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ABSTRACT

Advanced polymer composite sandwich structures are increasingly being used in a
variety of primary, secondary and tertiary structures in all forms of engineering
endeavour. Whilst the key benefits of composite materials are widely recognised, high
strength-to-weight and stiffness-to-weight ratios, their limited industrial use stems from
their poor delamination resistance when subjected to impact damage. Any form of
delamination damage can cause severe reductions in stiffness and strength, and may
lead to catastrophic failure of the structure. To overcome this perceived limitation
various repair designs have evolved to ensure that the stiffness and strength of the
original structure is restored in an economically viable way. These methods, often
industry and component specific, have started to overcome the designer’s fear of

applying composite materials to primary engineering structures.

The work presented here describes investigations into the damage tolerance
performance of repairs contained within an advanced polymer composite sandwich
structures. The composite materials considered were representative of the materials
used by the Royal National Lifeboat Institution (RNLI) in the manufacture of their high
performance rescue craft. The impact damage tolerance of a standard 3-degree tapered
scarf repair design, commonly employed in the marine and aerospace communities, was

considered within this project.

A design methodology, incorporating a Fracture Mechanics Assessment, Strength Based
Assessment and a Repair Structural Integrity Assessment has been developed to assess
the damage tolerance performance of the repaired structure. Through the application of
a failure mode, effect and criticality analysis (FMECA), critical defects at critical

locations have been identified for further evaluation.

A detailed approach for the damage tolerance assessment of damage tapered scarf
repairs is proposed through the application of flowcharts and damage tolerance tables.
This detailed route map helps the end user to make an informed decision about the
criticality of the defect, i.e. whether the defect is benign and hence can be considered

damage tolerant.
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NOTATION

The following notation is used throughout this thesis. Subscripted versions are also

used where appropriate and are described within the text as they occur.

Alphabetical symbols

a Half-length of the interfacial crack

b Sandwich beam width

c Sandwich core thickness

d Diameter of impactor

d Distance from the patch edge to the point at which the stress is

effectively zero

D Bending stiffness of the adherends.

D¢ Effective plate stiffness

E Elastic modulus

Epeel Transverse modulus of the adhesive in peel
Fam Impact force threshold for delamination onset
G Shear modulus

Gu Mode II critical strain energy release rate

h Thickness above or below delamination within a laminate
1 Radial distance the crack advances

L Length

M, Bending moment of the adherends,

N Number of steps in a step repair

n Number of delaminations

P Impact force

Py Failure load

Pc External load for crack propagation

r Radius (as a radial co-ordinate)

t Thickness

w Width
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Greek symbols

€ Axial strain

Y Fracture energy

Ye Elastic strain to yield

Yp Plastic strain to failure

M Thickness ofithe adhesive
pstrain Micro-strain (pm/ m)

v Possion’s ratio

0 Scarf angle

Per Crush stress of the core

o Axial stress

OPecl adhesive transverse tensile stress
T Shear stress

Tp Maximum shear strength of the adhesive
Abbreviations

BVID Barely Visible Impact Damage
CAA Civil Aviation Authority

CFRP Carbon Fibre-Reinforced Plastics
CSM Chopped Strand Mat

DCB Double-cantilever beam

ELS End-loaded split test

FAA Federal Aviation Authority
FMECA Failure Mode, Effects and Criticality Analysis
GFRP Glass Fibre-Reinforced Plastics
GRP Glass Reinforced Plastics

ILSS Interlaminar Shear Stress
MCMV Mine countermeasure vessel
MMB Mixed-mode bending

NDT Non-destructive techniques
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PVC
PMI
RNLI
USL
WR

Polyvinyl Chloride
Polymethacrylimide

Royal National Lifeboat Institution
Ultimate static load

Woven roving
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1 INTRODUCTION

Structural sandwich construction is one of the first forms of composite structures to
have gained broad acceptance and usage within the different areas of engineering
endeavour. Technical developments in composite processing and improved
theoretical understanding have promoted light weight high performance composite
sandwich structures for load bearing applications in military and commercial
aerospace structures (e.g. airplanes and helicopters) and within military and
commercial marine industry (e.g. mine counter measure vessels and lifeboats).
Extensive reference material in the form of engineering text books [Zenkert, 1995;
Allen, 1969; Vinson, 1999], design handbooks [Caprino & Teti, 1989; Schwan,
1998] and material property data sheets [SP Systems, Divinycell] have assisted the
designer in the optimisation of sandwich structures for engineering applications.
Whilst optimised design and analysis methods now exist, detailed knowledge of the
long-term operational performance of composite sandwich structures is

comparatively lacking.

In sandwich structures the question of damage resistance and damage tolerance is of
critical concern since the inability of designers to predict the critical damage modes
often leads to conservative designs with large factors-of-safety. Although the
question of damage tolerance for composite laminates [Baker et al, 1985; Zhou,
1998; Tomblin et al, 1999; Irving, 2002] and sandwich structures [Burman &
Zenkert, 1997; Shipsha, 2001] has started to be addressed, the question of whether a
structural repair is as damage resistant and damage tolerant as the original structure

has yet to be considered.

A repair scheme is generally designed and manufactured according to a repair
manual, if one exists. If no manual exists a number of fundamental questions must be
considered and addressed. In the case of sandwich structures the damage mode must
be fully characterized and understood. For example, barely visible impact damage
(BVID) may result in delaminations in the outer skin, a separation of the skin-core
bonded interface or internal shear cracks in the core material. Which of these defects

will initiate premature failure will depend upon the composite and the core materials,



the lay-up and the geometry. Once the defects have been correctly identified, it is
imperative to understand whether they will propagate under typical structural
loading, and therefore determine the nature of the repair required. Once the decision
to repair the structure has been made, additional questions concerning the benefits
and limitations of each repair technique, and the different methods ofi application
must be addressed. This is a critical step if the repair is to meet the intended
operational loads throughout the remaining life expectancy of the structure.
Providing this design process is undertaken in a systematic way (validated against
experimental and theoretical investigations) the best repair technique for each

particular damage event will be derived.

Although the design methodology outlined above has been rigorously followed in the
application of composite laminates with the introduction of standard repair designs,
standard-manufacturing methods, and fully documented repair manuals, the same
cannot be said of sandwich composite structures. Furthermore, whilst the composite
laminate community have pursued a greater understanding of repair design, and the
maximisation of load transfer across the repair joint, one fundamental area remains
unconsidered for repairs of composite structures, namely the question of damage
resistance and damage tolerance. This observation is pertinent to the users of both

composite laminates and composite sandwich structures.

The motivation for this current research came from the Royal National Lifeboat
Institution (RNLI). The RNLI is a UK based charity that exists to save lives at sea.
The organisation operates two all-weather classes of lifeboats (illustrated in Figure
1.1) where the primary structure is manufactured from advanced composite sandwich
materials (see Appendix A for further information concerning RNLI lifeboats, their

design and manufacture).



(b)
Figure 1.1: (a) Trent class all-weather lifeboat (b) Severn class all-weather lifeboat

Whilst on operational duty the hull of the lifeboat may be damaged, thus requiring a

repair to be made to restore the structural efficiency of the sandwich structure.

The aim of the present thesis is to quantify and develop a damage tolerance
methodology for the assessment of barely visible impact damage (BVID) to tapered
scarf structural repairs in advanced polymer composite sandwich structures. The

specific objectives are:

1. To understand how damage forms within a tapered scarf structural repair
under an impact event.

2. To ascertain the residual strength response of the damaged specimens and to
identify a fatigue damage threshold below which the structure is damage
tolerant.

3. To devise a procedure that can be used to assess whether a repair is safe for

operational use.

To address these objectives the thesis is structured into the following chapters. In
Chapter 2, a literature review is undertaken to assess the current understanding of
damage formation and damage propagation in operational structures and laboratory-
based experiments. A review of the different repair techniques and their assessment
is also made. Key findings and recommendations arising form the review are also

presented. In Chapter 3, the project methodology is presented. A flowchart illustrates



the design methodology for the damage tolerance assessment of repaired composite

sandwich structures.

The background information in support of the project methodology is contained in
Chapter 4. This chapter describes the repair approach, the strength based and
fracture mechanics based testing methods and the discusses and develops a failure
mode, effects, and criticality analysis (FMECA) that examines and defines the exact
nature of the problem, i.e. whether a tapered scarf repair is damage tolerant or not to

BVID.

Chapter 5 considers the problem of damage formation within a 3° tapered scarf
repair. The chapter characterises the influence of BVID impact damage on the
original beams and at two locations on the tapered scarf repair, namely the tapered
interface and at the end of the overlaminate. This chapter also assess the fracture
mechanics performance of the parent laminate, the repair laminate and the repair-

parent interface for varying fracture mechanics mixed-mode ratios.

The characterisation of the residual strength and the fatigue life of the impact
damaged repair schemes are presented in Chapter 6. The strength-based assessment
is undertaken using a four-point bend test. An assessment of impact damage on the

performance of the pristine and repaired beams is undertaken.

The results from the fracture mechanics assessment and the strength based
assessment and drawn together in Chapter 7 with supporting flowcharts to develop a
procedure that can be used to assess whether a tapered scarf repair can be considered

damage tolerant for a known damage size.

The thesis conclusions and suggestions for future work are detailed in Chapter 8.



2 LITERATURE REVIEW

2.1 Introduction

Repair of composite structures is a vast topic [see for example, Baker & Jones, 1988;
Davies, 1994; Armstrong & Barrett, 1998]. Designers must understand the design
and manufacture of the original component, they must be aware of non-destructive
techniques that can be used to identify the types of damage and their limitations, they
must understand the types and mechanisms involved in the failure sequence of a
composite structure and whether a particular type of damage will grow under
operational load. The designer must also understand the design of complex repair
joints and the influence of stresses on the long-term durability of the repair scheme.
They should also understand the advantages and limitations of adhesive bonding, and
whether bondline defects will occur and what effect, if any, they will have on the
fatigue life of the repair. Finally, the designer must devise a structural health-
monitoring plan (i.e. during a routine or non-routine maintenance period) to confirm
the structural integrity of the repair patch and surrounding structure for the duration
of the components/structures operational life. In reality no single individual will have
the depth of knowledge required for all these stages. Instead, they will turn to

‘experts’ in each specific discipline or consult a repair manual, if one exists.

2.2 Damage observed in aircraft, ships and other engineering sandwich
structures
When considering the repair of a composite structure, it is imperative to correctly
categorise the severity of the damage and the implication on the operational
capability of the structure. Whilst on operational service a composite structure can be
damaged in many ways, e.g. unexpected mechanical overload, fatigue loading at
stress concentrations, heat/chemical attack or impact damage arising from collisions
between moving objects. In general the damage mechanisms tend to occur due to
mechanical loading or environmental conditions that are either unexpected or of low

probability and hence were not allowed for in the original design.

The main cause of operational damage to composite structures is impact damage

[Zhou, 1995]. Impact damage can be classified as either low or high velocity. Low



velocity impact events are often referred to impact events in the range 1 to 10 ms™
where the contact period is such that the whole structure has time to respond to the
loading [Pavier et al, 1995]. In a high velocity impact event a stress wave is
generated which propagates through the material. The time frame in this event is so
fast that the structure is unable to respond to the stress wave resulting in very
localised damage. Marine craft are often subjected to repeated light docking
collisions and collisions with floating debris and other vessels. Table 2.1 illustrates
typical damage modes arising from operational collisions with floating debris.
Aerospace structures suffer impact damage from runway debris and accidental
impact damage during routine maintenance periods. These types of impact events

can be considered as low velocity events.




Defect

Mechanism Defect type Defect illustration Defect description

(A) The wearing away of a portion of
the laminate by either natural (rain,
wind, etc.) or man-made (over-
blasting, slight collision). Confined to
the outer skin surface.

Abrasion
damage

(B) Localised surface indentation,
damage confined to outer laminate
skin. Matrix cracking, fibre breakage.

(C) Moderate impact damage greater
than the damage initiation threshold
for core crushing (permanent
deformation) initiating debond in
face/core interface

Local contact
damage

Face sheet
damage and/or
core crushing

(D) Extended surface indentation
resulting from significant impact
damage, often associated with witness
marks from the impactor and
delamination damage. Penetration of
outer skin, matrix cracking,
delamination, fibre fracture, damage
to core material and debond in
face/core interface

(E) External forces exceed the fibre
tensile strength or the compressive
strength of the matrix material
resulting in the complete failure of the
skin. Failure may have occurred from
an impact penetration or overload of
structure.

Face fracture/

Overload yielding

Table 2.1: Technical description and photographic evidence of operation impact

damage to marine composite sandwich structures

2.2.1 Damage mode

In general, the disclosure of failure modes of operational structures within the open
literature tends not to occur (i.e. organisations try to avoid bad publicity). However,
Table 2.2 has been compiled with typical damage modes, i.e. examples of in-service
damage, reported for composite sandwich structures in use within the air, sea or land

environment.



Nature of damage mode Damage examples from the open literature

Surface gouge in the starboard keel of a lifeboat arising from
collision, UK. [Chaplin & Austen, 2002]

Surface gouge in main keel of a lifeboat, UK. [Austen, 2000a]
Surface gouge in aft starboard hull quarter after collision, UK.
[Austen 2001a]

Impact damage to
Delamination damage reported in lifeboat bottom shell panel,

UK. [Austen 1999]

the face sheet

laminates
Delamination damage in lifeboat bow, UK. [Austen 2001b]

Delamination damage in helicopter rotor blades reported by
MBB GmbH, Germany. [Hahn, 1986]
Delamination damage in helicopter fuselage reported by

Aérospatiale, France, [Torres & Plissonneau, 1986]

E" Crushed bottom shell panel in lifeboat, UK. [Austen, 2000b]
-§ Crushed vertical stabiliser leading edge in military aircraft,

% Core crushing (due Deutsche Aerospace AG, Germany. [Maier & Giinther, 1995]
Z to indentation or Core crushed in military jet speed brake, Dornier GMBH,

— impact) Germany. [Thiele, 1986]

Core crushing in military aircraft fuselage skin, DSTO,
Australian. [Whitehead et al, 2000]

Impact induced ) . .
Skin-core debonding in the wing closure panel of a UK

skin/core .
) commercial aircraft [Bristow & Goudie, 2002]
debonding
Core shear cracks in the hull bottom forward of keel were
Core shear cracks reported in the W60 fleet in Whitbread race [COMPOSITES I,

1993]

Fatigue & fracture
Starboard hull fracture on a catamaran operated by Bruno

Peyron [Decobert, 1994]

at or near stress

concentrations

Table 2.2: Typical operational damage modes reported in the open literature

As indicated in Table 2.2 composite sandwich structures exhibit a wide range of
different defect types. The majority of the damage reported in the open literature has
arisen through impact or collisions with other vessels or stationary objects during the

operational use of the sandwich structure. Whilst the references provide an overview



of the types of damage occurring within operational craft, the reports tend to omit the

full extent of the impact damage.

The operational damage identified in Table 2.2 as the critical damage mode is impact
damage to the face laminate. This form of damage would result in delamination
damage within the laminate skin. The magnitude of the induced damage depends
upon a multitude of factors including the outer skin lay-up configuration and
thickness, core material and thickness, interface properties between the outer skin
and the core, fabrication techniques, impact velocity and energy, indentor shape,
temperature, boundary conditions, and environmental factors. Damage initiation
thresholds as well as the damage size depend on the properties of the core material
and the relationship between the properties of the core material to those of the

facings.

2.2.2 Consequences of damage

Table 2.2 provides a generic snapshot of the critical damage types occurring in
sandwich structures across the marine and aerospace industries. The criticality of
each type of damage will depend upon the design and geometry of the sandwich

structure, its intended purpose and the operational loading.

A damaged pane] within a composite sandwich structure could result in the loss of
the stiffness or strength based structural integrity, and the loss of structural stability
and long-term durability. If the damage occurs within a critical part of the structure
(i.e. a primary load bearing component), it could result in the complete loss of the
vessel and the crew unless adequate structural redundancy has been built into the

design.

In an effort to understand the consequences of damage researchers tend to examine
the influence of damage at coupon or detail level (i.e. beams or panels) and not at
semi-structural (i.e. skin/stringer) and full structural level (i.e. aircraft wing). The
results from the coupon or detail level of the hierarchy will then be scaled-up and

applied at structural level with additional factors of safety imposed upon the results.



The majority of the research directed at understanding the consequences of damage
within sandwich structures has been undertaken on composite sandwich beams
[Zenkert, 1995]. In this work [Zenkert, 1995], identified the common critical failure
modes in sandwich beams when subjected to bending loads, shear loads, pure
compression, compression and bending, and point load impact. He observed that
these loading situations could induce the following failure modes — face yielding or
fracture, core shear failure, face wrinkling (the skin indents the core or the skin
‘pops’ away from the core), general buckling, shear crimping, face dimpling

(honeycomb cores only not foam cores), and local indentation.

During the service life of a composite sandwich composite structure the design has
sought to eliminate all the potential failure modes that the expected (or predicted)
loads may induce, i.e. the structure will be design against face fracture, core shear
failure and global buckling. It is when the structure is subjected to an unexpected
load, for example an impact event, that the structure may fail in an unpredicted
manner. It is these unexpected, one-off events that necessitates the development of

composite repair techniques.

2.3 Characterisation of damage in laboratory-based studies
2.3.1 Impact damage to composite laminates and composite sandwich structures

Foreign object impact to single skin laminates or sandwich construction composite
structures can result in a drastic reduction in composite strength, elastic moduli, and
structural durability and damage tolerance characteristics. The problem of impact
damage to composite laminates has received the greater attention in the open
literature [Choi et al, 1991; Davies ef al, 1996; Dorey, ; Finn et a/, 1993; Pavier et al,
1995; Richardson & Wisheart, 1996; Sutherland & Guedes Soares, 2003;] whilst
understanding the effect of impact damage on the mechanical properties and residual
strength of sandwich composite structures requires further development [Abrate,

1994; Mines et al, 1994; Wu & Sun, 1996].

Impact damage can be classified as either low or high velocity. Low velocity impact
events are often referred to impact events in the range 1 to 10 ms”' where the contact

period is such that the whole structure has time to respond to the loading [Sutherland



& Guedes Soares, 2003]. In a high velocity impact event a stress wave is generated
which propagates through the material. The timeframe in this event is so fast that
structure is unable to respond to stress wave resulting in very localised damage.
Marine craft are often subjected to repeated light docking collisions and collisions
with floating debris and other vessels. These types of impact events can be

considered as low velocity events.

Extensive research has been undertaken on the impact damage of both composite
laminates and composite sandwich structures. The following paragraphs illustrate the
range of this work. Although the impact research undertaken on composite laminates
is not directly applicable to the work within this project, the inclusion of their
research observations was considered prudent in identifying the best impact testing

methodology for sandwich structures.

Richardson and Wishart [Richardson & Wishart, 1996] reported that four modes of

failure where observed in composite laminates:

1. Matrix mode — cracking occurs parallel to the fibres due to tension,
compression and shear;

2. Delamination mode — produced by interlaminar stresses;

3. Fibre mode — in-tension fibre breakage and in-compression fibre buckling;
and

4. Penetration — the impactor completely perforates the impacted surface

Choi et al [Choi et al, 1991] reported that matrix cracking tends to lead to
delamination damage once a threshold energy has been attained. Finn er a/ [Finn et
al, 1993] identified that the threshold energy itself is dependent on the material
properties, laminate stacking sequence and laminate thickness. Although impact
damage consists of many fibre cracks and delaminations, only some of these will be
active in the terms of controlling the residual strength of the structure [Pavier et al,

1995].
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In the early impact work of composite laminates Dorey [Dorey, 1987] devised
closed-form solutions to determine the energy levels needed to generate the
delamination failure, fibre fracture and laminate penetration in 2mm thick CFRP.
From the effects of geometry that delaminations are more likely with short spans,
thick laminates or laminates with low interlaminar shear strengths. Back face fibre
failure is more likely with large spans or thin skins and laminate penetration is most
likely for small projectiles moving at a sufficiently high velocity that the laminate
cannot respond quickly enough in flexure. In the work by Zhou [Zhou, 1995], it was
shown that damage initiation in glass-reinforced laminates when dominated by
delamination could be predicted using a simple ILSS analytical model. Davies et al
[Davies et al, 1996] observed for thick E-glass woven fabric and polyester resin
laminates that a strength-based criterion can be used to initiate a delamination but an
energy release model is required to predict the subsequent growth and stability of
that growth. Sutherland & Guedes Soares [Sutherland & Guedes Soares, 2003]
reported that the specimen thickness, the dimensions of the impactor head, the clamp
shape, and the application of clamp grip all had a significant effect on the maximum
impact force, the absorbed energy and projected damage area at both high and low
impact energy levels in laminates of E-glass woven roving fabric with polyester

resin.

In sandwich structures, Abrate [Abrate, 1994] reported four different failure modes:

1. Delamination in the impacted face sheet

Matrix cracking and fibre breakage

Debond in the face/ core interface

Ll S

Core crushing (permanent deformation) in the region of the impact

The extent of the damage within the sandwich structure will be dependent upon
many factors including the impact damage tolerance performance of the skin and
the core material. Mines et al [Mines et al, 1994] reported that different skin
materials exhibited different failure mechanisms. In this work on chopped stand mat
glass fibres, woven fabrics of glass, carbon, and aramid fibres in either an epoxy or

polyester resin, it was observed that woven carbon, woven glass and CSM exhibited
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upper skin compression (the skin compressive strength was lower than the tensile
skin strength) whilst woven aramid skins exhibited upper skin crushing failure,

which the authors attributed to the low compressive strength of aramid.

Thomson et al [Thomson et al, 1998] conducted 20J and 30J impact tests on GRP
skins/PVC foam sandwich panels. The authors observed that the different impact
energy had a strong influence on its residual shear properties. Following this work
,Mouritz & Thomson [Mouritz and Thomson, 1999] observed that the mechanical
properties of the GFRP/PVC foam sandwich panels were highly sensitive to
interfacial cracks and impact damage, but only when the load state causes a change
in failure. To accurately predict the properties of a sandwich composite structure
containing interfacial cracks and impact damage the complex interaction of

material, structural geometry and damage parameters must be known.

Olsson [Olsson, 2002] noted that the inclusion of indentation and shear effects of
the damaged sandwich beam was imperative for the successful prediction of impact
damage threshold and damage length formation. In the work by Wu and Sun [Wu
and Sun, 1996] the author’s observed that impact event generated matrix cracking
and delamination damage in the outer skin of a graphite/epoxy laminate face sheets
(0.76mm thick) with local crushing of the Rohacell foam core (12.7mm thick). In an
effort to characterise the location and extent of the delamination damage following
a 2.2J (2.0 m/s) impact a virtual crack closure technique with total strain energy

release rate was observed to be conservative.

This review of impact tests indicates that:

- Drop weight impact tests on composite laminates and sandwich structures
are undertaken at low impact energies.

- To accurately predict impact damage the complex interaction of material,

structural geometry and damage parameters must be known.
- Impact energy and tup profile will control the damage formation process.

- Low energy impact tests are not representative of damage experienced by

operational structures (see Table 2.2).
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- The formation of realistic impact damage (using realistic impact energy) is
imperative for the generation of impact initiation thresholds.

- 2-dimensional and 3-dimensional impact damage tests undertaken within the
laboratory setting are not representative of operational damage. Impact
damage scaling will be required.

- 2-dimensional impact damage tests permit the evaluation of a range of

impact variables and simplify the post-impact examination.

The points above indicate the pertinent issues in the design of an impact damage test.
In this research, a 2-dimensional impact test procedure within impact energies
ranging from 100J to 1000J is advocated. Through the application of this
methodology and the design of a ‘blunt-nosed’ impactor, the evaluation of realistic

damage observed in Table 2.2 can be achieved.

2.3.2 Theoretical treatment of impact damage initiation and propagation

An important aspect of any impact investigation is to be able to predict the damage
initiation threshold and the magnitude of the damage arising from the impact event.
Table 2.3 illustrates a selection of these theories. The majority of the theories within
the table for both damage initiation threshold and damage size predictions have been
developed specifically for composite laminates, with only the theories proposed by

Olsson suitable for composite sandwich structures.
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Author Formula Observations
_ Proposed for composite
2t°wL i
[Dorey, Energy = laminates
@ 1987] 9 Eft Requires knowledge of
£ ILSS
2
° Proposed for composite
= [Zhou, pP= ﬂz ar laminates
= 1995] 3 Requires knowledge of
= ILSS
w
g Proposed for composite
= [Davies 872E(2h) laminates
'é’ etal, P! = ( 2) G Requires knowledge of
p= 1996] 9(1 —-v ) mode II fracture
_E toughness
& Proposed for composite
E [Olsson sandwich beams
2 2002] ’ Fup =7m\32D Gy /3 Requires knowledge of
mode II fracture
toughness
[Davies 1 (P 2 Proposed for composite
& A= — (_j laminates
Zhang, [N Requires knowledge of
1995] ILSS
E 4[2G,, Ef 1 Proposed fgr composite
s [Davies == > laminates
5 et al 3 (1 i ) (2R —1 )Z Requires knowledge of
& 1996’] mode 1 fracture
8 toughness and initial
b4 defect size
)
o .
£ _ [7 =2 Proposed for composite
S dq Faa;lzp,, sandwich beams
Oisson, | ] = 21~ (7, 1F, ) x3/(n+2)] | Reauires knowledge of
] delaminations and the
crush stress ofithe core
material

Table 2.3: Damage initiation and damage size predictions for composite laminates

and composite sandwich structures

As Table 2.3 indicates the impact energy threshold predictions by [Dorey, 1987] and
[Zhou, 1995] utilise the interlaminar shear strength (ILSS) properties of the
individual materials whilst the predictions by [Davies et al, 1996] and [Olsson, 2002]
require detailed knowledge of the mode II fracture toughness. A similar trend is
observed with the damage size predictions where the ILSS and the mode II fracture

toughness are required.
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The impact investigations undertaken on polymer composite sandwich structures
have indicated that the damage in these structures is often more local in nature than
the equivalent impact damage in monolithic composite laminates. Although face
sheet damage is local, damage resulting from a crushed core and a dented face sheet
will lead to a loss of core stiffness and therefore lead to premature failure of the skin
due to local skin buckling. A schematic illustration of how these individual failure
modes manifest themselves in a sandwich panel after an impact event has been

illustrated in Figure 2.1.

¥ Impact :
. ot Laminate
mpact opjec
x ¢ p . e Crushed core
@
i)
3D damage Core cavity

Figure 2.1: Typical impact damage in foam core sandwich structure [Abrate, 1994]

In Figure 2.1 the impact damage is composed of laminate fracture and crushing of
the foam core resulting in a core cavity. Any fracture to the outside skin will be
clearly visible and therefore instantly suggest that the structural integrity of the
component has been compromised. However, due to the compliant nature of foam
core materials the laminate skin may deform under the impact event but not fracture.
In this particular case the damage within the core could go undetected, this damage is
often referred as barely visible impact damage (BVID). BVID is a critical concern to

designers and operators of composite sandwich structures.

2.3.3 Impact damage tolerance

A critical observation arising from the impact damage literature review is the need to
address impact damage resistance (i.e. structural response and the damage caused by
the impact), and impact damage tolerance, which considers the effect of the damage

on strength and stability of the structure. Firstly, it should be recognised that



composite structures are neither impact damage resistant or impact damage tolerant
[Christoforou, 2001; Baker et al, 1985; Zhou, 1998]. Secondly, to fully characterise
and evaluate the damage resistance and damage tolerance of a composite structure,
the precise nature and principal characteristics of the impact damage must be

understood.

Baker et al [Baker et al, 1985] reported that damage tolerance as ‘the ability of the
Structure to contain representative weakening defects under representative loading
and environment without suffering reduction in residual strength, for some stipulated
period of service’. The authors observed that delaminations in composites in aircraft
structures are a major concern under compressive loading since the delaminated
region acts as a low modulus zone it may produce a loss in residual strength

comparable of that produced by an unfilled hole of comparable area.

Zhou [Zhou, 1998] observed that damage tolerance is ‘the ability of damaged
composite structures to retain residual compressive strength in terms of a damage
measure’. In this work the author defines the damage measure as delamination area,
surface indent, incident kinetic energy or impact force. The choice of this measure
will greatly influence the test evaluation method, the data interpretation and the

damage prediction method (whether it will be based on ILSS or fracture mechanics).

According to Irving [Irving, 2002] a good damage tolerance structural materials will

have:
— Large window of slow predictable damage growth
— Large damage capability before catastrophic failure at limit load
— Robust quantitative models for damage growth
— Good detectability of damage

— Fail safe principles of construction — multiple load paths

To predict the response of the composite structure to adverse impact events it is

imperative that the damage sources are correctly identified and that the critical
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loading modes are established for developing the static and cyclic testing of

structural elements and full-scale components [Tomblin ef al, 1999].

At present the research into composite damage tolerance is still relatively new. In
essence this is due to the extent of information required to generate a damage
tolerance philosophy, i.e. the philosophy depends upon a comprehensive knowledge
of the composite structure, the operational loads, knowledge of the starting defects
and the defects formed during operation, identification ofithe critical defect types, the
advantages and disadvantages of standard non-destructive techniques (NDT), the
determination of NDT inspection frequencies and theoretical and experimental

methods to predict damage growth rates.

In composite sandwich structures a number of defect types could be the critical
defect, i.e. delamination within the outer skin, debonding within the skin and core
interface, core-crushing arising from impact damage or core shear cracks due to
fatigue. In theory, each of these defects could occur within the operational life of the
composite sandwich structure, and therefore a damage tolerance philosophy would

be required for each of these critical defect types.

In Table 2.2, delamination damage in the outer skin was identified as the most
common defect occurring within operational sandwich structures after an impact
event. If delamination damage in the outer skin is now assumed to be the critical
defect type this permits a closer examination of the damage tolerance approach
developed by [Baker et al, 1985] for delamination damage. This approach is outlined

below:

| Ability to predict reduction of residual strength or strain capacity by

analytical/ experimental approaches accounting for:

— Damage nature, size, extent, location

— Laminate, matrix type/state, stacking sequence, ply drop offs, thickness
— Component, size, geometry, deformation geometry

- Stress-field, including interlaminar and residual stresses
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— Environment, temperature, moisture
— Prior service history

2 Ability to predict rate and geometry of growth of damage, if any, accounting

for:
— Above aspects
— Load spectrum

— Environmental cycling, thermal spikes, freeze/thaw

The approach proposed by [Baker et al, 1985] recommends a two-tier approach using
residual strength and prediction of damage growth. The complex nature of this
approach will necessitate an extensive evaluation programme. In reality, not many
organisations can afford to undertake such a programme. It is therefore very likely
that a damage tolerance philosophy will be restricted to a specific component
operating under specific loading conditions with limited ability to transfer the results
to different components manufactured from different composite materials operating
within a different environment. In an effort to understand the extent of research
undertaken on the problem of residual strength testing and the prediction of damage
growth within composite sandwich structures and composite repairs Table 2.4 and

Table 2.5 have been produced.
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Structure/ Assessment
Authors Materials Impact variables Damage mode Experimental observations
Geometry method
[Burman E-Glass/ Vinyl ester 8084 HLU Simulated interface | (1) face/core interface Stati 4 fat A simple model using notch factors obtained
tatic and fatigue
and with HI00 PVC foam. E-Glass | Sandwich disband with Teflon | damage (2) flawed e in ) from static tests can be used to accurately
testing in four-point
Zenkert, Epoxy prepreg with WF51 | beam film and butt-joint | butt-joint (mm to bendi P predict the reduction in fatigue life due to the
ending L
1997] foam damage 10mm) inflicted damages
) Interfacial crack size | Static and fatigue | Abrupt decrease in the static shear strength and
[Thomson Sandwich . o . .
GRP skins/PVC foam 20J & 30J and impact damage | testing in four-point | fatigue resistance when the interfacial crack
et al, 1998] beams ) .
size bending length exceeded 20 to 30mm.
. Interfacial cracks of
) . Sandwich 25mm tup repeated . Interaction of material, structural geometry and
[Mouritz & | E-Glass CSM & WR Vinyl 20, 40, 70, 100 & | Edge wise
panels and | impact of 20J & 30J to . damage parameters must be known to predict
Thomson, | ester 411-45 / HT-90 PVC . ) ) 150mm. Impact | compression
sandwich giving different impact the mechanical performance of a sandwich
1999] foam damage lengths of 25, | Four-point bend .
beams damage lengths composite containing defects or damage
58,87 & 116 mm
WR Carbon,/ polyester, CSM Woven carbon, woven glass and CSM
glass/ olyester, WR aramid/ ) exhibited upper skin compression (the skin
. Three-point  bend. .
. polyester, WR glass/ polyester, ) 20mm tup with a compressive strength was lower than the tensile
[Mines et Sandwich . Impact damage . .
WR + CSM glass/ polyester, maximum energy of skin strength) whilst woven aramid skins
al, 1994] . beam loaded on . . . .
WR glass/ epoxy prepreg with 155J exhibited upper skin crushing failure, which the

I3mm & 25mm honeycomb

core

compressive face.

authors attributed to the low compressive

strength of aramid fibres.




| ¥4

E-glass/Kevlar / epoxy and E-

38mm diameter tup

No fatigue property degradation, and no shift in
failure mode for the Glass/Kevlar hybrid skins.

[Clark, Sandwich . Fatigue 10-point . .
glass/ epoxy with H-100 PVC conducted on tensile 25% reduction of fatigue performance for the
1997] beams bend test ) ) . )
core face E-glass skins and shift of failure mode to skin
tensile failure.
Sandwich Artificial Teflon
{Hansen, E-glass/ epoxy with ECA 3.2- | panels debonds I5mm x | Simulated  debonds Edgewise
1998] 48 honeycomb core (300mm  x | 35mm between skin and | between skin and core compression test
200mm) core
10J] = BVID impact
Sandwich The impact damage was shown to cause a
. . damage, 60J = visible ] .
[Shipsha, E-glass/ Vinyl ester with | panels 7.8kg 25mm diameter Edgewise significant reduction in the compressive
damage in the face ]
2003} Rohacell WF51 foam core (270mm  x | tup 10J to 60J compression test strength. Panels failed by local buckling
laminate (18mm
180mm) . provoked by the residual impact dent.
diameter)

Table 2.4: Residual strength testing of composite sandwich structures
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Loading Assessment
Authors Materials Crack location Model type Experimental observations
conditions method
E-glass/ polyester Al honeycomb,
Centre notched ) . .
E-glass/ polyester balsa, E-glass | Mode I with ) ) .| The interfacial fracture energy for a glass fibre reinforced
[Ratcliffe & Central crack in | flexure Linear  elastic . ;
mat/ polyester cross linked PVC, E- | some mode ) polyester/linear PVC system was found to be 170 J/m
Cantwell, ) lower skin core | sandwich fracture
glass/ polyester linear PVC, E- | mixity with and for Nomex honeycomb core the interfacial fracture
2001} interface (CNFS) test ( mechanics 5
glass/ polyester Nomex, Carbon | crack length hod energy was found to be 2750 J/m“.
metho
fibre Nomex
Li& Titled Debond A tilt angle greater than 10° is required to ensure that
i
H100 PVC foam core with glass/ ) ) Sandwich interfacial debonding and not kinking occurs. However,
Carlsson , . Skin-core interface
1998] polyester skin (TDS) test the critical angle decreased with increased crack length
method indicating that the mode mixity depends on crack length
[Raizenne | Aluminium face Bonded repairs provided a 150 times improvement in the
et al, sheets/aluminium  honeycomb fatigue life under severe loading and environmental
1994} core sandwich structure conditions compared to the un-repaired specimen.
N Mode-I, Compact- Linear  elastic | Fatigue crack growth rate to be controlled by the mode I
oury et o
1, 1998] Rigid PVC cellular foam mode-II and | Foam material tension-shear fracture fracture toughness with some small contribution of mode
at,
mixed mode test mechanics 11 when mixed-mode testing was undertaken.
. . Compact . .
[Shipsha et | PVC Divinycell H100 and PMI ) LEFM and | Fatigue crack growth in PVC and PMI cellular foams can
Mode | Foam material tension ) .
al,2000] | Rohacell WF51 Paris’ Law be analysed and expressed by Paris’ Law.

specimen
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A comprehensive methodology using time-dependent

[Romanko . .
fracture mechanics procedures and analytical methods for
et al, 1984] o . .
the lifetime predictions of structural lap joints.
Mode I and ) Virtual  Crack . .
{Krueger ez Bonded composite The life prediction method determined delamination
mode 1I Closure .
al, 2000} skin/stringer . fatigue characterization
components Technique
[Kinloch & Bonded overlap Linear elastic | Derived a relationship between the strain-energy release
Osiyemi, Carbon fibre/ epoxy Mode I region in a single- | DCB specimen | fracture rate, Gp., and the length, a, of a crack propagating
1993} overlap joint mechanics through a single overlap joint
) Linear  elastic | Short-term fracture mechanics experimental data with
[Attia et al, Bonded overlap ) ]
Carbon fibre/ epoxy Mode I o fracture finite-element analysis of the component to predict the
2001} region in a I-beam ]
mechanics number of cycles to failure of the composite I-beam
Single lap joint Fracture Combination of the cyclic fracture mechanics data and
[Curley et ) Tapered double- ) .
Mild-steel Mode I and a ‘top-hat’ ) mechanics and | the FE modelling studies the authors were able to predict
al, 2000] cantilever beam ] ] ) o
box-beam joint Paris’ Law the wet and dry cyclic-fatigue service-life
Double- o ) o
The application of fracture mechanics to delaminations in
Mode I, . cantilever beam, o
[Olsson et Composite ) ) fibre composites requires characterisation of the
Carbon fibre/ epoxy Mode 11 & Mixed-mode Irwin-Kies ) )
al, 1996] ) laminates ) interlaminar toughness of angle ply interfaces in both
mixed-mode bending & Edge

notched flexure

pure and mixed mode conditions.

Table 2.5:Fracture mechanics testing of composite sandwich structures and bonded joint configurations




The first observation arising from Table 2.4 is the lack of experimental and theoretical
residual strength investigations of composite repairs, whether to single skin laminates or
sandwich structures. The second observation is the relatively limited amount of work
that has been undertaken on composite sandwich structures. Since sandwich structures
are highly sensitive to interfacial cracks and impact damage, the author had anticipated

that more research would have been undertaken in this area.

In Table 2.5 the extent of fracture mechanics research on composite sandwich structures
has been directed towards determining the interfacial properties of the skin-core
interface or the fatigue crack growth properties of a defect within the core material. In
terms of the fracture mechanics assessment of adhesive bondlines this has been directed
towards the bonded joint between an external repair patch and the component, or the
bonded joint between two structural components. A key observation arising from Table
2.5 is the success of the fracture mechanics test specimens at predicting the fatigue life
of the semi-permanent repairs (i.e. external bonded patches) and structural components.

The second observation concerns the lack of research into permanent repairs.

2.3.4 Experimental investigation of impact damage - areas of research opportunities

The extent of research undertaken on the problem of impact damage to single skin and
sandwich skin composite structures is extensive. However, the one obvious area, which
has yet to be investigated, is the impact response of the composite repair, whether to a

single skin or a sandwich structure.

Once a better understanding of defect formation within structural repairs has been
obtained, the question of repair damage tolerance can be considered. For example,
although defects (manufacturing or operational) can now be tolerated within the
structure (after rigorous development of a damage tolerance philosophy), at some point
the defect will exceed the upper damage tolerance limit and therefore a structural repair
will be required. After the completion of the repair the structure will then re-enter
operational service. This raises a fundamental concern, i.e. is the repair as damage
tolerant as the structure it has repaired? To assess whether this is the case, a thorough

understanding of the residual strength and the prediction of damage growth within a
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structural repair made to a composite sandwich structure must be understood. However,

at this moment in time no such research has been undertaken.

In summary, operators of composite sandwich structures need to understand or have

theoretical tools to predict:

1. How damage manifests itself within a structural repair to a sandwich structure,

2. Whether a repair is less damage resistant than the original structure, i.e.
whether barely visible damage within a repair is more critical than in the
original sandwich structure,

3. Whether a repair is less damage tolerant than the original structure, i.e. whether
damage can propagate more easily at the same loads,

4. To predict the damage threshold and the damage growth within a composite
repair,

5. How cracks or delaminations propagate within structural repairs, i.e. a fracture
mechanics assessment of the tapered and stepped scarf repair is required,

6. The long-term response of sandwich structures subjected to adverse in-service

impact events.

The lack of research in this area is very alarming since in real structures repairs are
often undertaken in critical regions where there is a very high probability of a repeated

impact event.

2.4  Repair of composite sandwich structures

2.4.1 Repair design guidelines

The design of any composite repair method depends greatly upon the particular
component and the extent of the damaged incurred, e.g. a sandwich panel with one or
both skins punctured. Since composite structures are employed in different industries
with different design philosophies, current repair concepts include a wide range of
approaches from highly refined and structurally efficient but expensive flush patch

repairs to externally mechanically attached metal or composite patch [Schwan, 1998].
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Although the exact nature of the repair, regardless of structure and operational role, will
vary due to many factors, there are some basic guidelines that should be considered if a

safe and effective repair is to be achieved [Cole, 1999]:

o Stiffness: The patch design should match the original laminate stiffness as closely as
possible. If the stiffness of the repair is much greater, additional channelled load
may exceed the strength limitations of the repair. A stiffness that is significantly less
can lead to the over-stressing of the surrounding structure.

e Strength: Unless identical material and processes are employed for the repair, it is
not often possible to match both the strength and stiffness of the original laminate.
When this arises the primary methodology, depending upon the specific component,
is to match the stiffness as closely as possible whilst ensuring that a strength margin
of safety also exists.

e Stability: The global response of the repaired structure subjected to compressive
loading is of critical concern to the design engineer. Precise design guidelines have
been generated to ensure that the repair scarf angle and overlap length are limited to
ensure that the strength and stiffness in compression is maintained at all times.

e Durability: The repair must be permanent, i.e. it lasts the lifetime of the structure
being repaired. The durability should be designed into the original geometry, but if
alternative materials have to be employed, they must at least match the operational
environmental capabilities.

e Restoration of function requirements: The repair must restore functional
requirements of the structure. In the marine environment, aspects like
hydrodynamics and negligible weight penalty are important. Composite repairs tend

to satisfy these considerations more easily than other repair methods.

The overall objective of the repair is to return the structure to its undamaged condition,

such that it can support all design loads for the intended service life of the structure.

2.4.2 Repair design options
A wide range of repair designs has been considered for the cosmetic, temporary and
structural repairs of composite structures. Repair geometries ranging from simplistic

external patches to complex tapered scarfs have been considered and employed in most
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industries. Typical examples of the different repair techniques has been illustrated in

Figure 2.2 and Table 2.6.
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Figure 2.2: Repair design options (a) external patch [Davies & Bond, 1999], (b)

tapered scarf repair [Hart-Smith, 1973a], and (c) stepped scarfrepair [Fraisse &

Schmit, 1992]
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Design Design criteria Design equations
] Restoration of No design equations or
Cosmetic Filler i
functional requirement recommendations
Stiffness replacement
[Matthews, 1999; Cochran et al, 1986;
Bolted Restoration  of  the )
. i Madenci et al, 1999; Ireman & Purin,
plate design ultimate strain
i 1999]
Durability
Strength  replacement
Semi- dependent upon
permanent substrate thickness and .
Bonded [Hart-Smith, 1985; Hart-Smith, 1973a;
peel stresses .
patch . Davies & Bond, 1999; Trabocco et al, ;
Durability = dependent
] Potter, 1979; Schwan,, 1998]
upon minimisation of
the transverse tensile
stresses
1. Foam core — no design equations
or recommendations
“p
2. Scarfangle & < for tensile
Eg,
load, or
~ -1
6, =tan (0.8167, /0, )
Stiffness and strength for compressive loads
replacement 3. External plies
Tapered
Permanent Stabili 1
scarf v Et 2
. . I
repairs Durability d=|=~._LZ | o
Restoration of G, (1 + S)
functional requirements fo 2 3
L, =% and L, ==
27 A
7
G| 1 1
where I = —| — +—
77 Elti Eoto
[Hart-Smith, 1973a; Soutis & Hu,
1997; Grosko, 1995; Lubkin, 1957,
Webber, 1981]
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1. Foam core (as above in tapered

scarf)
2. Step profile

P. =B\2EtG ;N and

Stiffness and strength
Stepped replacement

scarf Stability
Durability N, =E 27!
9EG ¢

Restoration of
) ) 3. External plies (as above in tapered
functional requirements
scarf)

[Fraisse & Schmit, 1992; Hart-Smith,
1973a]

Table 2.6: Repair design options and supporting theory for cosmetic, semi-permanent

and permanent repairs to sandwich structures

The repair design options identified in Table 2.6 for permanent tapered-scarf or
permanent stepped-scarf repairs are based upon a few critical equations. These
equations are widely employed by various military and commercial organisations in the
repair of their composite structures (specific examples are given in Table 2.10).
Although these equations were developed in the 1970s for the taper angle in scarf repair
and in the 1980s for the design of the overlaminate there are still the principal design

method when designers need to repair for composite structures.

2.4.3 Repair design considerations
In the design of permanent and semi-permanent repair schemes certain design variables

have to be considered and optimised to ensure the maximum structural efficiency.

In the case of semi-permanent repairs to sandwich structures the length and application
method of the bonded external plies, the taper at the end of the bonded patch, and
adhesive properties such as thickness and stiffness. Consideration must also be given to

whether the damage is left or filled.
For permanent repairs to sandwich structures, consideration needs to be given to the

replacement of the foam core, the design of the foam replacement and the method of

bonding the new core. For the reinstatement of the sandwich skin, a decision about the
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scarf profile is required, the scarf angle or step length, the length and application

method of external plies, different patch/parent lay-up (including stacking sequence),

and adhesive properties such as thickness and stiffness must be optimised depending

upon the requirements of the structure, the certifying authority and the operational

environment. Key observations arising from the open literature include:

To

Shallow scarf angles reduce the eccentricity of the loading path thereby
minimising the tensile transverse stresses in the adhesive and the shear stress
concentrations at the ends of the joint. This was noted by [Hart-Smith, 1973;
Webber, 1981; Adkins & Pipes, 1988]

Steep scarf angles can produce high strain concentration that initiate failure
[Mahler, 1999]

In tapered step repairs, the effect of step height, step modulus and non-uniform
step length can significantly alter the repair performance [Tran-Cong & Heller, ;
Fraisse & Schmit, 1992]

Strain concentrations occur with a patch to parent mis-match in laminate
stiffness. It is therefore recommended to balance the stiffness mismatch between
the skin and the patch [Smith, 1995]

Overlaminate plies protect scarf tip from damage and minimise stress
concentration at the scarf tip end [Deaton, 1990; Smith, 1995]

Load path eccentricity causes transverse tensile stresses at end of overlaminate
patch [Deaton, 1990; PERA, 2000]

Long overlaminate lengths are required to minimise transverse tensile stresses
[Davies & Bond, 1999; Hart-Smith, 1973b]

Apply a maximum of 5° taper to overlaminate edge to minimise transverse
tensile stresses [Grosko, 1995; Trabocco, 1988]

Avoid large bondline thickness since this increases stress in the adhesive and
reduces strength [Grosko, 1995]

Reduced adhesive stiffness, increases deformation, increase stress in adhesive.

illustrate the number of design variables that would have to be considered for the

permanent and semi-permanent repair of a sandwich structure Table 2.7 has been
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generated. The table highlights the

researchers/ organisations

different philosophies employed by different

Operator Materials Design of repair
Foam core - single replacement core, straight
sided, bonded
United States
o . .
Coast Guard Polymer Tapered scarf - 5° taper scarf with the repair plies
) composite (no laid parallel to the scarf profile (i.e. the largest ply
[Marine

Composites, |

material

definitions given)

is laid first with each successive ply being slightly
smaller).
Overlaminate — single overlaminate ply extending

beyond the end of the scarf tip

Swedish MCMV

[Sjogren et al,

E-glass with

polyester matrix

Foam core - small individual blocks secured with

screws/nails

Tapered scarf — 1° taper scarf

and PVC foam
1984] Overlaminate — no indication whether any
core
overlaminate plies are used.
Foam core - single replacement core bonded with
E-glass paste adhesive, vacuum consolidated with resin
RAN: Bay Class
(CSM/WR/CSM bleed holes

Minesweeper

[Thomson et al,
1998]

with vinylester

matrix) skins. PVC

Tapered scarf - 6° taper manufactured by abrading

Overlaminate - vacuum consolidated. 40mm

foam core length per replacement layer plus one extra layer
extending 100mm
Foam core - single replacement core bonded with
epoxy paste adhesive
Royal National E-glass and Kevlar Tapered scarf — 6° or 3° tapered scarf
Lifeboat hybrid with epoxy manufactured by abrading

Institution, UK
[Austen, 1999]

matrix. PVC foam

core

Overlaminate - vacuum consolidated. 50mm
length for first replacement layer, 25mm length for
next 3 replacement layers plus two extra layers

each extending a further 50mm
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Foam core - single replacement core bonded with

France. [Torres &

Plissonneau, 1986]

Nomex

honeycomb core

Helicopter epoxy paste adhesive
. Uni-directional E-
Division MBB Tapered scarf — elliptical 3° taper in longitudinal
glass. PVC foam
GmbH, Germany. direction manufactured by grinding
core
[Hahn, 1986] Overlaminate — no overlaminate to disturb air
flow, all repair plies finish at the scraf repair edge
Nomex Honeycomb core — for major deterioration
Helicopter bonded single replacement core otherwise resin or
Carbon fibre .
Division microballoon filler
, ) epoxy matrix.
Aérospatiale, Tapered scarf — 3° tapered scarf manufactured by

abrading
Overlaminate — pre-cured doubler bonded with

cold-curing epoxy resin

Military Jet, Dornier
GMBH, Germany.
[Thiele, 1986]

E-glass epoxy
matrix. Nomex

honeycomb core

Foam core - single replacement core bonded with
epoxy paste adhesive

Tapered scarf — 3° tapered scarf manufactured by
abrading

Overlaminate — 15mm length per replacement ply

Military aircraft,
Deutsche Aerospace
AG, Germany.
[Maier & Giinther,
1995]

Uni-directional
carbon fibre epoxy
matrix.
Aluminium alloy

honeycomb core

Honeycomb core - single replacement core bonded
with epoxy paste adhesive

Tapered scarf — no scarf taper used

Overlaminate — 10mm length per replacement ply.
Pre-cured external doubler bonded with film

adhesive

DSTO, Australian.
[Whitehead et al,
2000]

Composite skin.
Aluminium alloy

honeycomb core

Honeycomb core - single replacement core bonded
with film adhesive

Tapered scarf — no scarf taper used

Overlaminate — overlap lengths are specified
depending upon the face thickness. Pre-cured

external patch with tapering

Table 2.7: Design variables used within the repair of composite sandwich structures

Table 2.7 indicates the diverse repair design philosophies currently employed in the
repair of sandwich panel construction. Each of the different organisations have

independently developed design philosophies that embrace:
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1) Different scarf angles ranging from 1° to 6°

2) The application, or not, of external plies

3) Replacement external plies range in length from 10mm to S0mm

4) The application of the largest or smallest repair ply first

5) Pre-cured patches or patches manufactured in-situ

6) The application of a vacuum to avoid air entrapment at the core bondline

7) The manufacture of vertical or horizontal core blocks

8) The manufacture of the repair on the component or the manufacture of a pre-cured

repair that is bonded to the component as a secondary operation.

The precise benefits and limitations of these slight variations to the repair design of
composite sandwich structures can only be speculated at. It is highly likely that a repair
scheme having the smallest scarf angle possible with external plies extending beyond a
critical length will obtain the greatest mechanical performance as well as maintaining
the stability and durability requirements of the original structure. However, the precise
benefit of applying the largest or smallest repair ply first, or whether vertical or
horizontal replacement core blocks will enhance the long-term structural performance of

the sandwich structure is questionable.

Finally, the selection of the manufacturing route will affect the mechanical performance
and cost of the repair scheme. Ideally the repair should be made with the same
manufacturing process as the parent laminate. However, this may not always be the
case. If the structure has been made using pre-impregnated composite materials and the
repair has to be made on the component, then a repair scheme manufactured by either
hand lay-up or a dry fibre stack infused with a liquid resin are the two options. These
two manufacturing options will not produce the same mechanical properties as the pre-
impregnated composite materials. Vacuum consolidation of the hand lay-up repair and
the application of heater mats to both repair schemes could enhance the mechanical
performance further. However, even with these processing refinements the mechanical
performance of the patch is still unlikely to match the parent laminate due to a higher
void content and a lower volume fraction arsing from a lower consolidation pressure. If
the mechanical performance of the patch must exactly match the original structure then
a patch should be made using the same processing method and then bonded in place

using a structural adhesive. To overcome the deficiencies of the manufacturing route
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additional plies are added to the repair to match the stiffness requirements of the parent

structure.

2.4.4 Repair of composite sandwich structures - areas of research opportunities

This review of repair designs for composite sandwich structures has indicated the
importance of selecting the correct scarf angle and the overlaminate length. If either is
incorrectly designed the repair joint will either fail below the static strength of the panel
or have a reduced fatigue life performance through premature failure of overlaminate by

load path eccentricity.

Although various repair schemes from external plies, to stepped scarf and tapered scarf
could be evaluated, in this work, a tapered scarf repair with 3° taper, representative of
the structural repair methods used in the repair of the RNLI rescue craft, will be

evaluated. A standard RNLI overlaminate repair scheme will also be evaluated.

The design of the overlapping plies is critical if the joint efficiency is to be superior to
the plain scarf joint [Deaton, 1990]. The role of the overlapping plies is twofold. Firstly,
the overlapping plies protect the scarf tip and increase the load transfer area. Secondly,
it enhances the strength and stiffness of the repair area. If the overlapping plies are

correctly designed the locus of failure will remain outside of the scarf joint.

Whilst the role of the overlapping plies seems critical in the performance of the scarf
joint, no design guidelines seem to exist for the number of replacement plies, their
length or their lay-up. A critical question concerns whether the original laminate
thickness should be used as a baseline for the overlap plies or whether a different fibre
lay-up specific for the role of protecting the scarf tip should be employed. The only
clear recommendation concerns the need to minimise the peel stresses at the end of the
overlapping plies through the application of a taper. If the design guidelines employed
for an external patch are considered, then a taper of 10 degrees should be used parallel
to the load direction and a taper of 5 degrees should be used perpendicular to the load

direction [Grosko, 1995].

Composite repairs are designed to restore the stiffness or strength requirements of the

original structure, as well as the stability, durability and functional requirements. Whilst
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the functional requirements of the repair will not be compromised by the inclusion of an
internal defect, a concern exists about its influence on the stiffness, strength and
durability. Since composite repairs are often manufactured outside of the ideal
manufacturing environment it is possible that a manufacturing defect could be
introduced and overlooked (e.g. the complex repair geometry, the changing thickness
and the high void content will all cause significant problems for existing non-
destructive techniques). In addition to manufacturing defects, composite repairs could
also contain defects arising from operational use, i.e. if a repair is undertaken in a region
of high impact probability then the same impact event could also occur during the
lifetime of the repair scheme. Since both of these situations could occur it seems strange
that no research has been undertaken to assess what defects could exist within a repair
and what influence these defects would have on the repair’s performance (whether
stiffness, strength or durability). It therefore seems imperative that a damage resistance
and damage tolerance assessment of defective repairs in composite sandwich structures
is undertaken. The guidelines arising from this investigation could indicate whether
composite repairs need to be designed for ‘impact performance’ as well as stiffness,

strength and durability.

Finally, this review of composite repair methods has indicated the diverse range of
repair techniques that can be used for composite sandwich structures. Whilst large
organisations operating composite sandwich structures often have the technical
capability and skills to design one-off repair schemes, it is the smaller operator who will
have insufficient funds to correctly design a repair scheme. In this particular instance
the operator may opt to design with a different material (i.e. aluminium), or use the
wrong repair scheme thereby threatening the operational safety of the structure. Clearly,
these two situations could be avoided if a generic repair manual for composite sandwich
structures was made available to all users and operators. At present no such repair

manual exists.

2.5  Assessment of composite repairs
2.5.1 Experimental research on composite repairs to composite sandwich structures

The majority of published work on composite repair is based around experimental

approaches for aerospace laminates. This bias towards practical experimentation has
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arisen because the aerospace design engineer has needed hard evidence on the
operational performance of composite repairs to satisfy certification authorities (i.e.
FAA and CAA). However, since composites by their very nature are complex, any
experimental investigation would have to assess a wide variety of material and design
parameters. Although thorough, this design methodology is expensive and time
consuming and has therefore resulted in repair designs based on past experience or on

similar structural damage.

Considerable experimental research has been undertaken on determining the tensile
performance of repairs in composite laminates. Webber [Webber, 1981] tested scarf
repairs in axial tension manufactured as a pre-cured or co-cured (wet lay-up) joint with
increasing scarf angles. The scarf joints manufactured by wet lay-up (repair fibres in the
same direction as the original material) had poor performance compared with joints
manufactured within an autoclave environment (with fibres running parallel to the scarf
angle). In a similar investigation Adkins and Pipes [Adkins and Pipes, 1988] examined
the performance of co-cured scarf repairs loaded in tension with different scarf angles. It
was found that scarf joints with 1.1° (i.e. 1/55) slopes were approximately twice as
strong as 9.2° (i.e. 1/6) scarf joints. In an effort to characterise the influence of a
uniform overlap and a tapered overlap compared with the plain scarf joint Deaton
[Deaton, 1990] determined the tensile efficiency of the uniform overlap remained at
60% of the undamaged state where failure occurred by peeling of the extra plies. For the
tapered overlap, which minimised the peel stress at the end of the overlap, the tensile
efficiency increased from 60% to 90% of the undamaged state. Mahler [Mahler, 1999]
assessed repairs subjected to tension and compression tests. In this research it was
observed that steep scarf angles can produce high strain concentration that initiate
failure and strain concentrations occur when a mis-match in laminate stiffness between
the patch and parent. It was also noted that increased bondline thickness increases stress
in adhesive and reduces strength whilst the inclusion of an overlaminate reduces strain
level across laminate. Finally, the author noted that a reduced adhesive stiffness

increases deformation in the repair thereby increasing the stress in adhesive.

Various researchers have also assessed the static and fatigue performance of repairs

undertaken to composite sandwich structures. In the work by Clark [Clark, 1997]
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different repair strategies were considered and assessed statically and in fatigue. For
core sensitive beams the repair strategies did not affect the fatigue life compared to the
undamaged beams. However, for skin sensitive beams, the failure load for many of the
repair beams was significantly reduced by up to 20%. Thomson et al [Thomson et al,
1998] reported an abrupt decrease in the static shear strength and fatigue resistance in
four point bend when the interfacial crack length between the skin and core exceeded
20-30 mm due to the failure mechanism changing from skin wrinkling of the GRP skins
(woven roving 600 g/m’ and chopped strand mat (CSM) 300 g/mz) to shear cracking of
the foam core (Divinycell HT90 PVC foam (90 kg/m3)).

A static assessment in four-point bend of external patches bonded with cold curing
epoxy adhesive over perforated sandwich panels has been undertaken by Torres and
Plissonneau [Torres and Plissonneau, 1986]. Tests conducted at room temperature and
aged for 750 hours at 70°C. Failure occurred outside the repaired area in all cases
however the strength difference significantly dropped between the control and aged
specimens. Whitehead et a/ [Whitehead et al, 2000] evaluated the problem of pre-cured
external patches with overlap lengths specified depending upon the face thickness.
External patch tapering 17t + 3t. This review confirmed that adhesive degradation is a
serious structural integrity issue for honeycomb sandwich panels and has highlighted a
number of problems with damage limit specification and repair procedures for these
panels. External hard patch repair of honeycomb structure using epoxy film adhesive
has been evaluated by Maier and Giinther [Maier and Giinther, 1995]. Qualification of
bonding the hard repair patch to the aircraft structure was undertaken through the
simultaneous manufacture of a single lap shear specimen. The specimen was used to

assess whether the repair had obtained the maximum shear stress target.

Fatigue assessment of single-sided and double-sided repairs to sandwich structures has
been undertaken by Shah-Khan and Grabovac [Shah-Khan and Grabovac, 2000]. Single
sided repairs had a greater fatigue life than the double-sided repairs. The authors
attribute this reduction to the influence of material quality and manufacturing defects,
suggesting a higher number of imperfections will exist in a double-sided repair

compared to a single-skin repair.
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In an effort to understand the mechanical performance of structural repairs to composite
sandwich structures various mechanical test methods and loading conditions have been
tried, i.e. tensile tests, flexural tests, compression tests and shear strength tests. In
general these test methods tend to assess the static strength of the repair, although some
researchers have considered the influence of fatigue loading [Shah-Khan & Grabovac,

2000; Clark, 1997].

2.5.2 Assessment of repairs - areas of research opportunities

The assessment of structural repairs to composite sandwich structures is not as
comprehensive as the research on single skin laminates. The recommendations for scarf
angle and overlaminate design arising research on composite laminates are equally
applicable to the design of composite repairs to sandwich structures. It is therefore
recommended that any experimental and theoretical investigation of sandwich structures
should be preceded by an examination of the research on the repair of composite

laminates.

Once again, an obvious limitation of the repair assessments that can be deduced from
Table 2.11 is the lack of experimental and theoretical investigations into the influence of
manufacturing defects or operational damage upon the static and fatigue performance of
the repair method/repair bonded interface. These investigations could be strength-based

or fracture mechanics based. It is therefore recommended for this research that:

1. A strength-based assessment is undertaken to determine the influence of
operational damage on the pristine (as received materials) and the repaired
beams.

2. A fracture mechanics assessment is used to evaluate the relative fracture
toughness performance of the complete repair scheme, i.e. the different materials

involved and the possible failure locations.

Finally, it is apparent after conducting this review of repair techniques to sandwich
structures, there is an industry wide need to produce a detailed repair methodology
providing precise guidance on the influence of manufacturing defects and operational
damage on the design of permanent structural repairs and what influence, if any they

will have on the integrity of the structure.

38



2.6  Literature review observations and conclusions
This extensive review of the open literature has illustrated the depth of knowledge
required by a designer or engineer to undertake the repair of a composite sandwich

structure.

The review has considered the influence impact damage on operational composite
sandwich structures, the efforts undertaken by different researchers to duplicate and
characterise impact behaviour within a controlled laboratory environment, and the
theoretical techniques currently available to predict damage initiation and damage

propagation.

Impact damage to composite sandwich structures can be classified by four different

failure modes, namely:

e Delamination in the impacted face sheet
e Matrix cracking and fibre breakage
e Debond in the face/ core interface

e Core crushing (permanent deformation) in the region of the impact

Whilst considerable research effort has been undertaken in evaluating these different
failure modes, there has been no equivalent effort to understand and determine the
impact response of a structural or non-structural repair techniques contained within

composite structures.

At present, there is no knowledge on how the damage forms within a repair to a
sandwich structure, whether the damage type is critical or what effect it has on the
structural integrity. With the increasing probability that damage is likely to occur on

previously repaired structure it is imperative that this area is researched and understood.
The concept of damage tolerance for operational composite sandwich structures has

been reviewed. In this review, a composite structure can be defined as damage tolerant

if it has;
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e Large window of slow predictable damage growth

e Large damage capability before catastrophic failure at limit load
e Robust quantitative models for damage growth

e Good detectability of damage

¢ Fail safe principles of construction — multiple load paths

Currently, there is no scientific or technical understanding for each of these five points
for composite tapered scarf repairs. There is now a critical need to determine whether
tapered scarf repairs can be used in existing damage tolerant sandwich structures

without compromising the structural integrity of the vessel.

Residual strength assessments and the prediction of damage growth through fracture
mechanics are critical components in the development of a damage tolerance
methodology. Whilst a damage tolerance approach using current knowledge could be
derived today for composite sandwich structures, there is no equivalent methodology

for the damage tolerance assessment of composite repair schemes.

For this research programme it is therefore recommended that a damage tolerance
methodology be generated for structural repair schemes to composite sandwich

structures through the implementation of:

o Impact damage tolerance investigation of the tapered scarf repair
e Fracture and crack growth assessment within the parent laminate, the repair
laminate and the repair-parent interface

e Strength based assessment of damaged structural repairs.

The repair of composite sandwich structures has been considered by examining the
theoretical basis for the design of structural repairs (i.e. external patches, tapered scarf
and stepped scarf joints), and through the examination of typical repair techniques
employed by military and commercial organisations in the marine and aerospace
communities. Key observations arising from the review of composite repair techniques

arc:
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The objective of a sandwich panel repair is to restore the damaged composite
skins, replace the damaged core material and the bonding between the core and
the skins, such that the mechanical and environmental resistance is returned to

the required design levels.

The experimental and analytical investigations that have been conducted over
the last 20 years have identified generic guidelines for optimising the design of
composite repairs to metallic and composite repairs. The optimisation of the
design is usually specific to a particular material combination, or loading
scenario, but these guidelines do help clarify the critical design parameters and

thus help streamline any repair testing programme.

The design of the repair is critical upon the loads which must be transferred; the
region within which it must be accomplished; the geometry of the members to
be joined; the environment within which the joint must operate; the weight/ cost

efficiency of the joint; the reliability of the joint.

Critical factors that govern the efficiency of the repair are the correct choice of
the repair materials (fibres, resin system, fibre orientation and stacking
sequence); load transfer across the joint (scarf angle, adhesive bonding, damage
removal and surface preparation); and the protection the scarf edge with an
external laminate (patch overlap length, patch stacking sequence, patch

thickness, patch taper angle, patch edges feathered, adherent profiling)

Although the design guidelines identify all the critical elements of undertaking a tapered
scarf repair, there is no consideration within the design for the inclusion of
manufacturing or operational damage. A further alarming point concern the lack of
acknowledgement that damage contained within repairs will have a significant bearing
upon the efficiency of the tapered scarf repair. It is imperative that the efficiency of a

damage structural repair is determined.

The prediction of operational performance of a composite repair depends upon the
method of predicting the original fatigue life, the prediction of fatigue impact damage
and the prediction of the interaction between the repair and the surrounding structure.

The influence of low-velocity impact damage on the fatigue life and reliability of the
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affected composite structure is still uncertain, even for a material for which the fatigue
response in the undamaged state is well known. This problem is increasingly more
difficult when the impact damage has occurred within a tapered interface (contained
within a structural repair). Whether the damage will grow under the influence of an

external load is uncertain and requires investigation.

Whilst considerable effort has been applied to the problem of repair design and repair
manufacture, at present there is no scientific understanding or technical guidelines that
can be used to assess the performance of a defective repair. There is a need to identify
clear guidelines for the assessment of damaged structural repairs, i.e. a design tool is
required to form the basis of an ‘intelligent’ interrogation system that skilled and

unskilled workers can use to make an informed decision about a defects criticality.

The conclusions outlined above will provide the framework for the research undertaken

within this thesis.
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3

METHODOLOGY

The literature review in Chapter 2 highlighted three key areas that require further

investigation:

1.

7~

The impact response of structural repair techniques contained within composite
sandwich structures, i.e. how the damage forms within a repair, whether the
damage is critical or what effect it has on the structural integrity.

The damage tolerance performance of the repair scheme is required, i.e. this will
involve the characterisation of the impact damage tolerance, the initiation and
propagation of critical defects, and the assessment of the residual strength.

The development of clear guidelines for the assessment of damaged structural
repairs, i.e. a design tool is required to form the basis of an ‘intelligent’
interrogation system that skilled and unskilled workers can use to make an

informed decision about a defects criticality.

The purpose of this chapter is to illustrate to the reader how these three key areas are

drawn together to form a comprehensive methodology to address the question of ‘Are

structural repairs to composite sandwich structures damage tolerant?’

To evolve the methodology certain background information has been required, i.e.

1.

2
3
4
5
6.
7
8
9

What are the operational loads?

What is the environment?

What is the structure?

What is the repair geometry?

What are the material properties (strength, stiffness, toughness)?
How much energy is required to initiate critical defects?

What defects are critical?

. Is defect location important?

What effect does the defect have on the repair/structure?

10. Will the defect grow under operational loading?

11. Can the rate and geometry of damage growth be predicted?
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12. What residual strength reduction can be permitted?
13. How does the damage affect the static strength

14. How does the damage affect the fatigue life of the structure?

The interactions amongst these fundamental questions and how they are drawn together

is critical in the development of this project’s research methodology. Figure 3.1 helps to

visualise these interactions.

1. Loads and environment definition 6. Fracture mechanics assessment
- Defect type and I td tol
—> 2. Repair geometry SRS location mpact damage tolerance
determined from Fracture and crack
— > FMECA
growth
3. Material properties
. 3b. Laminate & |
3a. Processing | Structural scale response
variability, -
material quality, | 3¢, Fracture properties of 7. Repair structural
process control parent, repair and
ete interface Fracture
mechanics
1 ¢ analysis Damage
tolerance
L 4a. Failure 4b. Nature of defect prediction
|..pp{  mode, effects (manufacturing or Static for repairs
and criticality operational) strength and T
analysis . fatigue ‘
(FMECA) 4¢.Location of defect
¢ ¢ Probability of occurrence
— 5. Strength based assessment L 1y Severity of defect type
Static assessment at :
o Risk assessment
—> Pristine structural scale
Damaged
P Repaired .
epawred | Fatigue assessment at
»| Damaged repair structural scale

Figure 3.1: Design methodology for the damage tolerance assessment of repaired

composite sandwich structures

Figure 3.1 illustrates the complex interaction between the composite structure, the

defect type, the failure mode, the repair, and the damage tolerance assessment. The
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design methodology within Figure 3.1 has been shown numerically and as a logic

flowchart in Figure 3.2

1. Loads and
environment
2. Repair 3. Material
Geometry ] Properties
4. Failure MOd?S, Nature of defect
Effects Criticality |«
Analvcic Defect location
5. Strength Based 6. Fracture Mechanics
Assessment Assessment
7. Repair Structural < Nature of defect
Assessment Defect location
Probability of occurrence
< Severity of defect type
Risk assessment
\4
Damage Tolerance
Prediction

Figure 3.2: Step-by-step sequence for damage tolerance methodology

To correctly determine whether a tapered scarf repair is damage tolerant the flow chart

in Figure 3.2 should be followed. The methodology outlined within this figure requires
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a database of background knowledge about the environmental loads, the proposed repair
geometry and key material properties before the strength based and fracture mechanics

based assessments can be undertaken.

In the development of a damage tolerance methodology in this research project, some of
the information in Figure 3.1 and 3.2 has been predefined (for example, the loads, the
environment, the structure and the repair geometry) but the majority has had to be
derived theoretically or experimentally. For example, the questions concerning defect
criticality and location within structural repairs could potentially be a vast research topic
requiring considerable resources. In this particular case, discussions with marine rescue
craft operators and the application of a ‘Failure Mode, Effects and Criticality Analysis’
(FMECA) approach provided the structure and focus needed to concentrate the research
in specific areas, i.e. the background information and the observations arising from the
FMECA study determine the extent of the static and fatigue strength assessments and
the damage tolerance assessment. The results from these studies determine the structural
integrity of the damaged/defective repair and thus leading to a life prediction for a
defect of known size. This information is presented in a series of tables and flowcharts
and forms the basis of the ‘intelligent’ interrogation system that a skilled or unskilled

worker can use to make an informed decision about a defects criticality.
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4 METHODOLOGY IMPLEMENTATION

4.1 Introduction
The purpose of this chapter is to provide the background information to each of the

critical steps within Figure 3.1, i.e.

e [oads and environment definition

e Repair geometry

e Material properties

e Failure mode, effects and criticality analysis (FMECA)
e Strength based assessment

e Fracture mechanics assessment

e Repair structural integrity

Each of these elements will be introduced and discussed in the remaining part of this

chapter.

4.2 Loads and environment definition
Since the Royal National Lifeboat Institution sponsors this research programme the
loads and environment definition are applicable to the operating environment

experienced by the Severn and Trent class of all-weather class of lifeboat.

The sandwich structure within the lifeboat would typically be designed against a design
pressure along the length of the hull of 620kPa (see [Hudson, 1993]). Whilst on
operational duty, the individual sandwich panels (forming the hull) are likely to
experience wave slamming (with accelerations up to 2-3g) and compression loading
arising from equipment. In and around the waterline, wave slamming will induce mid-
panel deflections of the order of 25mm. The sandwich structure is subjected to a vast
range of harsh loading conditions, which it must survive throughout its operational life
of 25 years. Whilst design calculations can be used to design the hull form for this

environment, no such tool exists for the design of structural repairs.
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4.3 Repair Geometry
The design of a structural repair to a composite sandwich structure can be based upon
two elements. The first requirement is the design of the tapered scarf angle. The second

requirement is for the design of the external overlaminate plies.

The design of the repair is critically dependent upon certain material properties. For
example, Hart-Smith [Hart-Smith, 1973a] observed that the scarf angle is critically
dependent upon the stiffness, strength and strain of the adherend, and the shear strength
of the adhesive (see Table 2.9 for repair scarf angle design theory). Conversely, material
properties for stiffness, strength and thickness of the adherend are needed whilst shear
strength, shear modulus, Young’s Modulus and thickness of the adhesive are required in
the design of the overlaminate (see Table 2.9 for repair overlaminate design theory).
Appendix A provides details concerning the material properties of these marine

sandwich structures.

The research undertaken within this project was supported by the Royal National
Lifeboat Institution and therefore the design of the structural repair schemes was
dictated by proven marine practice. The RNLI have two different structural repair
designs, namely a tapered scarf repair with a 3° angle and a tapered scarf repair with a
6° angle. The lay-up for a typical 20:1 scarf repair used in this research programme is

indicated in Figure 4.1.

REPAIR LENGTH = 620 mm
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Figure 4.1: Overlap ply lengths in 3 °tapered scarf repair
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In the design of the repair schemes matching the parent and repair membrane stiffness
has been shown to be important for scarf repairs hence the repair patches were made of
five woven plies identical to the parent lay-up. Additional strengthening plies and an
overlapping ply are used to enhance the strength of the repair and to protect the tip of
the scarf from being damaged. Ideally repairs to the outer skin should be carried out
using the original prepreg materials. However, in reality it has been very difficult to
control and obtain the manufacture parameters needed for the processing of the prepreg
materials. Instead the repair is manufactured with impregnation of dry reinforcement
with a liquid epoxy resin. The repair is vacuum consolidated and cured according to the

manufacturer’s guidelines.

4.4  Material Properties and Manufacturing

In this research the sandwich structure comprises two skins of unequal thickness, a
thicker outer skin and a thinner inner skin sandwiching a polymeric foam core. The
outer skin is constructed of 3 layers of a quadriaxial E-glass/ Aramid fabric with a
single light biaxial E-glass/ Aramid surface cloth. The matrix material is an epoxy resin,
specifically Ampreg 75 manufactured by SP Systems, UK. The material is supplied as
pre-impregnated lamina, which are stacked in sequence prior to consolidation with
vacuum pressure and temperature. The core material is a closed-cell PVC core material
manufactured by Divinycell with a density of 130kg/mm?. Each layer is 25mm wide
and four individual core sheets are bonded together to produce a core material with a
total thickness of 100 mm. The inner skin is constructed of 2 layers of an E-glass
quadriaxial fabric. The matrix material is an epoxy resin, specifically Ampreg 26
manufactured by SP Systems, UK. The composite laminate is manufactured by the hand
lay-up process and then vacuum consolidated against the foam core. A schematic
illustration of the four-point bend specimens indicating the fibre architecture is shown

schematically in Figure 4.2.
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Figure 4.3: The four-point bend test specimen

The scarf repair is manufactured across the width of the beam, with an assumed defect

width of 50mm in the centre. This width was selected to ensure that no stress or strain

influences could exist between the two scarf tips and that the repair remained isolated

from the loading points of the four-point bend test.

Throughout the thesis the composite sandwich beams are defined as:

IEs
2.

Pristine beams, i.e. as received from the manufacturer.

Repair beams, i.e. sandwich beam containing a standard RNLI 3° tapered scarf
repair, as detailed in Figure 4.1.

Damaged pristine beams, i.e. a pristine beam containing BVID.

Damaged repair beams, i.e. repair beam containing BVID.

Typical mechanical properties for the skins and core material are given in Table 4.1.
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) Fibre | Young's | Tensile | Shear | Shear
Material Ply Nominal
Designation volume | modulus | strength | modulus | strength

Type thickness| thickness
fraction (E) (o1) G (x)

QOuter (3 * QEA 1200
skin and RE 210

1.07mm | 3.38mm 0.52 21.3 GPa {319 MPa| 3.6 GPa | 43 MPa

Inner
Ski 2*QE 1200 |0.99 mm| 1.98 mm 0.48 18.4 GPa |276 MPa| 3.2 GPa | 38 MPa

in

Divinycell

Foam
H130 (Density - 100 mm - 140 MPa | 4.2 MPa | 52 MPa | 2.0 MPa

core

= 130kg/m’)

Lay-up code: E E-glass, A Aramid, R reinforced balanced 0/90 woven roving
Q balanced quadriaxial 0°/90°/+45°/-45° woven roving
No. e.g. 1200, weight of cloth per unit area (g/m?)

Table 4.1: Summary of mechanical properties for face sheets and core material

Whilst the majority of the material properties have been defined by the material supplier
or determined by the RNLI through independent testing, at present there is no baseline
properties or understanding about the fracture toughness of E-glass/Kevlar fibre hybrid
laminates reinforced with epoxy resins. To characterise the damage tolerance
performance of a repaired composite sandwich structure this information will have to be

derived.

4.5  Failure Mode, Effects and Criticality Analysis (FMECA)
4.5.1 Introduction

In the preceding two sections, the material configuration and repair geometry used
within this research programme exactly matched the design specification of the project

sponsor and therefore governed that element of the experimental approach.

The third element of the design methodology in Figure 3.1, namely the failure mode and

effects criticality analysis (FMECA), permits the examination and definition of the
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problem, i.e. within this research programme, the examination of whether a structural

repair is damage tolerant or not.

The FMECA is an analysis which documents all probable failures within a system
within specified ground rules, determines by failure mode analysis the effect of each
failure on system operation, identifies single failure points, and ranks each failure
according to a severity classification of failure effect. This procedure is the result of two

steps, namely;

1. Failure mode and effects analysis (FMEA)
2. Criticality analysis (CA)

In general, the FMEA would be initiated within the design process. However, in this

instance the FMEA will be used to:

1. Identify all potential failure modes within the repair zone and define their effect
on the immediate function of the repair and the surrounding structure.

2. Evaluate each failure mode in terms of the worst potential consequences and
assign a severity classification (ranging from catastrophic to minor).

3. Identify corrective design or other actions required to eliminate the failure or

control the risk.

The severity classifications are used to provide a qualitative measure of the worst
potential consequence resulting from design error or item failure. The severity
classification used within this project follows the guidelines in MIL-STD-1629A
‘Procedures for performing a failure mode, effects and criticality analysis’, and are

defined as:
e Category I ~ Catastrophic — A failure which may cause injury or death

e Category II — Critical — A failure which cause severe injury, major property

damage, major system damage which will result in major downtime
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e Category III — Marginal — A failure which may cause minor injury, minor
property damage, or minor systems damage resulting in loss of system

availability or degradation

e Category IV — Minor — A failure not serious enough to cause injury, property

damage, or system damage, but which will result in unscheduled maintenance.

In this project the severity classification is concerned with the loss of structural
capability. Although the loss of a composite repair would have significant consequences
to the operational capability of a marine craft it is not expected that it would cause loss

of life. This may not be the case for a composite repair to an aircraft structure.

The criticality assessment considers the probability of the defect occurrence (see Table

4.2) and its severity classification outlined above.

Description Probability Definition
Frequent 107 Likely to occur frequently
Probable 107 Likely to occur several times in the life of an item
Occasional 10° Likely to occur sometime in the life of an item
Remote 10 Unlikely to occur but possible
Improbable 10° So unlikely that occurrence may not be experienced
Incredible 10°¢ Never occur within operational life

Table 4.2: Probability assessment [MIL-STD-1629A]

The combination of these variables will yield a risk assessment matrix that can be used
to establish the probability and severity of manufacturing or operational defects. Table
4.3 contains the risk assessment with the lowest risk (indicated blue) starting in the
bottom right hand corner, moving diagonally up to the top right hand corner where the

risk (indicated red) is the highest.
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The FMECA approach outlined above will be followed for the remaining part of this

Severity
Category III Category IV

Probability

Category 1 Category II

Frequent
Probable

Occasional

Remote

Improbable »

Incredible

Table 4.3: Risk assessment matrix [MIL-STD-16294]

chapter.

4.5.2 Failure Mode analysis

In Chapter 2 the different types of defects that can occur in composite materials and
bonded joints were introduced. Whilst local in nature, manufacturing defects such as
surface contamination, debonded regions, and variations in bondline thickness can
promote operational intralaminar (matrix cracking and fibre fracture) or interlaminar

damage mechanism (delaminations) in the composite laminate, or they can attack the

integrity of the repair patch-parent laminate interface or the skin-core bonded interface.

Table 2.2 identified that a range of critical defects exist, which could significantly

impair the performance of composite sandwich structures. These include:

Manufacturing flaws
- Face/core interface debonds
- Core/ core adhesive debonds
- Face sheet laminate dry zones
In-service damage
- Impact damage to face sheets
- Core crushing

- Impact induced skin/core debonding
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- Core shear cracks

- Fatigue and fracture at or near stress concentrations

The list above captures the typical damage modes experienced by composite sandwich
structures. However, in this research, the question of damage location within the repair

geometry has to be addressed.

In section 4.3, the repair geometry was first introduced. In the case of a tapered scarf
repair used on foam core sandwich structures manufacturing or operational defects

could occur in the following locations:

—

At the interface of the replacement foam core and the original foam core

At the interface between the replacement foam core and the repair

Along the tapered interface between the repair plies and the parent structure
Along the interface between the repair plies and the parent structure

In the repair plies

In the parent laminate plies

End of the overlaminate

External tip of scarf repair taper

I R

Internal tip of scarf repair taper

The location of the defect is very important in understanding its influence on the failure
mode of the repair and the sandwich structure. For example, a small debond or variation
of bondline thickness located between the replacement foam core and the original foam
core may not propagate under fatigue loading and therefore not influence the global
performance of the repaired structure. However, a small debond or variation of bondline
thickness at the very end of the overlaminate strengthening plies may induce peel
stresses at the end of the repair that are above and beyond the expected design resulting
in premature failure of the repair. Whether a delamination will propagate along the
tapered interface in preference to an internal repair interface is uncertain but the fact that

either could occur should raise some concern about the effect it will have on the
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compressive and shear strength properties of the structure. Any reduction in either of

these properties below the design limit could result in a catastrophic failure.

4.5.3 Effects analysis

The failure modes contained within the composite repair have now been identified. In
this section, the effects of these failure modes upon the design criteria used for tapered
structural repair will be considered. The design criteria were first introduced in Table

2.9 and are repeated below:

1. Stiffness and strength replacement

2. Stability
3. Durability
4. Restoration of functional requirements

Depending upon the severity of the processing or operational defects and its location

within the repair scheme, it could significantly alter one or all of the design criteria.

4.5.4 Criticality Analysis

The criticality analysis is based upon the information determined in the ‘Failure Mode’
Analysis and the ‘Effects’ Analysis. The criticality assessment considers the influence
of the type of defect and the defects location upon the design criteria, i.e. what type of
defect will have the greatest influence upon the design performance of the tapered scarf

repair.

The Criticality Analysis conducted for this research project is presented in Table 4.4.
However, before proceeding to discuss the results, the assumptions used within the

formulation of the table should be mentioned and discussed.

Firstly, during the development of Table 4.4 RNLI personnel where consulted about the
design criteria and the influence certain types of defects have on the structure of the
RNLI all-weather class of lifeboat. For example, to date, the RNLI have not observed

any skin-core debonding or core shear cracks. In the former case, this is in part due to
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the adhesive bondline used between the skin and the core, and in the latter case it is
because (1) the sandwich structure is designed to take all the load through the outer
skin, and (2) the 100mm thick foam core is bonded together (with a structural adhesive)
in sections of 25mm. Also, the outer skin is manufactured from composite pre-
impregnated material thereby eliminating the problem of laminate dry zones. It is due to
these design details that the results in Table 4.4 are only applicable to rescue craft
manufactured and operated by the RNLI, i.e. the Criticality Analysis in Table 4.4 would

have to be undertaken again for any other type of sandwich structure.

Secondly, the nature of the impact damage has been assumed to be non-penetrating, i.e.
if the damage had penetrated the outer skin all the design criteria would be
compromised and therefore a full structural repair would be required. In this research
programme, the question of manufacturing defects or impact damage to an existing

tapered scarf repair is being considered.

Thirdly, the probability and severity rating has to consider the extreme operational and
loading conditions experienced by RNLI rescue craft. In this context the Criticality
Analysis detailed in Table 4.4 is overly conservative, i.e. a greater probability rating
coupled with a higher severity rating has been used to reflect the extreme loading
conditions experienced by the vessel when undertaking a rescue in bad seas. In reality,
this loading may only last 1 to 10 hours (depending upon station location) over the
course of a year, for the operational life of the vessel (typically 25 years). In terms of
developing a damage tolerance approach for tapered scarf repairs to sandwich
structures, the criticality analysis must reflect the situation when undetected damage
will be subjected to these extreme loading patterns rather than the possibility that

operational damage which actually occur during these periods.

It is based upon these assumptions that the assessment in Table 4.4 has been made.
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Table 4.4: Hazard severity and probability levels for manufacturing and operational defects on the design criteria of a tapered scarf repair to a

marine composite sandwich structure




Table 4.4 details the hazard severity and probability levels for manufacturing defects
and operational damage on the repair design criteria of a tapered scarf repair to
composite marine sandwich structures used in the manufacture of rescue craft. To help
visualise the critical hazards a colour-coding scheme originally employed in Table 4.3
has been used (green = low risk, blue = low to medium risk, orange = medium to high

risk, red = high risk).
The critical hazards identified within the Criticality Analysis is as follows:

1. Highrisk
- Impact damage to the tapered interface between the repair plies and parent
- Impact damage to the horizontal interface between the repair plies and parent
- Impact damage to the repair laminate
2. Medium to high risk
- Impact damage to the parent laminate

- Fatigue and fracture at or near the internal edge of a repair taper
The method for the characterisation of these hazards is discussed below.

Any form of impact damage to the tapered interface between the repair plies and parent
is considered a high risk because it is likely to compromise the structural performance
of the repair due to the reduction of available repair area to transmit the shear loads. In
the work by Hart-Smith [Hart-Smith, 1973a] he observed that a certain minimum scarf
taper is required to ensure the repair joint has superior mechanical properties to the

parent laminate.

Impact damage to the horizontal interface between the repair plies and parent is
perceived a high risk because it could open the leading edge of the repair and permit the
operational loads and the environment to ‘peel’ the repair from the parent structure. In
Table 4.4 this has been given an ‘Occasional’ probability rating with a severity rating of
‘categdi’y 1 to II’ (Catastrophic to Critical). The justification of the probability rating is

based upon the observation that in marine craft impact damage during operational
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service tends to occur in and around the waterline in specific locations around the
vessel. Since the damage tends to be location specific there is a risk that a second
impact event could occur on, or near to, the repair, i.e. it is likely to occur sometime in
the life of the vessel. The justification for the severity rating of ‘category I to II’
concerns the risk that a damaged horizontal edge to the repair could be torn from the
parent laminate thereby exposing the internal tapered scarf profile, or worst the skin-
core interface. If either of this two failure modes were to occur as a result of the initial
impact damage to the repair major property damage would occur which, at the very
least, would result in major downtime (to undertake the repair) or a failure of the vessel,
which may cause injury or death. In this context, there is considerable uncertainty and
risk associated with the performance of an impact damaged structural repair. A key aim

of this project is to define this risk.

Impact damage to the repair laminate is perceived as a high risk because the hand lay-up
repair scheme may be less damage tolerant that the original parent prepreg laminate due
to the inclusion of manufacturing defects and poor control of the adhesive bondline. It is

therefore possible that the damaged repair scheme could failure prematurely.

Impact damage to the parent laminate is perceived as a medium-to-high risk because
impact damage to the parent laminate surrounding the repair scheme could result in load
transfer to the repair scheme resulting in premature failure via delamination growth
through the parent laminate across the tapered repair interface and in to the repair

laminate.

A second medium-to-high critical hazard concerns fatigue and fracture damage at or
near the internal edge of repair taper. In tapered repair schemes a protective
overlaminate is used to minimise the stress concentrations at the scarf tip. On the
external edge of the scarf taper this is undertaken as standard but not on the internal
edge, which rests against the foam core. Some concern exists about the performance of
this internal scarf tip to operational loads, and whether it could initiate core shear cracks

at this location.
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The preceding discussion highlights the current uncertainty about the performance of a
structural repair when it is damaged or containing internal stress concentrations. This
knowledge will now be used in conjunction with load and environment definition and
the results from the FMECA analysis to help design and define the experimental
approach for the damage tolerance assessment of repaired sandwich structures. This
methodology permits the determination and characterisation of the exact risk that these
critical defects have. The precise implementation of these two approaches will be

defined in the following sections.

4.6  Strength Based Assessment

4.6.1 Introduction

The methodology detailed in Figure 3.1 in Chapter 3 explained why a Strength Based
Assessment is recommended for a damage tolerance assessment. The critical hazards
identified in Table 4.4 (and discussed in Table 4.5) define the extent of the Strength
Based assessment. The aim of this section is to draw together these ideals and define the

methodology that will be implemented.

4.6.2 Implementation method for Strength Based Assessment

The key aims of the strength-based assessment are to capture damage tolerance
performance of the high risk and medium-to-high risk defects identified in Table 4.4. To
achieve this requirement a comparative assessment between pristine four-point bend
beams and damaged four-point bend beams plus repaired four-point bend beams and
damaged repair four-point bend beams must be undertaken. This has been illustrated in

Figure 4.3.
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Figure 4.3: Strength based assessment

The precise mechanics of undertaking this assessment will be discussed in the following

sections.

4.6.3 Flexural tests

The strength-based assessment could be undertaken in a variety of loading conditions,
i.e. tension, compression, or flexure. In this research programme it was decided to
employ a standard flexural test method, i.e. the four-point bend test. Two primary
reasons exist for this selection. The first concerns the RNLI in-service observations of
mid-panel deflection arising from wave slamming, and the second concerns the
previous RNLI research conducted by [Clark, 1997] who also examined the static and
fatigue of composite sandwich beams using 10-point flexural tests. By adopting a
similar test method, a direct comparison between the original fatigue life obtained by
[Clark, 1997] for undamaged beams could be compared with the fatigue life of repaired
beams containing impact induced damage. This approach will also yield the fatigue
performance for a sandwich beam representative of a structural panel experiencing mid-

span deflection through wave slamming.

The static flexural bending tests were conducted to the ASTM C393-62 (1989)
“Standard Test Method for Flexural Properties of Flat Sandwich Constructions” with

the loading points located at two quarter-span points. The test method permits the
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calculation of the sandwich beam flexural stiffness, the core shear strength and shear

modulus, or the facings compressive and tensile strengths.

The specimen dimensions evolved from the recommendations within the test standard
and were as follows; the total length of the specimens were 1800 mm, span length 1200
mm, width 200 mm, thickness of the foam core 100 mm and the thickness of the

laminate before repair 5.4 mm.

4.6.4 Impact tests

For the damaged assessment of the beams and the repaired beams, impact damage was
introduced by a purpose built impact-testing machine. A simple vertical drop weight
frame with the option to vary the impact energy by changing the drop height, the weight
of impactor, and the size of impactor was devised and used to conduct the low velocity
impact tests. The design was very similar to the rig used by [Mines et al, 1994]. The
frame was simple enough to design, allowing for the sandwich beam to fit underneath
the impactor and be tall enough to be supported by an existing steel frame housed in the
Civil Engineering Department of the University of Southampton. The design permitted
the sandwich beams to be moved in a longitudinal direction so that several separate
impacts could be dropped on the same beam but at different intervals along the length of

the beam.

The sandwich beams were placed directly onto the concrete floor. A steel plate with a
width of 50mm with chamfered 10mm edges and a length of 250mm (larger than the
width of the specimens) was attached to a free falling steel body (see Figure 4.4).

64



I
I
I
|
|
|
|
|
I
I
I
I
:
|
|
|
|
1
I
I
I
I
I
I
I
I
I
I

Beam restraining
clamns

Sandwich beam

Concrete floor

v
W/gxﬁ// 0

Figure 4.4: Schematic illustration of drop-weight impact testing rig

The impactor profile was selected to ensure that it did not penetrate the outer skin
laminate but rather to produce internal damage within the repair scheme and the tapered
interface, i.e. the impactor was selected to form barely visible impact damage. The total

impact mass could be varied from 10kg to 60kg in steps of Skg.

The impact energy was determined using the following equation from Gere and
Timoshenko [Gere and Timoshenko, 1993] for the determination of Kinetic Energy
(KE):

KE ==MV* 4.1)

where
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M is the mass, and

V is the velocity of the falling mass determined by:.

v =+2gh 4.2)

where

g is the acceleration of gravity (9.81 m/s?)

h is the height dropped by the mass

Drop heights up to 2m could be used thus varying the impact energy from 98] to 1170J.

The impact velocities were estimated assuming ideal free fall.

It was observed by [Mines et al, 1994] that drop weight impact tests could take two
forms, namely sub-critical and integrity studies. The authors noted that in the former,
the amount of energy due to impact is critical and so a single bounce test is required, i.e.
the tup is captured after impact. In the case of integrity studies, [Mines et al, 1994]
observed that a large range of impact energies tends to be studied and the post-critical
behaviour of the structure is of importance. Hence in this context, a multiple bounce test
could be accepted, if it is assumed that the majority of the damage occurs on the first
bounce. To determine whether the majority of the impact damage was generated within
the first impact event and not the subsequent rebound impacts a number of critical

points have to be considered.

Firstly the rebound height and number of impacts were recorded for the maximum
energy impact tests, i.e. 1270J (which equates to 64.7kg from 2m). In these experiments
it was observed that an initial 300mm to 400mm rebound height occurred for a mass of
64.7kg. A further two rebounds occurred before the mass came to rest upon the beam.
The damage site only indicated foam core crushing, laminate skin delamination and

matrix cracking but no fibre fracture or surface penetration.
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To gauge whether the first rebound has sufficient energy to introduce any additional
damage (in the already damaged structure), two points should be considered, namely (1)
the magnitude of the impact energy and whether this is greater than the threshold to
initiate damage, and (2) whether this energy level would be sufficient to propagate a

delamination in mode I1.

The new rebound impact energy was calculated to be 507J, i.e. 64.7kg from 400mm
assuming ideal free fall. This rebound energy maximum was compared to the threshold
energy required for damage initiation. In the impact experimental work in Chapter 5 it
was observed that an impact threshold energy of 635J existed for the pristine beams,
whilst an impact threshold energy of 780J existed at impact location 1 on the tapered
scarf repairs. Since both of these threshold energies are greater than the rebound energy
level it is believed that no further damage has been introduced after the initial impact

event.

The growth of delamination damage within a laminate skin of a sandwich structure is
governed by the mode II fracture toughness [Olsson, 2002]. After the initial impact
event a delamination has already propagate by mode II to a set distance related to the
magnitude of the energy. For the existing delamination damage to propagate under a
rebound event it must overcome the mode II fracture toughness initiation value. In
Chapter 5 it was observed that a Gy initiation threshold of 3311207 J/mm? for the
parent laminate, 3956+487 J/mm® for the repair laminate, and 3224+307 J/mm" for the
repair-parent interface was required to initiate delamination onset. This result indicates
that the rebound event requires over 3200 J/mm’ to initiate a crack at a new ply
interface under the impact location or to extend the existing delamination, which
coincidently is no longer directly below the impact site therefore requiring even more

energy to propagate it.

The two preceding paragraphs have shown the impact threshold energy and the mode II
fracture toughness required to initiate and propagate a crack is greater than the rebound
energy available in the system. Therefore, it is the author’s believe that the damage
observed post impact is only attributed to the initial impact energy and not influenced

by any rebound event.
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The impact locations were selected to coincide with the centreline of the ‘pristine’
sandwich beams. On the 20:1 tapered repair scheme the impact locations were selected
to coincide with the end of the overlaminate and the start of the scarf taper. The damage
to the sandwich beams was recorded by measurement of the indentation depth and

extent of damage width beyond the edge of the impactor.

A further investigation was undertaken using a stereoscopic photographic NDE
technique that can determine the strain lines occurring in the core material after an
impact event. This technique was first proposed by Sir Charles Wheatstone in 1938
[Wheatstone, 1999] where he described the theory of stereoscopic photography to the
Royal Society. When viewed through the stereoscope the impression of depth would be
recreated. The advantage of the arrangement was that one could cope with large
pictures, which is why the principle is still in use today when viewing Xray stereoscopic

pictures.

In the generation of contour maps, two photographs are taken of the same landscape
with a known separation distance. These photographs are then viewed in ‘stereo’ using
the equipment shown in Figure 4.5. Each photo is viewed by eye down each lens.
Although each eye is viewing a different photo, the brain overlays both pictures so that
a single picture is observed. This overlaid picture indicates the changes that have
occurred since the first and second photography. In the context of developing a map, the
brain identifies the changes by seeing raised or lowered contour regions of the picture.

The gradient of the raised and lowered areas show the severity of the landscape.
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Figure 4.5: Stereoscopic photographic NDE - experimental set-up with before and after
photographs of BVID in a tapered scarf repair scheme

In the context of these experiments, the stereoscopic photographic NDE technique was
used to assess the behaviour of the foam core after an impact event. The relative
movement of the reference grid or dots between the first and second photography
indicate the deformation of the core material. In the ‘overlaid’ picture distinctive raised
and lowered regions were observed. These regions show the areas that have relative
movement between the two photographs, the gradient of the raised and lowered areas

show the severity of the strain.

4.7 Fracture Mechanics Assessment
4.7.1 Introduction

The damage tolerance conclusions arising from the FMECA analysis identified four
critical locations where a delamination could potentially initiate failure of the repair

scheme. The locations identified where:
1. Parent laminate (medium to high risk)

2. Repair laminate (high risk)

3. Horizontal interface between the repair and the parent laminate (high risk)
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4. Tapered face between the repair and the parent laminate (high risk)

The four different locations identified within the FMECA have been illustrated in

Figure 4.6.
Impact Impact
location 2 location 1|
Repair-parent Repair
! .p p Parent
laminate laminate :
laminate

:l/

Figure 4.6: Schematic illustration of the four critical delaminate locations identified

within the FMECA assessment

Figure 4.6 provides a schematic illustration of the possible damage locations. In a real
marine sandwich structure when a repair is subjected to operational loading (bending,
rotation, compression, or wave slamming) the crack tip could experience pure mode I
crack propagation or pure mode II crack propagation, or any component between these
two extremes. Due to the uncertain nature of the load path it was decided to follow a
similar approach to [Olsson et al, 1996], who recommended that the application of
fracture mechanics to delaminations in fibre composites requires the characterisation of
the interlaminar toughness of angle ply interfaces in both pure and mixed mode

conditions.
4.7.2 Implementation method for Fracture Mechanics Assessment

The fracture mechanics assessment and the test methods employed in this research have

been defined in the test matrix illustrated in Table 4.5.
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Fracture mechanics test Test Method l::?::ﬁ::e lﬁ:x?::t-e Re?natierr-?az::reent
Pure mode DCB v v v
75% Mode 1/25% Mode I MMB v - -
50% Mode 1/ 50% Mode 11 MMB v v v
25% Mode 1/ 75% Mode II MMB v - -
Pure mode 11 ELS vy v v

Table 4.5: Fracture mechanics test matrix

At an earlier stage within the research project it was realised that trying to manufacture
fracture mechanics specimens representative of the tapered repair-parent interface was
not possible. A number of attempts were made to manufacture a 7Smm thick panel that
could be cut at 3° and 6° to produce the taper before a hand laid-up repair was applied to
the machined side. Apart from the difficulty of curing such a large composite block,
considerable problems were experienced in machining individual samples with the
correct taper angle. During these trials it was also noted that when an E-glass/Kevlar —

epoxy matrix ply is cut, significant Kevlar fibre brooming occurs at the cut face.

Whilst complicating the cutting process, the brooming aspect of the Kevlar fibres would
also provide some form of mechanical locking across the interface between the parent
laminate and the repair patch, in addition to the chemical bonding from the repair resin.
This additional toughening mechanism, plus the change in geometry affecting the
stress-field at the tapered interface, is likely to ensure that it’s toughness is greater than
the toughness of the horizontal interface between the repair and the parent laminate.
Providing this assumption holds, and the fracture toughness of the horizontal repair-
parent interface is superior to both the repair laminate and the parent laminate then
damage is unlikely to propagate at the tapered interface. This point will have to be

examined carefully within the fracture mechanics assessment.

71



4.7.3 Mode I fracture mechanics assessment

To undertake the pure mode I ratios, the double cantilever beam (DCB) test method was
employed. The interlaminar fracture of composite materials for mode I loading (see

Figure 4.7) can be determined by ASTM Standard D5528-94a.

¥

Figure 4.7: Mode I DCB test configuration

The typical DCB specimen as specified in ASTM standard D5528-94a is typically
150mm long, 25mm wide and 3mm thick. However, these dimensions were
recommended for typical aerospace laminates, i.e. thin, unidirectional carbon fibre
laminates manufactured by the autoclave-processing route. In reality, some deviation
away from these dimensions will be required for laminates with different stacking fibre

orientation and laminates manufactured by alternative processing routes.

The design of the fracture toughness specimens was complicated since three different
test methods were being considered. During the initial phase of the programme it was
decided to design the specimen so that it could meet the maximum width requirement of
the MMB test and have sufficient length to be used in all three tests. The specimen

dimensions are detailed in Figure 4.8.
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Figure 4.8: Fracture mechanics test specimen

Due to the quadriaxial fibre architecture, and the possibility that processing defects may
occur within the specimen’s cross-section, it was decided to use a specimen width of

35mm and a length of 250 mm.

The test laminates contained a symmetric stacking arrangement of eight plies. Between
the fourth and the fifth ply there was a nonadhesive insert that served as an initiation
site for the delamination. It was produced by placing a film at the panel mid-plane prior
to processing. The DCB specimens were cut from multidirectional panels with a

diamond impregnated saw blade.

The length of all the specimens was around 250 mm but the length of the inserted
nonadhesive film varied between the different materials. The specimens of both fibre
reinforced composite materials were about 35 mm in width. But their thickness differed.
The glass/kevlar/epoxy laminates were about 8.5 mm in thickness and the glass/epoxy
ones about 7.3 mm. The exact dimensions of the specimens are given in Appendix B.

For mode I static testing a total of 20 specimens were tested.
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The load was introduced through piano hinges. There is also the possibility of using end
blocks with a pin but the piano hinges were chosen because they were more convenient

for placing the specimen in the test machine (see Figure 4.9).

Figure 4.9: Location of piano hinges on DCB specimen

The piano hinges were bonded to the composite laminates with Araldite 2015 adhesive.
Prior to bonding the surface of the specimens and the surface of the hinges were sanded
and also cleaned with a volatile solvent. In addition, two screws were used on each side
of the specimen to join the hinges to the specimen. These helped to distribute the
applied load more uniformly by pre-stressing the specimen and the hinges. Mode I

testing was carried out on an Instron testing machine.

After measuring the dimensions of the laminates, the polished edge of each specimen
was coated with white correction fluid, which helped with the monitoring of the crack
propagation when the load was applied. From the inner end of the inserted film marks
were drawn at millimetre intervals for a distance of 10 mm and then at 5 mm intervals
for the next 40 mm. Before loading, the plates of the hinges had to be fixed into the

grips of the loading machine.

Load was then applied continuously at a displacement control rate of 2 mm per minute
until the crack reached the 10 mm mark. After this point the crosshead speed was
increased to 5 mm per minute. Figure 4.10 shows the testing set-up with the piano

hinges applying the load to the specimen.
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Figure 4.10: DCB loading arrangement

A chart recorder was used to draw the load versus displacement plot throughout the
entire testing until the delamination length reached the 50 mm mark. With the help of an
optical microscope the delamination length and, thus, the crack propagation were
investigated by recording the load and the displacement at each mark. At the end of the
test each specimen was loaded to complete failure. The mode I DCB tests were

performed at room temperature.

4.7.4 Mode II fracture mechanics assessment

The inclusion of the Mode II fracture toughness tests in this research programme stems
from the work of [Olsson, 2002]. In his work, the author stated that the development of
internal delamination within the outer skin of a composite sandwich structure is

controlled by the pure mode II performance of the laminate.

The pure mode II tests were undertaken by the end loaded split test (ELS), which
promotes stable crack growth within the composite specimen. The loading arrangement

is shown in Figure 4.11.

A total of 20 specimens have been investigated. The materials used were the same as in
mode I testing. The multi-directional stacked laminates contained a mid-plane non-
adhesive insert that served as an initiation site for the pre-cracking. The length of the

specimens was 250 mm, the width was 35 mm. The thickness varied between 7.2 mm
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for E-Glass and 8.5 mm for all Kevlar materials. An overview of the exact dimensions

of the specimens is given in Appendix A.

Figure 4.10: Loading configuration of the ELS test method

In this research, stable crack growth was needed to evaluate the influence of the fibre
architecture. To achieve this a specimen 35mm wide and 250mm long was used. The
tests were conducted to test standard ‘Mode II Determination Test: ELS — Specimen
(99-06-03)°. The standard details the determination of the delamination resistance of a
composite laminate. Stable delamination growth from a starter film or from a Mode I or
Mode II precrack can be monitored. Data reduction yields the critical energy release rate

Gi;c for initiation and propagation of a mode II delamination.

A mode I precrack 25 mm in length was introduced to the specimens to sharpen the
initial crack created by the insert film and to provide an initial crack length to beam
length ratio of at least 0.55 [Blackman, 2004], at which stable crack growth was
expected. Furthermore, mode 1I testing without precracking would lead to incorrectly
high values of Gy, at the end of the insert due to the resin-rich region [Wang ef al,

1995].

For mode II testing the same Instron machine was used as in mode I testing. In the ELS
test a double cantilever beam is loaded by a transverse force at the split end, while the
other end of the beam is clamped. This fixture has to be designed and manufactured to

permit movement in the horizontal direction.
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The load was applied through a roller 10 mm in diameter and a small roller 1.5 mm in
diameter was placed between the two arms of the Double Cantilever Beam to reduce

friction.

As for mode I testing one edge of the specimens was polished with sandpaper and
coated with white correction fluid. Then, the width and the thickness of all specimens
were measured at three positions along the length. The same points of measurement as

in mode I testing were used.

The mode I pre-crack, 25 mm in length, was created by mode I loading applied with the
help of hinges that were clamped to the grips of the apparatus (see Fig. 4.2). To ease the
procedure the hinges were only fixed to the beams by screws and not with adhesive.
While mode I loading was being carried out the exact end of the insert and finally, the
end of the pre-crack were marked. From there onwards marks were drawn each mm for
the first 5 mm and then each 2.5 mm for the next 25 mm giving a total mode II crack
length of 30 mm. The specimens were clamped 20 mm beyond the last mode II mark

(30 mm) as proposed by Corleto and Bradley [Corleto and Bradley, 1989].

The load was applied continuously under displacement control at a crosshead speed of 5
mm per minute until the delamination reached the 50 mm mark beyond the end of the
insert foil. The chart recorder recorded a load versus displacement plot throughout the
entire testing. With the help of a movable lamp delamination length and thus the crack
propagation was detected and recorded with the corresponding load at each mark. After
that all specimens were loaded in mode I to complete failure to be able to see the
cracked surface. The mode II End Loaded Split tests were performed at room

temperature.

4.7.5 Mixed-Mode fracture mechanics assessment

The decision to use a mixed mode bending test stems from two reasons; (1) the complex
nature of the composite structure and the operational loads may impart a mixed-mode
loading condition, and (2) the delamination damage within the composite repair will be
influenced by the repair geometry which will impart mixed-mode crack growth as the

delamination propagates along the tapered interface.
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The mixed mode bending (MMB) test method was selected in preference to alternative
methods because it is based upon the mode I DCB test (which permits continuity
between the two test methods) and it can undertake a range of mixed-mode testing ratios
with relatively simple adjustments to the test method (which permits standardisation

across the test method).

The MMB test method is defined with ASTM D6671-01 test standard and it describes
the determination of interlaminar fracture toughness, G., of composite materials at
various mode I to mode II loading ratios. The Mixed-Mode Bending test (MMB) is a
linear combination of two pure mode tests; the DCB (mode I) and the ENF (mode II).
The MMB uses a lever arrangement to introduce the pure mode I and mode II
components simultaneously into a conventional DCB test specimen. The test method is

shown in Figure 4.12.

Loading point

Test specimen

Support point

Figure 4.12: Test set-up for MMB

The lower surface of the specimen is attached by a hinge to the base of the rig and the
other end of the specimen rests on a roller a distance 2L from this hinge. The loading
lever is attached to the upper surface of the specimen via another hinge and rests on a
roller (the fulcrum) a distance ‘b’ from the upper hinge. During the test, a downward
load P is applied to the lever a distance ‘c’ from the fulcrum. This leads to the following

expressions for Gy and Gy [Kinloch et al, 1993].
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where Ej; is the axial stiffness, ‘a’ the crack length, ‘w’ and ‘h’ are the specimen width
and half-thickness respectively. y; and yi are the mode I and mode II end-rotation

corrections, given by the following expressions [Williams, 1989].

[Ex 5o L)
A= 11G,, {3 2(1+r” (43)

Xp =042y, (4.6)

where
E E
r=1.18 (1;1 = 4.7)
12

and E;; and Gy, are the transverse and shear moduli respectively.

The mixed-mode ratio is given by:

2
(l_c+b]_ ,
G, _4 2L a+yh 4.8)
3

/i
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Thus, by changing the value of ‘c’ (and keeping ‘L’ and ‘b’ constant) a spectrum of
mixed-mode loading ratios can be introduced by a single applied load, ranging from
pure mode II (G/Gy = 0) to approaching pure mode I (G/Gy — ). In this work,
mixed-mode ratios of 75% mode I with 25% mode II, 50% mode I with 50% mode 11,

and 25% mode I with 75% mode II were evaluated.

Prior to the commencement of the experiments considerable preparation of the each
sample was required. For example, after manufacture each specimen was labelled and
the dimensions measured using a digital vernier at three locations along the width and
thickness. The application of the hinges first required the cleaning of the surfaces to be
bonded with acetone, abrading and then cleaning again. The hinges were bonded to the
surface using an epoxy adhesive. After bonding, the hinges were inspected to ensure
they were not deformed and also aligned with the specimen edges. The specimen edges

were painted white and Imm intervals marked from the tip of the insert.

The MMB specimens were tested on a screw driven Instron test machine with a SkN
load cell. The load and displacement were measured using a data logger and the crack
length recorded at each Imm along the edge of the specimen. All specimens were pre-
cracked in Mode II to give a starter crack length of approximately 30mm. This was

undertaken to avoid crack blunting at the tip of the insert.

The MMB tests were undertaken by Qinetiq staff at Qinetiq Farnborough, Cody
Technology Park, Farnborough, Hampshire, UK.

In addition to understanding the fracture mechanics performance at the three different
repair locations, the fracture mechanics test results are also required to undertake the
impact damage threshold and impact damage propagation predictions identified in Table

2.6.

4.8 Repair Structural integrity assessment
The technical understanding and experimental findings arising from the Failure Mode

and Effects Criticality Analysis, from the Strength Based Assessment and the Damage
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Tolerance Assessment are all drawn together within the repair structural integrity

assessment.

The assessment is used to determine whether the structural repair is damage tolerant and

is based upon the following information:

1. Knowledge of the static and fatigue life performance of:
— Pristine sandwich beam
— 20:1 structural repair
— Damaged composite sandwich beams

2. Knowledge of the residual strength performance of:
— Damaged composite sandwich beams
— Damaged 20:1 structural repairs

3. Knowledge of the damage initiation threshold of:
— RNLI Ampreg 75/QEA1200 sandwich beams
— Structural defect repair of (1)

4. Knowledge of the fracture toughness properties of:
— Mode I, Mode IT and mix-mode of parent laminate
— Mode I, Mode II and mix-mode of the repair laminate
— Mode I, Mode II and mix-mode of the repair-parent interface

5. Knowledge of the damage propagation within:
— Parent laminate
— Repair laminate
— Repair-parent interface

The information detailed above will indicate whether the damage mode will influence
the strength performance of the repair, and indicate whether the fracture toughness of
the repair is sufficient to match or exceed the performance of the parent laminate

thereby indicating that the repair is damage tolerant.

4.9  Concluding Remarks
The purpose of this chapter has been to provide the background information concerning
each of the critical steps within Figure 3.1. Furthermore it has been shown how this

methodology will be implemented within this research project to determine whether a
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scarf tapered structural repair used within composite sandwich structures (representative
of the RNLI all-weather class of lifeboat) is damage tolerant to non-penetrating impact

damage.
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5 FRACTURE MECHANICS ASSESSMENT OF SKIN LAMINATES

5.1  Introduction

In Chapter 3, the design methodology behind the damage tolerance assessment of
repaired composite sandwich structures was defined previously, for clarification see
Figure 3.1. In support of this methodology, Chapter 4 provides detailed information
about the tools and test methods required to implement this approach. There are three
critical elements within this methodology, namely the Fracture Mechanics Assessment,
the Strength Based Assessment, and the Repair Structural Integrity Assessment. In this
chapter, the Fracture Mechanics Assessment comprised of (1) Impact Damage
Tolerance of Sandwich Beams and (2) Fracture and Crack Growth in the Outer Skin of

Sandwich Beams, will be discussed.

5.2  Assessment of Tolerance to Impact Damage

5.2.1 Introduction

The aim here is to characterise the influence of impact damage on a 20:1 tapered scarf
repair to a composite sandwich panel. In the FMECA (Chapter 4, section 4.5) two
critical impact locations on a tapered scarf repair were identified, i.e. at the start of the
scarf taper and at the end of the overlaminate plies, to understand how repair geometry

could arrest or accelerate the damage failure modes.

5.2.2 Impact damage tolerance of ‘Pristine’ beams

To provide a baseline comparison for the 20:1 tapered scarf repairs a series of impact
experiments were undertaken on pristine sandwich beams. This investigation used
different damage measurements (indentation depth and crack length), coupled with
viewing the damage site by the stereoscopic photographic NDE technique. Further
microscopy investigations were used to understand the precise nature of the damage
mechanisms within the sandwich beam. The experimental results for the impact damage
on the sandwich beams for the 1m-drop height and 2m-drop height impacts are given in

Tables 5.1 and 5.2 respectively.

The impact energy is calculated by equations (4.1) and (4.2) in Chapter 4 and assumes
ideal free fall.
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Impact Impact | Side 1 {mm] | Side 2 [mm] | Av. Av. dzrzt:g]e

Weight | Energy Left | Righ Stdev

kgl | [1 | Left |Right| Left | Right |[mm]| [mm] [ra;;az]
1.1 | Ampreg75 | 14.7 145 0 0 0 0 0 0 0 0
1.2 | Ampreg75 19.7 194 0 0 0 0 0 0 0 0
1.3 | Ampreg75 | 24.7 243 0 0 0 0 0 0 0 0
14 | Ampreg75 | 29.7 292 0 0 0 0 0 0 0 0
1.5 | Ampreg7S | 34.7 341 0 0 0 0 0 0 0 0
1.6 | Ampreg75 | 39.7 390 0 0 0 0 0 0 0 0
1.7 | Ampreg75 | 44.7 439 0 0 0 0 0 0 0 0
1.8 | Ampreg75 | 49.7 488 0 0 0 0 0 0 0 0
1.9 | Ampreg75 | 54.7 537 0 0 0 0 0 0 0 0
1.10 | Ampreg75 | 59.7 586 0 0 0 0 0 0 0 0
1.11 | Ampreg75 | 64.7 635 | 25 | 15 2 2.5 2.3 2.0 850 400
1.12 | Ampreg75 | 64.7 635 4 45 6 4 5.0 4.3 1850 400

Table 5.1: I-meter drop height impact tests and corresponding damage characteristics

for E-glass/Kevlar composite and PVC foam core sandwich beams

Impact | Impact Side 1 [mm] | Side 2 {[mm] Av. | Av. dTotaI
Weight | Energy . . Left |Right aMage | gidev
[kel 7] Left |Right| Left | Right [mm] | [mm] [::;%]
2.1 | Ampreg75 14.7 289 0 0 0 0 0 0 0 0
2.2 | Ampreg75 19.7 387 0 0 0 0 0 0 0 0
23 | Ampreg75 24.7 485 0 0 0 0 0 0 0 0
24 | Ampreg75 29.7 583 0 0 0 0 0 0 0 0
2.6 | Ampreg75s 347 635 1251 0 7.5 0 10 0 2000 400
2.7 | Ampreg?5 39.7 780 0 23 0 23 0 23 4600 400
2.8 | Ampreg75 44.7 878 8 5 19 | 23 14 14 5500 400
2.9 | Ampreg75 49.7 976 19 | 22 18 27 18 24 8450 400
2.10 | Ampreg75 54.7 1074 27 31 23 29 25 30 11000 | 400
2.11 | Ampreg75 59.7 1172 35 | 30 | 27 15 31 23 10700 400
2.13 | Ampreg75 64.7 1270 27 | 29 34 | 30 {305 30 12000 400
2.14 | Ampreg75 64.7 1270 27 | 26 | 255 30 (2625 28 10850 | 400
2.15 | Ampreg75 64.7 1270 24 | 26 | 35 325295 29 11750 400

Table 5.2: 2-meter drop height impact tests and corresponding damage characteristics

for E-glass/Keviar composite and PVC foam core sandwich beams
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The two tables report the damage crack length in four locations, i.e. two sets of
measurements taken on the left hand side and on the right hand side of the indented
profile on the two external edges of the sandwich beam when viewed by the naked eye.
Figure 5.1 illustrates the range of different damage mechanisms sustained by the outer
laminate and foam core. Furthermore, Figure 5.1 indicates the definition for crack
length left and crack length right on side 1. To maintain damage length continuity, the
definition of left and right remain the same across the width of the sandwich beam even

when the damage is viewed on side 2.

Crack length - left Crack length - right
Outer surface
laminate

> PVC foam
Skin to core (2) o core layer - 1

adhesive layer

-
Foam to foam / 4) PVC foam

adhesive layer core layer - 2

Figure 5.1: Impact damage contained within sandwich beam when viewed in cross-

section on side 1.

The primary failure modes observed during this impact study, in order of occurrence
was surface indentation (see point 1), followed by adhesive cracking (see point 2),
followed by delamination formation (see point 3), and finally at the maximum impact
energy vertical cracks occurred in the PVC foam core (see point 4). A full summary of
the different energy levels to cause the different failure modes is given in Tables 5.3 and

5.4.

The impact velocity and energy was estimated from Equations (4.1) and (4.2).
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Impact | Impaet | Impact Max
Impact Mass Energy | Velocity | Indentation Damage Description
(kg) Q)] (ms™) (mm)
L1 14.73 145 4.43 0.00 No real damage, white lines from impactor edges
1.2 19.73 194 4.43 0.00 No real damage, white lines from impactor edges
1.3 24.73 243 4.43 0.64 No real damage, white lines from impactor edges
14 29.73 292 4.43 0.69 No real damage, white lines from impactor edges
1.5 34.73 341 4.43 0.73 No real damage, white lines from impactor edges
1.6 39.73 390 4.43 0.83 No real damage, white lines from impactor edges
1.7 44.73 439 4.43 0.94 No real damage, white lines from impactor edges
1.8 49.73 488 4.43 1.36 Starting to indent the surface of the beam
1.9 54.73 537 4.43 1.71 Larger indentation of the surface and slight core
crushing below one of the impact edges
1.10 59.73 586 4.43 1.38 A greater indentation to [.9 and the core moving as a
section downwards below the impact area
L1l 64.73 635 443 1.65 An increase on the damage seen in 1.10
1.12 64.73 635 443 3.05 A slight indentation on the surface, no real damage

apart from white lines from impactor edges

Table 5.3: Overview of failure modes for impact events conducted at 1-meter height
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Impact | Impact | Impact Max
Impact Mass Energy | Velocity | Indentation Damage Description
(kg) @ (ms™) (mm)

2.1 14.73 289 6.26 0.53 A slight indentation on the surface, no real damage
apart from white lines from impactor edges

2.2 19.73 387 6.26 0.57 A slight indentation on the surface, no real damage
apart from white lines from impactor edges

23 24.73 485 6.26 0.51 A slight indentation on the surface, no real damage
apart from white lines from impactor edges

24 29.73 583 6.26 0.64 Greater indentation, slight adhesive cracking below
impactor edges

2.5 34.73 681 6.26 2.16 Increase in indentation to previous beam, similar
damage sustained

2.6 39.73 780 6.26 1.24 Increase in indentation to previous beam, similar
damage sustained

2.7 44.73 878 6.26 2.39 Increase in indentation to previous beam, similar
damage sustained

28 49.73 976 6.26 3.17 Larger indentation. Adhesive cracks below impactor
edges, mid-plane delamination

2.9 54.73 1074 6.26 3.99 Increase in indentation to previous beam, similar
damage sustained

2.10 59.73 1172 6.26 3.73 Increase in indentation to previous beam, similar
damage sustained

2.11 64.73 1270 6.26 4.01 Increase in indentation to previous beam, similar
damage sustained
Adhesive cracks below each impactor edge. Core

2.13 64.73 1270 6.26 4.25 cracking below LHS impactor edge starting from first
adhesive layer within the core. Mid-plane
delamination
Adhesive cracking below the impactor edges again. A

2.14 64.73 1270 6.26 4.23 core crack of greater magnitude than in 2.13, starting
from the first adhesive layer within the core and
situated in the middle of the impact

2.15 64.73 1270 6.26 4.69 The same damage as in 2.14 with a comparable crack
in the first adhesive layer within the core

2.16 64.73 1270 6.26 451 The same damage as in 2.15 but without the adhesive

crack within the core

Table 5.4: Overview of failure modes for impact events conducted at 2-meter height

In virtually all the impact tests discolouration of the matrix and a surface indentation

was apparent. At the initial impact energies from the 1 metre drop height there was no

visible damage other than the marks left by the impactor edges. However, once a mass

of 10kg was added to the impact carriage, indentation became visible on the surface of

the sandwich structure. The relationship between dent depth and impact energy is

presented in Figure 5.2.
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Figure 5.2: Relationship between residual indentation depth and impact energy for a

range of impact energies

In Figure 5.2 the dent depth was measured at four locations across the width of the
beam and averaged to give the final measurement. The figure clearly illustrates that
dents in the outer skin are clear indications of damage (this point is confirmed later in

Figure 5.3).

At the point where permanent indentation occurred in the laminate, a corresponding
delamination within the laminate was observed when viewing the edge of the
specimens. The relationship between the dent depth and the damage area has been

presented in Figure 5.3.
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Figure 5.3: Relationship between damage area and dent depth for a range of impacts

energies

Although larger dents generally correspond to a larger delamination size (as indicated in
Figure 5.3) there is no direct correlation between dent depth and delamination size for

different impact velocities for this impactor size and shape.

The extent of internal delamination area as a function of impact energy is presented in

Figure 5.4.
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Figure 5.4: Relationship between delamination area and impact energy

The result in Figure 5.4 indicates that once a critical energy of 635J) is reached,
regardless of the impact velocity, there is rapid onset of delamination damage. There is
also a suggestion that the delamination growth seems to be increasingly restrained,
which is probably due to the energy being consumed by the formation of an increasing
number of delaminations. This effect was observed at the higher energy levels where
delaminations occurred at 3 or 4 discrete layers as opposed to one principal failure
interface. Even at these energy levels no fibre fracture or skin penetration had occurred
(which is probably due to the nature of the impactor chosen), but when they do start to

occur they will effectively restrain any further delamination growth.

To confirm the precise location of the delamination within the lay-up, a section was
removed from the beam and prepared for visual examination using a microscope. Figure

5.5 illustrates the delamination formation through the full thickness of the outer skin,
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the figure shows a cross-section of the composite outer skin of a composite beam

subjected to a 1270J impact.

Laminate lay-up

Impact location and stacking
l sequence

Glass fibres

RE210 - WR
Kevlar fibres
-45
90
Secondary
delamination
+45
0
-45
Primary
delamination 90
+45
Voids in the
0
0
+45
Void in the
foam core )
45
Adhesive

PVC foam core

bondline with
PVC core

Figure 5.5: Damage formation in glass/Kevlar outer skin after a 1270J impact to a

composite sandwich beam.

The impact occurred at the top of the figure, and the foam core which supports the outer

skin is bonded below the bottom of the figure. The precise orientation of the individual
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layers within the quadriaxial lay-up were determined from resin burn-off tests, which
aided in determining the location of the principal damage mechanism. The fibre
stacking sequence is indicated in the vertical column on the right-hand side of Figure
5.5. The dominant failure mode was observed to be delamination propagation midway
through the stacking sequence at the 90°/+45° interface. Minor delaminations propagate
from this major source damage and run parallel to the 0° interface. Secondary
delamination failure mechanisms are also observed within the first +45° ply. Again
these delaminations extend towards the 0° ply but do not pass through it. From these
observations it appears that the 90°/+45° interface is the most susceptible to the

formation of impact damage within this stacking sequence.

Whilst the damage formation within the composite outer skin can clearly be identified
from microscopic examination, the damage failure mode within the PVC foam core is
less clearly defined. Initially it was anticipated that a cavity in the core would be formed
directly under the impact site, a phenomenon previously reported in the work by

[Shipsha, 2001].

To characterise the damage within the foam core a series of optical examinations in
conjunction with the stereoscopic photographic NDE technique were taken before and
after the impact event. The stereoscopic photographic technique uses a reference grid
system or random dots which when viewed using a stereomicroscope highlights the
displacement difference between the first and second photo. Although this technique is
unable to provide any physical data, it does provide some insight into how the core

material is responding to an impact event.

The optical examination of the indented core material revealed some vertical cracking
(typically 2mm in size) within the first adhesive bondline between the first and second
25mm thick foam core sections. It did not reveal a core cavity. In support of the optical
observations, the sterography technique highlighted the influence of the adhesive
bondline between the first and second layer of the PVC foam core. It showed that the
deformation of the core material due to a 1270J impact was confined to the first 25mm.

No strain line deformation was observed beyond this for the virgin beams. A typical
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sterography representation of the deformation profile within a virgin beam subjected to

1270J impact is given in Figure 5.6.

Adhesive bondline 25mm
down from outer skin

- ‘Outermost . : Adhesive bondline 50mm
* Strain Line, down from outer skin

Figure 5.6: Strain line formation in PVC foam viewed by the stereoscopic photographic
NDE technique

The two strain contours in Figure 5.6 provide some insight into the extent of the
deformation experienced by the core material during the low velocity impact test. The

methods of damage formation within the core will now be discussed.

At the moment the impactor strikes the surface a zone of crushed and compacted core
occurs underneath the point of impact. Initial, the outermost individual cells start to
crush. The plastic deformation of the core under compression is caused by cell-wall
collapse due to cell wall buckling, cell wall breaking, and the formation of plastic
hinges [Shipsha, 2001]. As the first cell starts to crush all plastic deformation is
concentrated within this cell. Once the local compressive strain within this cell reaches
the densification strain (gy, ~ 70%) [Shipsha, 2001], the next connecting cell in the
system starts to crush. This domino effect contains until the impact energy has been
absorbed in the destruction of the foam core (the extent of the crushed and compacted

core is indicated by the outermost strain line in Figure 5.6).

The elastic energy now stored within the indented skin laminate tries to return the skin
to its original straightened position. However, the core material under the impacted
region has now been permanently crushed and it is the crushed core that resists the skin

laminate from popping back out, i.e. since the core and skin are still connect (bonded) to
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one another, a tensile force exists across this interface will results in the skin exhibiting
a dented profile post impact test. A final observation in Figure 5.6 concerns the
influence of the adhesive bondline between the first and second foam core upon the
crushed core zone. The stereoscopic photographic NDE investigation clearly indicated
that no relative displacement of the core material occurred below the adhesive. It
appears that the adhesive is providing an internal membrane that the first core block is

being crushed against.

5.2.3 Impact damage tolerance of structural repairs

The experimental procedures used for the impact testing of the pristine beams were
applied to the beams containing the structural repairs. Impact tests were undertaken at
impact energy levels from 485] in steps of approximately 100J up to 1172J to evaluate
the performance of the repair. As detailed in Chapter 4, ‘Methodology Implementation’,
the range and the impact increments were determined by the testing approach and the

mass size steps.

The impact investigation on the tapered scarf repair was based upon the findings of the
FMECA given in Chapter 4. Table 4.5 details the critical hazards identified within the
Criticality Analysis of the FMECA. The results from Table 4.5 are summarised below:

3. High risk
- Impact damage to the tapered interface between the repair plies and parent
- Impact damage to the horizontal interface between the repair plies and parent
- Impact damage to the repair laminate
4. Medium to high risk
- Impact damage to the parent laminate

- Fatigue and fracture at or near the internal edge of repair taper

This result indicates that damage contained within the tapered interface or the horizontal
interface of the repair, or the repair material itself has the greatest risk of causing failure
to the repaired structure. Since any impact damage to the tapered interface or the

horizontal interface is likely to induce damage to the repair laminate as well, it has been
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decided to concentrate upon the two locations identified in Figure 4.5 to ascertain

whether they are more or less damage tolerant than the pristine beams.

In these experiments only the delamination length was recorded and not the dent depth,
unlike the impact investigation on the pristine beams. In the case of the pristine beams,
the dent depth was easily obtained from a datum line bridging the impact site. However,
in the case of the repair schemes, processing variability of bondline thickness,
overlaminate step length and thickness and general increased thickness of repair
material at the end of the tapered scarf (see Figures 4.5 and 5.8) presented considerable
problems in obtaining a datum line that could be used for dent depth investigations. An
additional problem concerns the vertical adhesive bondline and how it could influence
the extent of the dent depth if the impactor was not correctly aligned over the exact
same position on each beam. The extent of specimen variation and testing variation

could significantly mask any similar trends observed in the pristine beams.

The delamination damage area versus impact energy for impact location 1 (on the
tapered scarf profile) and impact location 2 (at the end of the over-laminate) is presented

in Figure 5.7.
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Figure 5.7: Delamination crack area at the commencement of the scarf repair taper and

at the end of the scarf repair over-laminate for a range of impact energies

In Figure 5.7 the energy to initiate delamination damage in the repair when impacted on
the taper scarf was found to be 780J. At this location the delamination damage was
observed at the repair-parent interface and within the repair laminate above the foam
core replacement. This corresponds to the same threshold energy to initiate
delamination damage in the original sandwich beams at 6.3 m/s. Conversely, Figure 5.7
indicates that a lower energy is required to initiate damage at the end of the taper scarf
over-laminate, typically 580J. At this location the damage initiated within the parent
laminate directly underneath the increased thickness section of parent laminate and
repair laminate, i.e. at the end of the scarf taper. The damage remains within the parent
laminate until the energy level reaches 975J when damage is observed to occur at the

end of the overlaminate plies between the parent and repair interface. Figure 5.8 has
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been included to illustrate the sequence of damage formation at impact location (1) and

impact location (2) when subjected to varying impact energies.

IMPACT LOCATION (1) IMPACT LOCATION (2)

580 J at repair impact location 1 5801J at repair impact location 2

v iy

7801 at repair impact location 1 780J at repair impact location 2

v vy

976J at repair impact location 1 9761J at repair impact location 2

v vy

1172] at repair impact location 1 1172] at repair impact location 2

v vy

Figure 5.8: Damage formation at impact location (1) and impact location (2) in the 3 °

scarf taper repair for a range of impact energies
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After the impact tests each sample was viewed under a microscope with 10x
magnification. This approach permitted the characterisation of the various crack lengths
occurring at each ply interface. In the tapered scarf repair on the outer skin, 6 individual
plies are used to restore the structural efficiency of the original 4-ply outer skin
laminate, i.e. in the tapered scarf repair 5 possible ply failure interfaces exist. The
individual ply interfaces within the parent laminate (P1 to P3) and within the repair

laminate (R1 to R5) have been illustrated in Figure 5.9.

Repair plies

P, P, P;

*¢¢

Outer skin laminate with taper scarf

Figure 5.9: Schematic illustration of individual ply interfaces within a tapered scarf

repair

The individual crack lengths at each of these interfaces have been detailed in Table 5.5

for impact location (1) and Table 5.6 for impact location (2).

98



66

Impact location (1): damage size measurements through the thickness of the laminate

fmpact Foa.m core Foa'm core thal ' Max delam lf:ngth Max delam l'ength Average de_lam length
side 1 side 2 delamination | foam core side 1 | foam core side 2 | between side 1 & 2
enerey T2 TR length [mm] [mm] [mm] [mm]
1 |Ry Ry Ry JRs { Ry | Ry [ Ry | Ry | Ry
580 O(0[O0!0|0|0([0;0]|]O0][OC 0 0 0 0
780 0|7 1411643 0| 0| 0 |12}39 131 43 39 41
976 0 (15(230 (0 [10]5{19]0(0 72 23 19 21
1172 00161227 | 0| 00 |24]|15 84 22 24 23
1270 ojol1]23/10f0]o0]10]15]25 93 23 25 24
Impact Ta;?er end TaI?er end Total delam | Max delam length | Max delam length| Average delam length
energy (1) side 1 side 2 lengths Taper | Taperend side 1 | Taperendside2 | between side 1 & 2
PP, | Ps[Rs|Rs| P, [ P] Ps|Rs|Ry end [mm] [mm] [mm)] [mm]
580 0O/0}J0j]0}0]0]0]0}jO0O]O0 0 0 0 0
780 o000 0|0]|O|[Of[O0O]O 0 0 0 0
976 4 1101370 |0 111413516 0 127 37 35 36
1172 2 (30|48 0 | 0|5 [17|27|42]24 195 48 42 45
1270 011060 0| 01}20{20i8 1} 0| 0 190 60 80 70
Impact Total damage width | Total damage | Stdev
energy (J) (start + end) area (mm~2) | (mm)
580 0 0 400
780 4] 8200 400
976 57 11400 400
1172 68 13600 400
1270 94 18800 400

Table 5.5: Impact location (1): damage length measurements and total damage size for different impact energies




001

Impact location (2): damage size measurements through the thickness of the laminate

Start of overlaminate

Start of overlaminate

Impact Total Max delam length | Max delam length| Average delam length
energy ) side 1 side 2 delamination | foam core side 1 | foam core side 2 | between side 1 & 2
P[P, [Ps|Rs|Rs|P, |P,| P R |R, length [mm] [mm] [mm] [mm]
580 38loflofoflolojoltojlojo 0 38 0 19
780 6 (161241 00|30 0| 0[O0} 0 76 24 30 27
976 38/ 0]0}0]0|14]32|33(18]0 97 38 33 355
1172 |34 (39|39} 0| 0 |20{22|32(18( 0 204 39 32 355
fmpact End of overlaminate End of overlaminate Total Max delam length | Max delam length| Average delam length
enter;gy a) side 1 Side 2 delamination | Taperendside 1 | Taperendside2 | betweenside 1 & 2
PP PR IR |P [P |P[R [R, length [mm] [mm] [mm] [mm]
580 ojojo6jo0jofojolololoO 0 0 0 0
780 12271610 [0 [0 [3410610]0 0 27 34 305
976 6129122100 |9 |35{0(0]0 101 29 35 32
1172 13(20/0}0|5 |26]0([0]|0O0 72 34 26 30
Impact Total damage width | Total damage | Stdev
energy (J) (start + end) area (mm~2) | (mm)
580 19 3800 400
780 57.5 11500 400
976 67.5 13500 400
1172 65.5 13100 400

Table 5.6: Impact location (2): damage length measurements and total damage size for different impact energies




As the impact energy increases a number of trends become apparent for each location.
Firstly, impact location 1 will be discussed, i.e. the impact to the scarf taper. Once
above a threshold energy of 780J damage formation initiated at the vertical adhesive
interface between the replacement core and the original foam core. At the same energy
level, damage formation occurred at the tapered scarf repair interface. No damage was
observed within the parent laminate. At the higher energy levels damage was observed
to occur on either side of the flat-nosed impactor with the initiation of damage at the
tapered interface and within the parent laminate. The damage did not appear to initiate

within the repair laminate within this impact energy range.

To understand the fracture mode along the tapered interface a failure investigation using
a scanning electron microscopy (SEM) was undertaken. A typical 3° scarf taper repair
was subjected to two 1200J impacts along the length of the taper. The repeated impacts
and their close proximity to each other ensured that a delamination extend along the full
length of the beam. The failed repair patch was then extracted from the beam and the
failed interface was examined using the SEM. The SEM investigation revealed that
mode II fracture occurred directly under and in the immediate vicinity of the impact
event. This was determined by an examination of the resin failure morphology. A
typical mode I failure morphology would exhibit a clean smooth cleavage of the resin
from the fibres. This was not observed on the sample. In comparison, the sample
contained considerable surface debris, indications of fibre bridging (which was also
observed optically) with resin shear cusps in between the individual fibres. Two SEM
photographs have been included in Figure 5.10 for clarity. This first photograph shows
considerable fibre pullout and surface damage to the composite repair. Closer
examination between the damaged fibres shows smaller resin cusps standing up from
the surface and being aligned towards the top left of the photograph. The second
photograph is taken on the resin rich surface of the parent laminate. The rough surface
with resin cusps is once again typical of a mode II fracture. This result would confirm
the findings of [Olsson, 2002] that fracture initiation of delamination damage in the face

sheet of a sandwich beam is based on pure mode II.
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(b)

Mode II failure
cusps observed
in the resin
located between
individual fibres

Figure 5.10: SEM photographs taken of the failed scarf repair (a) patch and (b) parent

laminate surface
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At impact location (2), the overlaminate impact location, the energy to initiate
delamination damage within the parent laminate was observed to be 580J. At 780J the
delamination damage was observed to occur within the parent laminate below the
tapered section of the repair scheme and beyond the end of repair scheme. As the impact
energy increased more damage was observed to occur at new ply interfaces within the
parent laminate. Finally, at impact energies above 976J a crack was observed to occur
between the final overlaminate ply and the parent laminate, i.e. the tensile stresses
generated at the interface between the repair and the parent laminate were greater than
the tensile strength of the Ampreg 26 laminating resin. If the impact induced debond did
occur at a location where the environment could open the edge of the repair then it is
possible that local failure of the patch could result in global failure of the

panel/structure.

In an effort to understand the response of the replacement foam core to the 1270J
impact a number of samples were examined with the stereoscopic photographic NDE
technique. The strain line formation observed in the structural repair scheme subjected
to a 1270J impact on the 20:1 scarf taper was similar to the ‘pristine’ beams (see Figure

5.11). The formation of these contour lines has been previously discussed but what

effect this would have on the performance of the structure is uncertain.

Figure 5.11: Strain line formation in PVC foam in pristine and repaired beams viewed

by the stereoscopic photographic NDE technique

The stereoscopic photographic NDE technique suggested that there is an apparent high
displacement plateau existing directly under impact location (1). As in the ‘pristine’
beams, a secondary displacement plateau existed but its profile was distorted due to the
existence of the 25mm wide replacement PVC plug and the vertical adhesive bondline.
It appears that the vertical adhesive bondline has significantly influenced the

densification of the foam core.
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The secondary displacement plateau also extended beyond the adhesive bondline
between the first and second layer of PVC foam core although no damage was observed
within the horizontal adhesive bondline. The movement of the core densification across

the bondline was not observed within the pristine beams.

Finally, in the pristine beams a surface dent was readily apparent due to the tensile
forces generated between the crushed core and the skin, i.e. the densification of the core
resisted the ‘spring-back’ of the laminate skin. In the case of the tapered scarf repair no
surface indentation value was recorded due to experimental difficulty (previous
discussed). Whether the laminate skin would be indented to the same extent as the
pristine skin is uncertain. Firstly the stereoscopic examination of the densification of the
core material indicates that the core is compressed in a more localised region than for
the corresponding impact energy on the pristine beams. This appears to be due to the
vertical adhesive bondline. Secondly, the repair scheme has almost double the amount
of laminate material compared to the pristine beams. This stiffer skin would protect the
underlying core material from the impact event and it would have sufficient stiffness to
overcome the tensile force of the compressed core and hence ‘spring-back’ to its
starting position. This appears likely from the experimental evidence generated within
this thesis however some uncertainties remain that could influence the magnitude of the
spring-back, namely the destruction of the vertical adhesive bondline and the formation

of delamination damage along the tapered interface.

5.2.4 Discussion of impact damage tolerance characteristics: pristine versus repair

Section 5.2 has evaluated the damage tolerance performance of ‘pristine’ and the
tapered scarf repairs to BVID formed by a blunt-nosed impactor at different energy
levels. Throughout this investigation a number of experimental observations were made
about the damage threshold and the nature of the damage. These observations will now

be discussed.

Whilst the same energy levels were used during these impact tests it became clear very
early that understanding the precise failure mechanisms for each of the two repair
locations was going to be very difficult. Besides the variables associated with the

sandwich beams (laminate lay-up, laminate consolidation, adhesive bondline thickness
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between skin and core), and the impactor (horizontal and vertical misalignment at the
point of impact), there were also variables associated with the repair scheme (such as
bondline thickness and replacement core width, taper angle and ply orientation).
Finally, aligning the impactor to strike directly over a specific point required

considerable precision and patience.

Although a vast number of possible variables could influence the experimental result,
clear trends between repaired and pristine beams were observed. Figure 5.12 provides a
comparison of the delamination width as a function of impact energy for the ‘pristine’

beams and the two impact locations on the structural repair.
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Figure 5.12: Relationship between average delamination area and impact energy for 3 °

tapered scarf repair and pristine beams.
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In the context of these experiments (i.e. a flat nosed impactor S0mm wide) it was
observed that the structural damage to the foam core was contained within the first
25mm, i.e. the adhesive bondline between the first and second foam core layer
restrained any further crushing of the core. This was observed for both the ‘pristine” and
repaired beams. It was also observed that no interfacial separation between the outer
skin and the foam core was observed in any of the tests. This experimental observation
confirms the operational findings reported in Table 2.2 and the probability and severity

ratings employed in Table 4.4.

In terms of a damage tolerance assessment it has been observed that a composite
sandwich beam containing a 3° scarf taper repair is less damage tolerant to a 50mm
wide flat-nosed impactor than the original laminate. The results illustrate that the
threshold energy to initiate failure along the scarf taper is comparable with the ‘pristine’
beam in both cases. However, the damage area measurements revealed that the
magnitude of the damage between the un-repaired and repaired beams is comparable at
the end of the overlaminate impact location, whilst the damage area is almost doubled at

the tapered scarf impact location (see Figure 5.12).

At the tapered scarf impact location, it appears that the bonded replacement core has
considerable influence upon the way the damage manifests itself, i.e. the vertical
column of adhesive disintegrates under the impact load thereby prompting a rapid
increase of damage at the leading edge of the scarf taper repair (see Figure 5.13).
Whether a concentration of damage at this location will drastically reduce the residual

strength of the structure requires evaluation.
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Figure 5.13: 1172J impact on the scarf taper interface of a tapered scarf structural

repair

In the impact tests on the overlaminate, the outside edge of the impactor was aligned
with the outside edge of the last overlaminate ply, i.e. the impact event was confined to
the repair and not onto the parent laminate. It was therefore expected that the damage
mechanisms would be biased towards to the repair overlaminate/parent laminate
interface (where there are more ply interfaces and hence possible failure locations), with
moderate damage occurring within the pristine laminate. This assumption did seem to

be the valid for the majority of the impact damage observed at this impact location.

The threshold energy to introduce failure at the end of the overlaminate was lower than
the threshold energy value for the ‘pristine’ beam and at impact location 1 on the
repaired beams. The precise reason why the damage should initiate at a lower threshold
is uncertain. The impact energy initially causes damage to start in the parent laminate
underneath the repair scheme. As the impact energy increases the damage also starts to
form at the leading edge of the repair resulting in the repair ‘peeling’ away from the
original parent laminate. To highlight the location of the damage Figure 5.14 has been

included for clarity.
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Figure 5.14: Representative 1172J impact on the overlaminate of tapered scarf repair

structural repair.

This is quite a critical and important observation since the design rules for bonded joints
proposed by Hart-Smith [Hart-Smith, 1973a] aim to reduce the tensile transverse
stresses in the adhesive and the shear stress concentrations at the ends of the joint to
maximise the durability of the repair scheme. However, if an impact energy threshold
exists for the initiation of a ‘peel’ crack at the repair edge then the current repair design
for the minimisation of peel stresses is inappropriate for repairs in regions of high
impact probability. This research suggests that regardless of overlap length an impact
event may be sufficient to overcome the tensile transverse stresses of the repair resin
and cause failure of the patch/parent laminate interface. An alternatively approach must

be considered.
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5.3  Fracture and Crack Growth Assessment

5.3.1 Introduction

The purpose of this section is to present the results from the pure mode I (double
cantilever beam), the pure mode II (end-loaded split) and the mixed-mode (mixed-mode
bending) fracture mechanics tests. The results from these tests will be used to determine
the energy required to propagate a crack within the three critical locations of a structural
repair scheme (these are defined in Figure 4.6 and Table 4.6). The fracture mechanics
results can then be directly compared with the experimental impact damage
observations from section 5.2 to yield a better understanding of why the damage

occurred within the different ply interfaces.

The fracture mechanics tests undertaken in Mode I, Mode II and at varying mixed-mode
ratios on the parent laminate, the repair laminate and the repair-parent interface will
now be presented. A full summary of the experimental data, the mode of failure, the
load-displacement plots and the energy release rate versus crack length plots, for each of

the testing configurations and different material combination, is given Appendix B.

5.3.2 Mode I fracture mechanics assessment

To obtain Mode I fracture toughness or critical strain energy release rate (Gyc) of the
different specimens a double cantilever beam specimen (DCB) was assessed using
ASTM Standard D5528-94a. The modified beam theory has been used to calculate the

mode I fracture toughness. The theory is given below:

3-P-6

ic :m .

This approach uses a correction factor A is added to the initial crack length ‘a’ thereby
including stiffening effects, crack-tip rotation and large displacements [Hashemi er al.
1989] which simple beam theory neglects. The correction factor A can be found
experimentally and it is constant during the entire crack propagation even though the

factor A has no actual physical meaning.
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Five samples from each material combination were evaluated on an Instron screw

driven testing machine. The mean values and standard deviations of the energy release

rates Gic versus the crack length is presented in Figure 5.15.
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Figure 5.15: Mode I energy release rate versus crack length plot — mean values of all

tested materials

Figure 5.15 clearly illustrates an increasing toughening effect as the crack propagates

through the sample. This effect can be attributed to the extensive Kevlar fibre bridging

observed during the tests (see Figure 5.16 for a typical example).
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Figure 5.16: Fibre bridging in Parent laminate whilst loaded in mode 1.

The mode I fracture toughness initiation threshold value and plateau values at 25mm are

indicated in Table 5.7.

5 SO Number of e
Material description specimens G initiation threshold | Gjc plateau (recorded at 25mm)
Parent laminate ) 699 £ 154 1818 £ 125
Repair laminate 5 855+90 2481 + 121
Repaimparent 5 555 + 40 2416 + 336

laminate

Table 5.7: Mode I fracture toughness initiation threshold and plateau values

The first notable trend within the data is the similarity of the fracture toughness between

the repair laminate (Kevlar/E-glass/Ampreg 26) and the repair-parent laminate

(Kevlar/E-glass/Ampreg 26/75). This seems reasonable since the failure path in the

repair-parent specimen was observed to occur in repair half of the repair-parent

specimen. This is an interesting observation since the purpose of including the hybrid

Ampreg 26/75 specimen was to characterise the interface of the composite repair and

the parent laminate. However, if the crack growth instantly jumps away from the

interface into the repair laminate it simplifies the design of composite repairs, i.e. the

baseline performance of the repair laminate can be used as the design parameters for the
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repair-parent interface and not rely on a new round of experimental testing to fully

characterise the mechanical properties of the hybrid interface.

The second interesting trend is the performance difference between the Ampreg 75 and
Ampreg 26 resin systems, i.e. the Ampreg 26 resin system is tougher than the Ampreg
75. The Ampreg 75 resin system is a standard pre-impregnated resin system produced
by SP Systems that only requires consolidation with heat and vacuum to form a
laminate. The Ampreg 26 resin system is supplied by SP Systems as a liquid two-part
epoxy resin system that requires mixing before being drawn through the laminate by
vacuum and cured by heat. The average thickness of the two laminates was 8.7mm for
the Ampreg 75 laminate and 8.5mm for the Ampreg 26 laminate. The vacuum
consolidation between the two laminates is almost identical, leading to a comparable
volume fraction (Vy) and therefore comparable stiffness in each arm of the DCB
specimens. If the variation in arm stiffness is comparable, the question about the

difference in fracture toughness remains.

The only remaining aspect concerns processing variables and the affinity of the resin
system to the fibres. In theory, the repair laminate system would have more processing
variables than the pre-impregnated system because it is made outside of the optimum
factory conditions (i.e. processing variation in vacuum control, temperature control and
the introduction handling damage/defects are more likely with the repair laminate than
the parent laminate). With all these possible-processing variations, it would be
anticipated that the repair laminate would have lower fracture toughness. However this

is not the case.

One possible reason for the repair resin having a higher fracture toughness is the resin’s
affinity to the different E-glass and Kevlar fibres. Both resin-fibre systems (eventually)
have a global toughening due to fibre bridging, i.e. both materials reach a maximum
energy release rate of ~2500 J/m” + 200 J/m” albeit at different crack lengths. However,
the Ampreg 26 system attains this value considerable faster than the Ampreg 75 system.
It seems reasonable to expect that the two resin systems have the same affinity to the E-
glass but perhaps the Ampreg 26 resin system has greater affinity to the Kevlar fibres

than the Ampreg 75 resin system. Following this assumption to its conclusion, it would
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suggest that the Kevlar fibres impart some initial stiffening before sliding through the

epoxy matrix and thus forming fibre bridging between the two failed surfaces.

5.3.3 Mode II fracture mechanics assessment
The mode II fracture toughness was characterised using the end loaded split test (ELS)
configuration. In these tests two different pre-cracks were used to initiate the crack,

namely a mode I and a mode II. Five specimens were evaluated in each configuration.

For the mode II End Loaded Split tests the corrected beam theory (CBT) data reduction

method [Davies et al, 1999] have been used.

9P a+A,)
ne =i (5.2)
4B°Eh
Where P is the load, a is the delamination length, Aj; the correction for delamination tip
rotation determined from Mode I tests using the DCB specimen, B is the width of the
specimen, E is the Young’s modulus parallel to the fibre direction, and h is the half-
thickness of the specimen. Large displacement and load-block corrections have to be

applied to equation (5.2) as follows:

o ol
GIIC(corrected) = GIIC(CBT)|:1 - 91 (%) - ‘92( /Lzﬂ (5.3)

with & the displacement, I, the distance from the centre of the load-block to the
midplane of the specimen beam to which the load-block is attached, and L the free

length of the specimen. The correction factors 6, and 0, are calculated as follows:

sy ey
TN )]

(5.4)
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[m(/L }

(5.5)

with a the delamination length and L the free length of the specimen.

The corrected beam theory (CBT) has been used to calculate the Mode II energy release
rates. The full experimental data for the different Mode I and Mode II pre-cracks is

contained in Appendix B.

A summary of the Mode II energy release rates with Mode I and Mode II pre-cracks for
the parent laminate, the repair laminate and the repair-parent interface is presented in

Figure 5.17 and Figure 5.18.
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Figure 5.17: Summary of Mode II energy release rate versus crack length plot — mean

values of all tested materials

The mode II fracture toughness results presented in Figure 5.17 for the three different

material configurations illustrate similar characteristics to the Gy results in Figure 5.15.
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In the Gy, results the fracture energy appeared to plateau after the crack had propagated
25mm (typical energy levels of 2481 + 121 J/m’® for the repair laminate, 2416 + 336
J/m* for the repair-parent interface laminate, and 1818 + 125 J/m® for the parent

laminate.

This observation can also be made of the Gy results with the repair laminate attaining a
fracture plateau of 3883 + 184 J/m’, the repair-parent interface laminate attaining a
fracture plateau of 3309 + 223 J/m?, and the parent laminate attaining a fracture plateau
of 3647 + 204 J/m?. Whilst the formation of the fracture plateau occurs at the same time,
the magnitude of the fracture energy is vastly different between the two different modes.
At the start of the fracture plateau, the Gy results for the repair laminate are 1.7 times
the Gy results. For the repair-parent interface the Gy results are 1.4 times the G

results. The Gy, fracture plateau is 2.1 times the Gy, result.

A final observation concerns the extent of experimental scatter between the two
different test methods. Composite materials tend to have extensive experimental scatter
due to the variation in the basic constituents, variation in the manufacturing processes
and experimental error. However, the experimental scatter is comparable for all the

specimens tested in mode I and mode II with a mode I pre-crack.
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Figure 5.18: Summary of ELS fracture toughness result for all materials using a mode

1I pre-crack

Figure 5.18 confirms the results obtained by the ELS test method using a mode I pre-
crack, i.e. the repair material has the highest fracture mode II toughness. The result for
the parent laminate and the repair-parent interface is contrary to the result obtained
through the application of a mode I pre-crack. The result for the parent laminate is
comparable between the two different tests, i.e. 3476 £+ 93 J/ m” with a mode II pre-
crack and 3647 + 204 J/m® However, the fracture toughness for the repair-parent
interface is distinctively different, i.e. 3851 £ 154 J/m* for mode II pre-cracking
compared with 3309 + 223 J/m* for the mode I pre-cracking. Even considering the

experimental scatter the results are still significantly different.

One possible explanation is due to the method of manufacture. The specimens represent
the interface between a repair and the original parent laminate. To duplicate this
interface the specimens are manufactured in two separate steps. Firstly the parent
laminate is laid down and cured. Secondly, the repair laminate is applied via the hand
lay-up process and then cured. Apart from the parent laminate having a second curing

step that could alter the laminate behaviour, one obvious reason for the scatter concerns
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the processing variability of the hand lay-up process. Since the specimens were
extracted from different areas of the panel it can be speculated that the mode I pre-crack
specimens contained more surface contamination. All that can be said with certainty is
that the mode I pre-crack ELS specimens all came from the panel edge whist the mode

II pre-crack ELS specimens came from the centre of the panel.

The influence of the pre-crack on the ELS fracture toughness has been summarised in
Table 5.8. These results indicate that the mode I pre-crack influences the initial crack

growth (~12mm) before the mode II fracture toughness attains a constant toughness

plateau.
Material description G't'lcl::;;islt(ijon Guc pl:tt;?in(;f)corded
Parent laminate — mode I pre-crack 1387 £ 214 3647 204
Parent laminate —~ mode II pre-crack 3311 £ 207 3476 £ 93
Repair laminate — mode I pre-crack 2096 + 281 3883+ 184
Repair laminate — mode II pre-crack 3956 + 487 4409 + 259
Repair-parent laminate — mode I pre-crack 1996 + 439 3309 +£223
Repair-parent laminate — mode 11 pre-crack 3224 £ 307 38512154

Table 5.8: Influence of pre-crack upon mode Il fracture toughness initiation threshold

and plateau values

5.3.4 Mixed-mode fracture mechanics assessment

The Mixed-Mode Bending test (MMB) is a linear combination of two pure mode tests;
the DCB (mode I) and the End notched flexure - ENF (mode IT). The MMB uses a lever
arrangement to introduce the pure mode I and mode II components simultaneously into
a conventional DCB test specimen. By varying the length of the lever, a wide spectrum
of mixed-mode loading ratios can be applied to the test piece. This section will detail
the results obtained from the mixed mode tests conducted on the parent laminate, the
repair laminate and the repair-parent interface. Due to resource constraints only the

following ratios were considered:

- 75% G parent laminate
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- 50% G parent laminate

- 25% Gy parent laminate

- 50% Gy repair laminate

- 50% Gy repair-parent interface

The experimental results for the mixed-mode fracture mechanics tests for the parent

laminate, the repair laminate and the repair-parent interface is given in Table 5.9.

Parent laminate

Repair laminate

Repair-parent interface

Initiation | Propagation | Initiation | Propagation | Initiation |Propagation
0, [4)
2% Mode I1/75% | 5394126 | 952430 - - - -
o 0,
S0%Mode 11 750% | 934111 | 13942216 | 1262169 | 2402245 | 1070417 | 1556+ 150
0 0,
T3 Mode I1125% | s414190 | 1256+ 252 - - - -

Table 5.9: Crack initiation and propagation fracture toughness values obtained for

various mixed-mode ratios for parent laminate, repair laminate and repair-parent

interface

To illustrate the comparative performance of the different material configurations, a

summary of the mixed-mode test results using the MMB test method, with the pure

mode I (DCB) and pure mode II (ELS) test results has been detailed in Figure 5.19.

Each specimen is represented with a crack initiation (dotted line) and crack propagation

value (solid line).
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Figure 5.19: Summary of mixed-mode bending tests and pure mode I and pure mode 11

results

Figure 5.19 clearly indicates the fracture toughness hierarchy for the three different

materials at varying mixed-mode ratios. These will now be discussed in turn.

The mixed mode evaluation for the parent laminate is presented in Figure 5.19 contains
the MMB test results for 75% Gj, 50% G; and 25% G; with the pure mode I (DCB) and
pure mode II (ELS) test data for crack initiation and crack propagation. The latter is
defined as 25mm crack length in the DCB and ELS, and the maximum fracture
toughness occurring after 10mm crack length in the MMB samples. The data is
presented as initiation and propagation points. This approach was used to highlight the
influence of crack branching and fibre bridging. In the case of pure mode I, the
initiation and propagation values are over 1000 J/m* apart. Whilst at pure mode II, the
initiation and propagation values are comparable, especially considering the
experimental scatter. This result reflects the observations observed during the pure

mode tests.
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In general, as the mode II contribution of the MMB test increases the possibility of fibre
bridging should reduce. However, the test data for the initiation and propagation crack

growth for the parent laminate indicate the existence of fibre bridging at 75% G(II)/G.

Although the data in Figure 5.19 for the parent laminate contains considerable scatter,
there is a suggestion of a ‘hump’ in the data at 50% mode I. Greenhalgh et al
[Greenhalgh er al. 1999] reported humps in the mixed-mode failure loci but this
occurred at higher mode I ratios where a small contribution of mode I interacts
positively to improve the fracture toughness. The increase in fracture toughness was
attributed to crack propagation on two different interfaces, namely the 0°/90° ply
interface being tougher than the 0°/0° ply interface [Greenhalgh ez al. 1999]. The MMB
crack was initially propagated within the —45° ply before propagating along the -45°/90°
ply interface and then at longer crack lengths in the 90°/45° ply interface. In addition to
changing ply failure interfaces extensive fibre bridging was observed suggesting a
complex crack path through the specimen that will increase the fracture toughness ofithe

system.

In a similar approach to the mixed-mode tests undertaken on the parent laminate, the
mixed-mode performance of the repair laminate was assessed. The mixed-mode failure
envelope presented in Figure 5.19 follows a similar trend observed in the parent
laminate with at least 1000J/m? separating the initiation and propagation values at pure
mode I and at 50% mode I. Conversely, at 100% mode II the initiation and propagation
values are almost identical. The result again highlights the important role fibre bridging
plays in arresting crack propagation. The principle observation arising from the G/Gy
response of the repair laminate is its increased toughness, compared to the parent
laminate, at the 50% mixed-mode ratio. Unfortunately, due to the lack of data at any
other mixed-mode ratio, the fracture toughness ‘hump’ observed at 50% mode I in the

parent laminate is not apparent within the repair laminate.

The Gi/Gy response for the repair-parent interface is considered in Figure 5.19. The
fracture toughness tests presented in the figure only consider the pure mode I, pure

mode II and the 50% mixed-mode ratio. Unfortunately, these results are insufficient to
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determine whether the fracture toughness ‘hump’ phenomena would also occur within
this material combination. The key observation that can be drawn from these
experiments is that the 50% mixed-mode toughness value for the repair-parent interface
lies between the corresponding mixed-mode ratios for the parent and repair laminates.
The results once again illustrate the influence of crack toughening mechanism (i.e.

Kevlar fibre bridging) at ratios containing a mode I component.

In summary, the repair laminate has the highest fracture toughness whilst the parent
laminate has the lowest. The fracture toughness of the repair-parent interface is
contained within the upper bounds of the repair laminate and the lower bounds of the
parent laminate. At the pure mode I and pure mode II ends of the spectrum the fracture
toughness of the repair-parent interface is biased towards the repair laminate but it
migrates towards the parent laminate at 50% mixed-mode ratio. The changing influence
of the mode ratio, and how this effects the crack front propagation, is of critical concern
to the design engineer since the formation of dynamic damage to operational craft, and
the subsequent crack propagation is likely to be outside the standard pure mode ratios.
The role of the surrounding structure and the complex load paths within them are likely
to have a significant influence over the damage formation and propagation within
composite structures. In dynamic events that are governed by energy thresholds, the
failure path will select the route of least resistance. In the case of an impact event to a
structural repair, Figure 5.19 suggests that the parent laminate will experience the first
crack formation. If the load path within the impact site only permits the delamination to
grow in pure mode II a limited amount of damage will occur. Conversely, if the load
path is such that a mixed mode component exists the delamination could initiate at an
energy level a third lower, thereby producing a delamination area 3 times the size. This

clearly is of concern to any structural engineer.

5.3.5 Discussion of experimental fracture mechanics results

The observations arising from the experimental fracture mechanics tests has indicated
that the repair laminate has a higher fracture toughness than the corresponding parent
laminate at all pure mode and mixed-mode ratios considered. Although both resin
systems (the pre-impregnated version and the liquid resin) are supposed to be identical,

one possible reason for the increased toughness of the repair material is the processing
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route. In the hand lay-up process, the repair resin is manually introduced to the cloth
and then vacuum consolidated. In comparison to the prepreg material the thickness of
the individual repair plies is greater, suggesting a greater volume of resin to ‘wet-out’
the dry glass and Kevlar fibres. It is the repair resin’s greater affinity to the Kevlar
fibres that enhances the initial laminate toughness by resisting Kevlar fibre pullout
before the fibre bridging has commenced. Fibre bridging of the Kevlar fibres across the
crack interface was observed for all fracture mechanics tests containing a mode I

component

At the pure mode I and pure mode II ends of the toughness spectrum the fracture
toughness of the repair-parent interface is biased towards the repair laminate but it
migrates towards the parent laminate at 50% mixed-mode ratio. Examination of the
failure surfaces indicated the crack had migrated and then subsequently grown within
the parent half of the repair-parent laminate. At the pure mode I and mode II loading

the crack had grown within the repair halve of the repair-parent specimens.

Finally, in the FMECA assessment damage formation along the tapered interface was
identified as a critical damage location. In Chapter 4 the problems of manufacturing a
fracture mechanics specimen representative of the tapered interface were discussed and
a recommendation was made not to include these specimens within this evaluation.
Although no experimental data exists for this location, it is possible to hypothesise how
this interface would perform in these tests. Firstly, it was observed that the repair
material and the repair-parent (horizontal) interface all had higher fracture toughness
than the parent laminate. Secondly, the influence of the fibre bridging by the Kevlar
fibres significantly increased the toughness value when the crack experienced a Mode I
contribution. Due to these experimental findings and the observation of the exposed
fibre Kevlar fibre ends ‘brooming’ at the machined repair-parent tapered interface, it is
the author’s believe that the fracture toughness would be superior to the parent laminate
at all mixed-mode ratios. Whether the toughness of repair-parent tapered interface
would be greater than the repair-parent horizontal interface and closer to the pure repair
laminate is also probable but not yet proven. Regardless of the fracture toughness
hierarchy between the two repair interfaces (horizontal or tapered) it can be concluded

that the repair-parent interface has a greater fracture toughness than the parent laminate,
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and therefore a lower criticality risk for damage propagation. However, this can only be

confirmed through residual strength testing.

5.3.3 Theoretical prediction of damage onset

In Table 2.5, analytical solutions were identified for the prediction of the impact
damage within a composite laminate and composite sandwich structure. In Table 5.1
the experimental results for the different fracture mechanics tests are presented. In this
section the experimental results will be used to assess the performance of the different
formulas to predict the onset of impact delamination damage. This assessment is
presented in Table 5.10 and compared with the experimental data determined in Section

5.2.

Predicted critical energy threshold for delamination
onset (J)
Author Formula Rooai
Parent Repair epalr-p'a rent
overlaminate
Experimental data 635 780 975
2 13
[Dorey, Ener _ 2t °wL
1987] nergy _9Eft 544 443 423
4
[Zhou, P=""rqy 654 770 657
1995] 3
3
[Davieser | p2 _ 872 E(2h) 446 | 717 484 659 510 707
al, 1996] ¢ 9(1—u2j e 136 +19 +34 £16 +60 *14
[Olsson, = 623 | 1001+ | 756 | 961 926 1258
2002] Fay =7m32D,Gy 13 | L6 51 +102 | +52 | +205 | 49 |

Table 5.10: Critical energy threshold predictions by ILSS and Mode II fracture

toughness equations

The impact energy threshold predictions by [Dorey, 1987] and [Zhou, 1995] utilise the
ILSS properties of the individual materials whilst the predictions by [Davies et al, 1996]
and [Olsson, 2002] require detailed knowledge of the mode II fracture toughness.
However, it should be noted that the prediction by [Zhou, 1995] is dependent upon the

initial defect size (see equation 5.6):
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ag=—"— (5.6)

8 o

where G; is the critical mode II fracture toughness for each laminate system.

The mode II fracture toughness determined for the parent laminate, repair laminate and

the repair-parent interface yield the initial defect sizes given in Table 5.11.

Pure Mode II fracture toughness Corresponding defect size
(J/m?) (mm)
Parent laminate 3583 £ 184 0.52-0.57
Repair laminate 3883+ 184 0.61-0.66
Repair-parent interface 3309 +£223 0.51-0.58

Table 5.11:Determination of critical defect size as a function of mode Il fracture

tfoughness

The result in Table 5.11 illustrates the importance of correctly determining the mode 11
fracture toughness of the laminate and how this property will influence the damage

threshold prediction.

A comparison of the critical energy threshold predictions based on ILSS properties,
with the experimental data for delamination onset within the parent laminate and the
repair-parent interface, suggests that the closed form solution proposed by [Dorey,
1987] under-predicts the threshold whilst the approach by [Zhou, 1995] slightly over-
predicts the parent laminate threshold. This result suggests that the initial defect size
derived by Equation 5.5 and indicated in Table 5.11 is too small to be used as an initial

defect size.

Table 5.10 also examines the variation in the impact threshold value when the mode I to
mode II ratio is varied. Each result for the different ratios is split into two columns. The

first column considers the threshold energy calculated with fracture toughness value
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required for crack initiation whilst the second column considers the threshold energy
calculated with the fracture toughness value for crack propagation. The reason both
fracture toughness values were considered for this calculation was to consider the
energy required by the initiation impact event to cause damage, and also the energy
required to drive the ‘formed’ crack through the structure. As Table 5.10 suggests, the
impact energy required to drive the ‘formed’ crack through the structure is greater than
its initiation energy. Whilst the crack may not be driven any further along the laminate,
the initial damage<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>