is good of indication of a potential debond.

There are several more detailed NDI methods that can
be used to evaluate the integrity of the repair bondline.

Figure 6.28 Repair post-cure resin flow.
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Figure 6.29 Repair patch bleed evidence in bleeder.

NDI techniques such as ultrasonics, optical methods, and ther-
mography can also be used. These methods are discussed in
detail in Chapter 3.

Summary

The restitution of a defect or damage requires a good appre-
ciation of the severity to determine the best repair scheme
for the composite structure. Several factors impact the repair
scheme selection and can drive the best structurally efficient
repair design to a more complex repair design, e.g., using a
flush repair because of aerodynamics when a doubler repair
would be ideal for strength restoration.

The defect/damage restoration can range from a simple
low-viscosity resin infusion to a complex bolted repair scheme.
Defect/damage restoration is an important requirement in the
initial design of the structure. If the structure cannot be made
damage tolerant, then it needs to be inspectable. If defects/
damages are found, then it needs to be designed for repair.
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u Aluminium 49.6 percent of structural weight

Steel 16.7 percent

E Titanium 12.9 percent

D Graphite/Epoxy 9.9 percent

D Other materials 10.9 percent

Figure 1.2 Material breakdown of the F-18 Hornet airframe
(United States Navy, 1984).

Figure 1.6 Wright Military Flyer B Model (1909).



Figure 1.7 Supermarine Spitfire (1940).

Figure 1.8 de Havilland DH98 Mosquito (1938).
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Figure 1.9 Lockheed P-2V Neptune (1947).

Figure 1.10 Boeing/MDD Harrier.



Figure 1.11 Boeing/Bell V-22 Osprey.

Figure 1.12  Airbus A380.



Figure 1.13 Boeing/MDD C-17 Globemaster III.

Figure 1.14 Sports aircraft.



Figure 1.15 X-34 (NASA).

Figure 1.16 Wind turbines.



Figure 1.18 Auto racing.



Figure 3.9 Ultrasonic C-scan results of a graphite/epoxy laminate.

Figure 3.10 Schematic of thermography results.
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“... easy to read and up to date, with good explanations and details on repairs.”
—Brent Strong, Brigham Young University, Provo, Utah, USA

“,.. detailed coverage by a knowledgeable author.”
—NMichael J. Hoke, Abaris Training Resources, Inc., Reno, Nevada, USA

The advantages of composite materials include high specific strength and
stiffness, formability, and comparative resistance to fatigue cracking and
corrosion. However, not forsaking these advantages, composite materials are
prone to a wide range of defects and damage that can significantly reduce the
residual strength and stiffness of a structure or result in unfavorable load paths.

Emphasizing defect identification and restitution, Defects and Damage in
Composite Materials and Structures explains how defects and damage in
composite materials and structures impact composite component performance.
Providing ready access to an extensive, descriptive list of defects and damage
types, this must-have reference:

* Examines defect criticality in composite structures
* Recommends repair actions to restore structural integrity
* Discusses failure modes and mechanisms of composites due to defects

* Reviews NDI processes for finding and identifying defects in composite
materials

Relating defect detection methods to defect type, the author merges his expe-
rience in the field of in-service activities for composite airframe maintenance
and repair with indispensable reports and articles on defects and damage in
advanced composite materials from the past 50 years.
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